
 

Amide based organic ferroelectrics

Citation for published version (APA):
Meng, X. (2017). Amide based organic ferroelectrics. [Phd Thesis 1 (Research TU/e / Graduation TU/e),
Chemical Engineering and Chemistry]. Technische Universiteit Eindhoven.

Document status and date:
Published: 08/05/2017

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/b50d3f17-87dd-4bdf-9468-d7b581c50a78


 
 

 
  
 
 
 

 Amide Based Organic Ferroelectrics  

 
 
 
  
 
 
 PROEFSCHRIFT  
 
 
 
 
 ter verkrijging van de graad van doctor aan de 
 Technische Universiteit Eindhoven, op gezag van de 
  rector magnificus, prof.dr.ir F.P.T. Baaijens, voor een 
 commissie aangewezen door het College voor  
  Promoties in het openbaar te verdedigen 
 op maandag 8 mei 2017 om 16.00 uur 
 
 
 
 
 door 
 
 
 
 
 
 Xiao Meng 
 
 
 
 
 geboren te Nanning, China 
 



 
Dit proefschrift is goedgekeurd door de promotoren en de samenstelling 
van de promotiecommissie is als volgt: 
 
voorzitter:             prof.dr.ir. E. J. M. Hensen 
1e promotor:         prof.dr. R. P. Sijbesma 
copromotor:          dr. S. C. J. Meskers 
leden:                      dr. N. H. Katsonis (University of Twente) 
                                  prof.dr. M. Wübbenhorst (Katholieke Universiteit Leuven) 
                                  prof.dr.ir. R. A. J. Janssen  
                                  prof.dr. D. J. Broer 
                                         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is 
uitgevoerd in overeenstemming met de TU/e Gedragscode 
Wetenschapsbeoefening. 
 
 



 
 

 
 
 
 
 
 
 
 

                                                                                                            To Future... 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Happiness was always important to me. Even at the young age of eleven, it was my biggest 

ambition. People would ask, “Goldie, what do you want to be when you grow up?” 

“Happy,” I would reply, looking in their eyes. 

“No, no,” they’d laugh. “That’s really sweet, but I mean . . . what do you want to be? A 

ballerina? An actress maybe?” 

“I just want to be happy.” 

 
                                                                                                    Goldie Hawn 

 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Cover design: Qifei Meng ( ) Sisi Li ( ) Xiao Meng ( ) 

Printed by: ProefschriftMaken || www.proefschriftmaken.nl 

A catalogue record is available from the Eindhoven University of Technology Library 

ISBN: 978-90-386-4263-5 

The research described in this thesis was part of the research programme NWOnano with 

project number 11512, which was (partly) financed by the Netherlands Organisation for 

Scientific Research (NWO) and was supported by the Ministry of Education, Culture and 

Science (Gravity program 024.001.035). 

 



 
 

Table of Contents 

Chapter 1:  Organic ferroelectrics........................................................................ 1 

1.1 Introduction ....................................................................................................................................... 2 

1.2 Fundamentals of ferroelectrics .......................................................................................................... 3 

1.3 Molecular approaches towards organic ferroelectrics ....................................................................... 4 

1.3.1 Ferroelectric polymers ............................................................................................................... 5 

1.3.2 Charge-transfer complexes ........................................................................................................ 6 

1.3.3 Hydrogen bonded system ........................................................................................................... 8 

1.3.4 Ferroelectric liquid crystals (FLCs) ......................................................................................... 11 

1.4 Characterization of ferroelectricity ................................................................................................. 17 

1.4.1 Piezoresponse force microscope (PFM) .................................................................................. 18 

1.4.2 Second harmonic generation (SHG) ........................................................................................ 18 

1.4.3 Laser intensity modulation method (LIMM) ........................................................................... 19 

1.4.4 Current-voltage measurements ................................................................................................ 20 

1.5 Aim and outline ............................................................................................................................... 24 

1.6 References ....................................................................................................................................... 25 

 

Chapter 2: Ferroelectric columnar liquid crystalline materials based on biphenyl 

tetracarboxamide……………………………………………………………….33 

2.1 Introduction ..................................................................................................................................... 34 

2.2 Results ............................................................................................................................................. 35 

2.2.1 Crystallinity.............................................................................................................................. 35 

2.2.2 Ferroelectricity ......................................................................................................................... 39 

2.2.3 Polarization stability ................................................................................................................ 40 

2.2.4 Pyroelectric measurements ...................................................................................................... 42 

2.2.4 Electrochemical Characterization ............................................................................................ 44 

2.3 Discussion ....................................................................................................................................... 45 



2.4 Conclusion ...................................................................................................................................... 49 

2.5 Experimental section ....................................................................................................................... 50 

2.5.1 Materials .................................................................................................................................. 50 

2.5.2 Measurements .......................................................................................................................... 50 

2.5.3 Synthesis .................................................................................................................................. 52 

2.6 References ....................................................................................................................................... 54 

 

Chapter 3: Ferroelectric columnar liquid crystalline materials based on biphenyl 

tetracarboxamide……………………………………………………………….57 

3.1 Introduction ..................................................................................................................................... 58 

3.2 Results ............................................................................................................................................. 59 

3.2.1 Liquid crystallinity ................................................................................................................... 59 

3.2.2 Ferroelectric switching behavior .............................................................................................. 63 

3.2.3 Stability of the polarization ...................................................................................................... 64 

3.3 Discussion ....................................................................................................................................... 67 

3.3.1 Role of charge trapping on peak structure and polarization lifetime ....................................... 67 

3.3.2 Differences in switching behavior ........................................................................................... 68 

3.4 Conclusion ...................................................................................................................................... 69 

3.5 Experimental section ....................................................................................................................... 70 

3.5.1 Materials .................................................................................................................................. 70 

3.5.2 Measurements .......................................................................................................................... 70 

3.5.3 Synthesis .................................................................................................................................. 71 

3.6 References ....................................................................................................................................... 74 

 

Chapter 4: Hydrogen bonding motifs to obtain ferroelectricity………………..77 

4.1 Introduction ..................................................................................................................................... 78 

4.2 Bisamides and bisureas ................................................................................................................... 80 

4.2.1 Thermal behavior and LC phase .............................................................................................. 80 



 
 

4.2.2 Dielectric/paraelectric behavior ............................................................................................... 83 

4.2.3 Discussion of the dielectric/paraelectric behavior ................................................................... 85 

4.3 Triazole based hydrogen bonding liquid crystal ............................................................................. 87 

4.3.1 Characterization of liquid crystalline properties ...................................................................... 89 

4.3.2 Characterization of ferroelectric properties ............................................................................. 92 

4.3.3 Switching in mono-triazole and bis-triazole ............................................................................ 93 

4.3.4 Discussion of the switching behavior ...................................................................................... 96 

4.4 Conclusion ...................................................................................................................................... 97 

4.5 Experimental section ....................................................................................................................... 98 

4.5.1 Materials .................................................................................................................................. 98 

4.5.2 Measurements .......................................................................................................................... 98 

4.5.3 Synthesis .................................................................................................................................. 99 

4.5.3.1 Synthesis of bisurea molecules ......................................................................................... 99 

4.5.3.2 Synthesis of bisamide molecules .................................................................................... 101 

4.5.3.3 Synthesis of mono-triazole .............................................................................................. 103 

4.5.3.4 Synthesis of bis-triazole .................................................................................................. 105 

4.6 References ..................................................................................................................................... 107 

 

Chapter 5: Ferroelectric switching and electrochemistry of pyrrole substituted 

trialkyllbenzene-1,3,5-tricarboxamides………………………………….……111 

5.1 Introduction ................................................................................................................................... 112 

5.2 Results ........................................................................................................................................... 115 

5.2.1 Liquid crystallinity ............................................................................................................. 115 

5.2.2 Polarization at high frequencies ......................................................................................... 117 

5.2.3 High charge density at low frequencies ............................................................................. 119 

5.2.4 Electrode processes ............................................................................................................ 120 

5.2.5 Charge carrier mobility ...................................................................................................... 121 

5.3 Discussion ..................................................................................................................................... 123 



5.4 Conclusion .................................................................................................................................... 126 

5.5 Experimental section ..................................................................................................................... 126 

5.5.1 Materials ................................................................................................................................ 126 

5.5.2 Measurements ........................................................................................................................ 127 

5.5.3 Synthesis ................................................................................................................................ 128 

5.6 References ..................................................................................................................................... 131 

Summary ............................................................................................................................................. 135 

Curriculum Vitae ................................................................................................................................ 139 

List of Publications ............................................................................................................................. 140 

Acknowledgement .............................................................................................................................. 141 

 



 
 

Chapter 1 

Organic ferroelectrics 

 

 

 

Abstract: 

Ferroelectrics are fascinating materials with versatile properties such as the ability to store and 

switch their electric polarization (Ferroelectricity), temperature responsiveness (pyroelectricity) 

and interchangeability between their electric and mechanical functions (piezoelectricity). 

Organic ferroelectrics, in particular, have received growing attention due to their advantages 

of low cost, lightness, easy processability, high flexibility and environmental friendliness. In 

this Chapter, the basic ferroelectric properties are addressed and examples of different 

molecular designs towards organic ferroelectrics are outlined. In addition, various techniques 

for characterization of ferroelectricity are presented
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1.1 Introduction 

 

When a dielectric is placed in an electric field, positive and negative charges in the molecule 

separate in opposite directions and lead to enhanced dipole moments in the system. The induced 

dipole moments align in the direction of the external field, and the material gets polarized. The 

polarization is defined as the dipole moment per unit volume, and for the ideal dielectrics, the 

polarization follows increases linearly with the applied electric field.1,2 Piezoelectrics belong 

to a special class of dielectrics which are in a non-centrosymmetric crystal system.3,4,5 Those 

low-symmetry materials can be polarized not just by an applied electric field, but also by 

applying mechanical force.3,6 Conversely, a mechanical deformation (contraction or expansion) 

can be produced by applying an electric field. If a piezoelectric material possesses a unique 

polar axis along which spontaneous polarization is generated even in the absence of an electric 

field, the material is pyroelectric.4,6 In pyroelectrics, the spontaneous polarization is strongly 

influenced by the temperature.4,6,7 Finally, if such spontaneous polarization can be reversed by 

an external electric field, the material is called ferroelectric and exhibits all three properties- 

ferroelectricity, pyroelectricity and piezoelectricity.3,4,8,9 Figure 1.1a shows the schematic 

presentation of the piezoelectric, pyroelectric and ferroelectric materials , and their relationship 

is shown in Figure 1.1b.  

 

Figure 1.1. (a) Schematic illustration of piezoelectric, pyroelectric and ferroelectric materials.9 Reprinted with 

permission from reference [9] (Copyright © 2013, Rights Managed by Nature Publishing Group) (b) Relationship 

between dielectric, piezoelectric, pyroelectric and ferroelectric materials.  
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Ferroelectrics are fascinating materials with unique properties which makes them for instance 

suitable for a wide range of applications in non-volatile memories, sensors, actuators, energy 

harvesting technologies, and displays.10,11,12,13,14,15 Until now, the commercial ferroelectric 

devices are mainly based on inorganic materials such as SrBi2Ta2O9 (SBT), 

Pb(ZrxTi1−x)O3 (PZT), LiNbO3, which are sometimes toxic , rather rare and expensive.10,16 To 

create a new approach towards the low cost and environmental friendly ferroelectric devices, 

organic molecules are pursued as alternatives and have been investigated intensively over the 

last decades. So far, polyvinylidene fluoride (PVDF) and its copolymers are the most successful 

organic ferroelectrics that are widely used in the manufacture of transducers based on their 

piezoelectricicity and pyroelectricity. Presently much effort is dedicated to the development of 

commercial ferroelectric memory devices based on (PVDF) and its copolymers is ongoing and 

will probably be introduced on the market in the near feature.17,18,19 Details about the 

polyvinylidene fluoride (PVDF) and its copolymers are shown in section 1.3.1.  

In this Chapter, we will present the fundamental properties of ferroelectrics, the various 

approaches towards organic ferroelectrics and the most important characterization techniques 

for ferroelectricity.  

 

1.2 Fundamentals of ferroelectrics 

 

Ferroelectric materials feature a spontaneous polarization that can be switched by the 

application of an electric field. The ferroelectric hysteresis loop is a basic characteristic of 

ferroelectrics, which is defined by three parameters: spontaneous polarization (Ps), remnant 

polarization (Pr) and coercive field (Ec). A typical ferroelectric polarization-field (P-E) 

hysteresis loop is shown in Figure 1.2a. When the field is applied to a virgin sample, the 

polarization responds in a non-linear fashion to the electric field and at high field strength, it 

reaches a saturation level which is called the spontaneous polarization (Ps). When decreasing 

the field to zero, the polarization retains a value called remnant polarization (Pr). In standard 

dielectrics, in contrast, the polarization follows linear behavior and goes back to zero in the 

absence of an electric field (Figure 1.2b). To reduce the polarization in a ferroelectric, a reverse 

field must be applied and the field that brings the polarization to zero is defined as the coercive 

field (Ec). Further increasing the reverse field results in a negative saturation polarization. As 

the electric field is decreased and swept to the positive direction, the resulting polarization 

forms a hysteresis loop.  
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Figure 1.2. (a) Ferroelectric P-E hystersis loop.20 Reprinted with permission from reference [20] (Copyright © 

2013, Royal Society of Chemistry (b) Dielectric P-E linear behavior.21 (c) Paraelectric P-E non-linear behavior.21 

Reprinted with permission from reference [21] (Copyright © 2002 Free Software Foundation, Inc.) 

Typically, ferroelectric materials exhibit ferroelectric properties only below a critical 

temperature, the Curie temperature (Tc).
10 Above Tc, the material is non-polar and the 

polarization returns to zero in the absence of an electric field. This transition is called 

ferroelectric-to-paraelectric phase transition. However, some ferroelectrics show electrical 

breakdown below Tc and the paraelectric state is not observed. The presence of a ferroelectric-

to-paraelectric phase transition can be observed by X-ray diffraction (XRD) and neutron 

diffraction, based on the differences of the crystal structures of the two states.22,23,24,25 In 

addition, second-harmonic generation (SHG) and current voltage measurements are also used 

to characterize the existence of a phase transition. The details of these two techniques are 

described in section 1.4.2 and 1.4.4.  

Apart from their switchability, the stability of the polarization over time is also a crucial 

characteristic in ferroelectrics. In the absence of an electric field, relaxation of the polarization 

might take place, leading to depolarization.26 Depolarization is an important issue for 

application of ferroelectrics and experimental methods to measure polarization lifetime are 

discussed in section 1.4.4. 

 

1.3 Molecular approaches towards organic ferroelectrics 

 

Ferroelectricity was first discovered in Rochelle salt (KNaC4H4O6·4H2O) by Joseph Valasek 

in 1920.27 Since then, the ferroelectric research field has been growing rapidly and many 

materials including inorganic materials, inorganic-organic hybrid complexes and organics have 
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been discovered to be ferroelectric.8,28,29,30,31 Organic ferroelectrics, in particular, have attracted 

considerable attention because of their low cost, lightness, processibility, flexibility and 

environmental friendliness.32,33 Moreover, the molecules can be further designed to couple with 

various functional groups to introduce new functionalities such as semiconductivity, optical 

and charge transport properties.34,35,36 During the last decades, many approaches have been 

taken towards new designs of organic ferroelectrics, including polymers, organic crystals, 

hybrid composites and liquid crystals. In this section, different types of organics ferroelectrics 

will be discussed.  

 

1.3.1 Ferroelectric polymers  

 

Ferroelectric polymers have been studied intensively during the past decades. Ferroelectricity 

has been found in fluorinated polymers with their highly polar C-F bonds such as 

polyvinylidene fluoride (PVDF) and its copolymer poly[(vinylidenefluoride-co-

trifluoroethylene] [P(VDF-TrFE)], and in polymers with polar hydrogen bonding groups, such 

as odd numbered nylons, polyureas and polyurethanes.8,30,37,38,39,40,41,42,43 Among the 

ferroelectric polymers, the most well-known and technologically most important ones are 

PVDF and P(VDF-TrFE) whose structures are shown in Scheme 1.1.  

 

Scheme 1.1. Chemical structure of PVDF and P(VDF-TrFE). 

PVDF is a semicrystalline polymer which exhibits three major crystalline phases (α, β, γ phases) 

and one minor phase (δ phase) through three different conformations (TG+TG−, TTTG+TTTG−, 

and TTTT all trans) depending on its thermomechanical history (Figure 1.3a).8,37,44,45,46 Both α 

and δ phases have TG+TG− a conformation, and the α-phase is non-polar due to cancellation of 

the dipoles between the antiparallel chains in the unit cell.8,37,44,47 The δ phase is a polar version 

of the α phase, where the polymer chains are oriented in the same direction to exhibit a 

macroscopic dipole.44,48 δ-PVDF is ferroelectric and its ferroelectric hysteresis loops were first 

reported by Li et al. with a remnant polarization (Pr) of 70 mC/m2 and a coercive field (Ec) of 

115 V/m.50,49 The γ phase features a TTTG+TTTG− conformation and also has net polarization, 

however, this phase is hard to form.44,45 The β phase has TTTT conformation in which all dipole 
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moments are normal to the polymer chain direction, and thus gives rise to a strong macrodipole 

rendering it ferroelectric.8,37,44,45 The remnant polarization of β-PVDF is approximately 70 

mC/m2, comparable to that of δ-PVDF. However, β-PVDF has a slightly lower coercive field 

of around 90 V/m.50 In the copolymer P(VDF-TrFE), the presence of trifluoroethylene units 

facilitates chain rotation, leading to direct crystallization of polymer chains into the β 

phase.19,45,51 When an electric field is applied in a direction perpendicular to the direction of 

the chains to PVDF or P(VDF-TrFE) in the β crystalline phase, the polymer chains rotate by 

180˚ along their axis. This process gives rise to ferroelectric switching (Figure 1.3b).8,52  

 

Figure 1.3. (a) Schematic representation of the three polymer chain conformations in PVDF: 1) All trans. 2) 

TG+TG−. 3) TTTG+TTTG− conformation.45 Reprinted with permission from reference [45]. (Copyright © 2006, 

Springer-Verlag) (b) Ferroelectric switching mechanism in PVDF.  

 

1.3.2 Charge-transfer complexes 

 

Charge-transfer (CT) complexes are formed by combination of electron-rich (donor: D) and 

electron-poor (acceptor: A) molecules.53 Those molecules can co-crystallize into one of two 

states: segregated stack and mixed stacks.54 In the segregated stacks, the donors and acceptors 

are separated to form independent columns and those stacks normally result in a metallic 

behavior.55 In contrast, the donors and acceptors may be arranged alternatingly in mixed stacks 

along the columns. In most cases, mixed-stack crystals are in a centrosymmetric system in 
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which the donors and acceptors are equally spaced. Upon increasing pressure or lowering the 

temperature, the molecules can undergo a neutral-to-ionic transition and dimerize into DA pairs, 

which breaks the centrosymmetry of the crystal lattice and leads to macroscopic 

polarization.56,57,58,59 By applying an electric field, the dimers can be switched between 2 states 

with opposite polarization (D+A- D+A- or A+D- A+D-), which enables ferroelectric switching 

(Figure 1.4).  

 

Figure 1.4. Schematic illustration of the neutral-to-ionic transition and the ferroelectric switching behavior in CT 

complexes.  

 

Some of the best studied ferroelectric CT complexes are based on the D-A pair 

tetrathiafulvalene - quinone.60,61,62,63,64 A typical example is the tetrathiafulvalene–p-chloranil 

(TTF–CA) complex where TTF serves as the electron donor and CA as the acceptor. At room 

temperature, the complex is paraelectric since the donors and acceptors stack regularly in a 

centrosymmetric system. Upon lowering the temperature below 81 K, the symmetry of stacks 

is lowered by the Peierls instability, which induces dimerization of the donors and acceptors, 

and thus gives rise to ferroelectricity (Figure 1.5a).60,63,65,66,67,68 A neutral-to-ionic transition 

can also be induced by applying hydrostatic pressure.60,68,69 In 2012, Tokura et al. published 

the first ferroelectric P-E hysteresis loops of TTF-CA complex at 51 K with different 

frequencies; at 20 Hz, the remnant polarization (Pr) is 63 mC/m2 and the coercive field (Ec) is 

about 0.5 V/µm.70 
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Figure 1.5. (a) The ferroelectric-to-paraelectric phase transition of TTF-CA complex.32 Reprinted with permission 

from reference [32]. (Copyright © 2015, Rights Managed by Nature Publishing Group) (b) ferroelectric hysteresis 

loop of TTF-CA complex at 51 K.70 Reprinted with permission from reference [70]. (Copyright © 2012 American 

Physical Society) 

 

Although TTF-quinone-systems have been studied extensively during the last decades, it is 

only recently that Stupp et al. described CT complexes that show ferroelectric switching at 

room temperature.71 In this system, pyromellitic diimide (PMI) is the acceptor and different 

molecules such as derivatives of naphthalene, pyrene and TTF are serving as the donors, 

respectively. Those donor and acceptor molecules self-assemble into a three-dimensional 

network by a combination of charge-transfer interaction, hydrogen bonds, π- π stacking and 

van der Waals forces. A large polarization is presented in the PMI-TTF complex, which is 

claimed to result from the combination of the charge-transfer process and proton dynamics 

within the crystal.71 The strategy of using the hydrogen-bonded network and a charge transfer 

complex creates a new perspective for design of advanced organic ferroelectrics.  

 

1.3.3 Hydrogen bonded system 

 

Hydrogen bonding interactions offer a strategy for designing new organic ferroelectrics. A 

hydrogen bond (H-bond), that is, the electrostatic attraction between a hydrogen atom bonded 

to an electronegative atom (H-donor) to another electronegative atom (H-acceptor).72,73 In a H-

bond network system, electrical dipoles are generated between the H-donors, which are 

partially negative and H-acceptor, which are partially positive, and thus results in a strong 

macrodipole. Furthermore, possible proton transfer may take place in the H-bond networks 

which switches the polarization.74,75  
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Combining a Brønsted acid with a Brønsted base is a straightforward molecular approach to 

hydrogen bonded ferroelectrics. In a prominent example of this approach, phenazine (Phz) is 

the base serving as the H-acceptor and chloranilic acid (H2ca) [or bromanilic acid (H2ba)] is 

used as the H donor (Figure 1.6a).76 Both the acid and base are π-conjugated molecules and 

structurally symmetric, and the molecules co-crystalize into alternating hydrogen-bonded 

supramolecular chains. At room temperature, both molecules are in an electrical neutral state 

and equally spaced, and thus ensure the hydrogen is shared in the DA molecules (Figure 

1.6b).76,77 Below the Tc (Tc- Phz-H2ca =253 K and Tc- Phz-H2ba =138 K), a hydrogen atom in 

the H2ca (or H2ba) is displaced toward the nitrogen atom of the neighboring Phz molecule 

which lies out of the H2ca molecular plane, and results in an asymmetric structure. This induces 

a paraelectric to ferroelectric phase transition (Figure 1.6c).78 At 160 K, the spontaneous 

polarization of Phz-H2CA is 12 mC/m2 which is much larger than the calculated spontaneous 

polarization of only 0.7 mC/m2 based on the crystal structure analysis.76 Takura et al. claimed 

that apart from the molecular displacement, a combination of the molecular dipole, the strong 

hydrogen bonding interactions, and the delocalized electrons in the π stacking crystal contribute 

to the observed large polarization.76,79 

 

Figure 1.6. (a) Phz and H2ca/ H2ba molecules. (b) molecular packing of the Phz-H2ca/H2ba system.76 Reprinted 

with permission from reference [76]. (Copyright © 2013, Rights Managed by Nature Publishing Group) (c) 

Molecular structure of H2ba at PE (upper part: T = 300 K) and FE ( lower part:110 K) phases obtained with 

neutron diffraction.78 Reprinted with permission from reference [78]. (Copyright © 2007, American Chemical 

Society) 
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Besides the aforementioned displacive ferroelectric, another type of hydrogen-bonded 

ferroelectric is based on collective proton transfer. Figure 1.7 shows an example of the iodanilic 

acid (H2ia) as the acid and 5,5ʹ-dimethyl-2,2ʹ-bipyridine (55DMBP) as the base. In contrast to 

the previous example, 55DMBP is more basic (pKa=4.3) than Phz (pKa=1.2), and therefore 

the protonation equilibrium leads to an ionic complex with the transfer of a single proton.32,80,81 

Below Tc, the spontaneous polarization arises from the H-bonded sequence in a polar ordered 

lattice, and can be reversed through cooperative transfer of protons along one direction.  

 

 
Figure 1.7. (a) Hydrogen bonding structure of 55DMBP and H2ia in the ferroelectric phase.33 Reprinted with 

permission from reference [33]. (Copyright © 2008, Rights Managed by Nature Publishing Group) (b) Schematic 

representation of proton transfer during switching.  

 

Ferroelectricity can also be achieved in single-component crystals. In 2007, Tokura et al. 

published the first single-component ferroelectric - croconic acid - with a large polarization 

(200 mC/m2) which is remarkably competitive with the inorganic ferroelectrics.82 Polarization 

switching is realized through the collective proton tautomerism on O—H····H bonds shown in 

Figure 1.8a. Along similar lines, 2-phenylmalondialdehyde (PhMDA), 3-hydroxyphenalenone 

(3-HPLN), and cyclobutene-1,2-dicarboxylic acid (CBDC) and 2-methylbenzimidazole (MBI) 

also feature ferroelectricity based on proton transfer(a).83,84  
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Figure 1.8. (a) Structure of croconic acid and the switching mechanism with proton transfer.82 Reprinted with 

permission from reference [82].(Copyright © 2010, Rights Managed by Nature Publishing Group) (b) Structures 

of 2-phenylmalondialdehyde (PhMDA), 3-hydroxyphenalenone (3-HPLN), and cyclobutene-1,2-dicarboxylic 

acid (CBDC) and 2-methylbenzimidazole (MBI) featuring ferroelectricity based on proton transfer.32 Reprinted 

with permission from reference [32]. (Copyright © 2015, Rights Managed by Nature Publishing Group) 

 

1.3.4 Ferroelectric liquid crystals (FLCs) 

 

Liquid crystals: 

Liquid crystals exhibit a plethora of unique and attractive properties that have found wide 

commercial application in electronic displays, thermal mapping and non-destructive testing 

and medicinal uses etc.85,86,87,88,89 Liquid crystals are partially ordered, anisotropic fluids, 

thermodynamically located in between the crystalline solid phase and isotropic liquid state.85,90 

Liquid crystals are generally divided into two categories: thermotropic phase and lyotropic 

phase.85,90 The thermotropic LCs are obtained either by heating a solid or cooling an isotropic 

liquid, and the lyotropic LCs are formed by adding appropriate solvent. In this section, we 

focus on thermotropic LCs. There are many types of liquid crystal phases, depending upon the 

shape of the molecules and order parameter in the material. The nematic phase is the simplest 

LC phase, normally formed by calamitic (rod-like) molecules. There is no long-range 

positional order in this phase, but the molecules tend to point into the same direction with their 

long axes, which gives rise to long-range orientational order. The smectic phase, which is 

commonly found at the lower temperatures than the nematic phase, has short-range positional 

ordering (e.g. a layered structure) in addition to the directional order. This phase can be 
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observed in rod-like and bent-core LCs. The columnar LC phase is a special LC phase which 

is formed by disk-shaped molecules. Those disk-shape molecules first self-assemble into 1D 

stacks and later self-organize into different lattices i.e., nematic, rectangular and hexagonal.91 

Figure 1.9 shows the three LC phases: nematic, smectic and columnar LC.  

 

Figure 1.9. Nematic, smectic and columnar LC phases. 

 

Ferroelectric liquid crystals: 

Ferroelectric liquid crystals (FLCs) are special ferroelectrics which possess polar order and 

exhibit macroscopic polarization in a fluid system.92 The unique combination of dipolar 

switching and fluidity in FLCs has attracted significant attention in both fundamental research 

and industrial applications.  

The first FLC was demonstrated by Meyer et al. in 1975 in the chiral smectic C phase (SmC*) 

of (S)-2-methylbutyl 4-(4-decyloxybenzylideneamino)-cinnamate (DOBAMBC).93 The 

molecular chirality reduces the symmetry of the molecule, which causes the phase to become 

polar.94 The hindered rotation results in a helical superstructure, in which the tilted molecules 

gradually change orientation from layer to layer (Figure 1.10).94 It is noted that this helical 

structure is apolar and has no macroscopic polarization. Clark and Lagerwall used a smart 

surface treatment through introducing an alignment material (e.g, polyimide or silicon dioxide) 

which has been rubbed in a single direction onto a transparent (e.g. ITO) electrode.95 The pre-

aligned material could facilitate the orientation of the molecules and fix the polar order. Under 

the electric field, the polar switching can be realized by the collective re-orientation of the 
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molecules. This structure is called surface-stabilized FLC (SSFLC) and is has interesting 

optical applications.94,96,97 

 

 

 

 

Figure 1.10. (a) Molecular structure of (S)-2-methylbutyl 4-(4-decyloxybenzylideneamino)-cinnamate 

(DOBAMBC). (b) SmC* in a helical structure. (c) and (d) SmC* a unwound states owing to surface or electric 

field treatment.98 Adapted from the reference [98] 

 

Following the symmetry arguments from Meyer, ferroelectricity was also found in a columnar 

phase which is formed by discotic molecules bearing chiral side chains. A typical example of 

a disc-shaped dibenzopyrene with chiral carboxylic side chains is shown in Figure 1.11a, which 

was first published by Bock and Helfrich.99 The molecules are tilted within a column and also 

form a helical superstructure which leads to zero net polarization. By applying an electric field 

or surface treatment, the helical structure would be unwound into two tilted column states with 

the polarization normal to the tilted plane (Figure 1.11b).100,101 
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Figure 1.11. (a) A typical chiral discotic ferroelectric dibenzopyrene molecule.99 Reprinted with permission from 

reference [99].(Copyright © 1995 Taylor & Francis (b) the chiral ferroelectric columnar phase in the state without 

an electric (middle) and the E field induced unwound states.98 Adapted from the reference [98] 

 

Apart from the organization of the chiral molecules that reduce the structural symmetry, 

ferroelectricity in FLCs can be also realized by the intrinsic dipoles of achiral molecules. Bent-

core molecules form a class of molecules which achieve ferroelectricity by a close packing of 

the molecules in a polar point group. The molecules self-assemble into a supramolecular 

layered structure with a head-to-tail arrangement, which leads to a macroscopic polarization 

along the bent direction. The first ferroelectric bent-core liquid crystal was reported by Takezoe 

et al. in 1996 (Figure 1.12).102 Some bent-core molecules, depending on the correlation of 

polarizations between neighboring layers, form an anti-ferroelectric phase in addition to a 

ferroelectric phase.98,103,104,105  

 

 
Figure 1.12. (a) Molecular structure of the first bent-core liquid crystal.106 (b) E-induced switching mechanism in 

bent-core FLC. 

 

By chemically modifying the bent-core molecules with large peripherical chains, the molecules 

can self-assemble into bowl-shaped structure which form a columnar phase.101,106 In an electric 

field, the dipoles are oriented along the column axis, resulting in macroscopic polarization 

which can be inverted by reversal of the electric field. However, the bowl-shaped units in the 
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ground state can orient antiparallel to each other, canceling the macroscopic polarization in a 

paraelectric material. Although there are some bowl shaped columnar liquid crystals which are 

formed by macrocyclic cone-shaped molecules claimed to be ferroelectric, the switching 

mechanism is either hard to determine or the polarization is difficult to reverse.107,108,109 Thus, 

in order to obtain ferroelectricity, a rigid core with a dynamic molecular interaction would be 

necessary.  

 

Figure 1.13. (a) Molecular structure of bent core molecule which self-assemble into bowl shape unit.106 (b) 

Macrocyclic cone-shaped molecule.107 (c) Switching process of the bowl shape columnar structure under the 

electric field.  

As mentioned in the previous section, hydrogen bonds can not only create strong dipoles which 

induce a macroscopic polarization but also stabilize the remnant polarization. During the last 

decade, many efforts have been made to achieve ferroelectricity by using hydrogen bonded 

columnar liquid crystals. A prominent example was reported by Aida et al. in a fan-shaped 

molecule which bears a polar phthalonitrile head group that is connected with the paraffinic 

wedges via a hydrogen-bonding amide linker (Figure 1.14a).110 This molecule self-assembles 

into bowl-like object with strong cyano-dipoles at the tip of the bowls, which stacks in head-

to-tail columns through amide hydrogen-bonding interaction and van der Waals interactions 

between the paraffinic parts. In those columns, all dipoles point into the same direction along 

the column axis, leading to macroscopic polarization. In an external electric field, the 

polarization of the columns is inverted by reversal of the electric field direction through 

reorientation of the phthalonitrile groups (Figure 1.14b). After removal of the external electric 

field, the polarization can last for months at room temperature. Although amide groups do not 
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contribute to the ferroelectricity, their strong hydrogen bonding and the bond polarization 

ensure and maintain the unidirectional columnar orientation.32  

 

Figure 1.14. (a) Molecular structure of mesogen which self-assembles into a bowl-shaped structure. (b) Self-

assembly into bowl-like object with cyano-dipoles inside and the apliphatic chains outside. (c) Switching 

mechanism of the molecules.32 Reprinted with permission from reference [32]. (Copyright © 2015, Rights 

Managed by Nature Publishing Group) 

 

Another outstanding example of a class of ferroelectric columnar liquid crystals is formed by 

N,N´,N´´-trialkylbenzene-1,3,5-tricarboxamides (BTAs).111,112 BTAs consist of a benzene core, 

three amides connected to the benzene ring at the 1, 3 and 5-positions and appropriate 

peripheral side chains (Figure 1.15). The molecules self-assemble into one-dimensional 

columns through three-fold hydrogen bonding between amide groups, which are aligned head-

to-tail and are at an angle with the plane of the central benzene ring. Each individual amide 

dipole points into the same direction along the column, giving rise to macroscopic 

polarization.111,112 Reversal of the direction of an external electric field reverses the 

spontaneous polarization of the columns, originating from the collective orientation of the 

amide groups along the columns axis.111 A detailed investigation of BTAs ferroelectric 

switching behavior was performed by Gorbunov et al. with a combination of dielectric 

relaxation spectroscopy, depth resolved pyroelectric response measurements, and classical 

frequency- and time-dependent electrical switching, showing that the BTA materials are true 

ferroelectrics.113 Recently, remarkably long polarization retention time of up to three months 

have been found in BTA-C6 (substituted with three C6 alkyl chains) by Kermerink et al., which 

makes BTA competitive with the well-known aforementioned phthalonitrile molecule.114 Polar 

switching was also reported in columnar liquid crystals bearing hydrogen bonded urea groups, 
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however, those materials are paraelectrics in which the polarization vanishes rapidly after the 

removal of the electric field.115,116 

 

Figure 1.15. Molecular structure of BTA and its ferroelectric switching behavior.111 Reprinted with permission 

from reference [111]. (Copyright © 2012, American Chemical Society) 

 

1.4 Characterization of ferroelectricity 
 
 

Ferroelectrics are a special subset of dielectrics, in which the electric polarization can be 

reversed by the application of an external electric field. Dielectric relaxation spectroscopy 

(DRS) has been used to study the dielectric constant of materials but is also useful to gain more 

insight in the dynamic nature of the molecular relaxation processes involving polar groups.111 

For this reason, DRS is an important tool in studying the detailed backgrounds of ferroelectric 

materials. All ferroelectrics are both pyroelectric and piezoelectric. Due to the special features 

of ferroelectrics, there are a number of different methods to study ferroelectricity in a material 

using mechanical, optical and electrical techniques. In pyroelectric measurements using 

scanning pyroelectric microscope (SPEM), the induced pyroelectric response, the distribution 

of the pyroelectric activity and the spontaneous polarization can be obtained by scanning the 

modulated laser beam across the surface of the sample.117 Apart from the aforementioned 

techniques, piezoresponse force microscope (PFM), second harmonic generation (SHG), laser 

intensity modulation method (LIMM) and current-voltage measurement method have also been 

used to study ferroelectric properties and are discussed in this section: 
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1.4.1 Piezoresponse force microscope (PFM) 

 

Piezoresponse force microscope (PFM) is an extension of a contact mode atomic force 

microscope (AFM) that allows imaging domain structure of ferroelectric/piezoelectric surfaces. 

This method monitors the piezoelectric surface displacement induced by the local 

converse piezoelectric effect, which reflects the kinetics of nanoscale domain switching.118,119 

Figure 1.16 shows a schematic representation of the operation of PFM. The material is placed 

in between a macroscopic bottom electrode and a conductive tip, which is used as a mobile 

electrode. When an electric field is applied to the system, a piezoelectric displacement Δz takes 

place, which is the vertical displacement under voltage, and is directly linked to the applied 

electric field E with the relationship ∆𝑧 = 𝑑33×𝐸  , where 𝑑33  is the piezoelectric 

coefficient.120 The material deformation is detected as the cantilever deflection D through a 

change in laser spot position on a photodetector.  

 

Figure 1.16. Schematic representation of PFM operation. The sample deforms in response to the applied voltage 

and the local deformation is translated to the cantilever deflection D and imaged on a photodetector.118 Reprinted 

with permission from reference [118]. (© 2009 The American Ceramic Society) 

 

1.4.2 Second harmonic generation (SHG) 

 

Second harmonic generation (SHG) is an optical process, in which the incoming photons of 

the same frequency interact with the non-linear medium, and as a result, the photons with twice 

the frequency are generated.121,122 Because of the nonlinear relationship between the 

polarization and electric field in ferroelectric materials, the SHG interferometer is a useful tool 

to study the polarization behavior of ferroelectrics. Figure 1.17 shows the optical setup of SHG 

interferometry measurements. The fundamental light which is generated from a Nd: YAG laser, 

is first incident on a polarizer for a uniform wavelength and later impinges a Y-cut quartz, a 
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glass plate and the target sample which is placed at a 45 ˚ angle to the beam axis. When the 

beam is travelling across the target sample which is a non-linear optic, the second harmonic 

light is generated. Finally, the SHG with a specific polarization is detected on the 

photomultiplier tube after passing through an analyzer. It is noted that SHG signals from the 

sample cell and the quartz plate would interfere with each other, and the glass plate which can 

be rotated is working as a phase modulator. Xiong et al. have experimentally confirmed that 

the second order nonlinear optical coefficient is proportional to the spontaneous polarization, 

establishing that ferroelectrics with large spontaneous polarization also have a large SHG 

intensity.20,123 

 

Figure 1.17. Schematic illustration of the optical setup used for SHG interferometry.124 Reprinted with permission 

from reference [124].(Copyright © 2015, Royal Society of Chemistry) 

 

1.4.3 Laser intensity modulation method (LIMM) 

 

Laser intensity modulation method (LIMM) is a one-dimensional scanning pyroelectric 

microscopy for the investigation of spatial distribution of resolved polarization and space 

charge distributions in ferroelectric materials.117,125 This technique typically operates at the top 

surface of a thin sample which get irradiated by an intensity modulated laser beam; the metal 

layer acts as both a light absorber and an electrode.126 A heat wave is thus generated by light 

absorption and diffuses into the sample, and the thermal diffusion length depends strongly on 

the modulation frequency.127,128 For low frequencies, the heat wave diffuses deeper into the 

material almost homogeneously; for high frequencies the heated range is concentrated near the 

irradiated side.126 Variation of the modulation frequency results in a non-uniform time-

dependent temperature distribution, while the charges and dipoles inside the sample react to 

heating, causing a measurable pyroelectric current on the electrodes.126,128 
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Figure 1.18. Experimental setup for LIMM measurements.129 Reprinted with permission from reference [129]. 

(Copyright reserved by Dr. Axel Mellinger) 

 

The experimental setup for LIMM measurements is shown in Figure 1.18. A laser beam is 

intensity-modulated sinusoidally by an opto-acoustic modulator. The top electrode acts as the 

laser beam absorber and bottom electrode is in thermal contact with a heat sink. The 

pyroelectric current response is first detected and converted into a voltage by an I-U converter, 

the voltage is further detected by the lock-in amplifier.  

 

1.4.4 Current-voltage measurements  

 

Current-voltage measurements are the most common characterization method to directly obtain 

the key properties of ferroelectrics — remnant polarization (Pr) and coercive field (Ec). By 

applying a certain voltage wave form to the material, the current response is recorded and the 

polarization-electric field (P-E) hysteresis loop is obtained by integration.130 The current-

voltage measurement is realized by using the experimental setup shown in Figure 1.19. By 

applying the voltage through signal generator (SG, typically a functional generator which is 

connected to a voltage amplifier) to the sample device, the current response is measured in the 

picoammeter (A) and converted into a voltage output (Vout). An oscilloscope (OSC) is 

connected in parallel with the Vout which allows live observation of both input and output signal. 
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Figure 1.19. Schematic representation of the experimental setup for the current-voltage measurement.131 

Adapted from the reference [131]  

 

Ferroelectricity measurement: 

In this thesis, ferroelectricity is mainly characterized with current-voltage measurements and 

mainly two types of voltage pulse sequences are used which are shown in Figure 1.20a and 

Figure 1.21a. Type 1 pulse sequence consists of two identical negative and positive triangular 

waves (down-down-up-up) and is used mainly in Chapter 2 and 3. Figure 1.20b shows the 

current response of a ferroelectric material 6, 6', 6''-nitrilotris(N-(3,7 dimethyloctyl)-

nicotinamide) (S-TPyA) to Type 1 pulse sequence described in Chapter 2. The signal is the 

current response to the first negative and positive triangular pulses and consists of a 

combination of a polar switching current and a background current due to intrinsic conductive 

and capacitive effects of the material as well as leakage.111,132 The signal current reaches a 

maximum value when the applied voltage is close to the coercive field.132,133 As polarization 

reversal only takes place during the first downward and upward sweep, the current response to 

the second negative and positive triangular pulse represents a background signal. In order to 

study the switching behavior which is ascribed only to reorientation of the dipoles, the true 

ferroelectric switching current response (black line) is obtained by subtracting the background 

(red line) from the signal peak (blue line) (Figure 1.20c). By integrating the corrected current 

response vs. time and using the known film thickness and electrode area,111,113 the electric 

displacement (D) is calculated. In most cases, for high permittivity ferroelectric materials 

without free charge carriers, the electric displacement is nearly equivalent to the ferroelectric 
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polarization (P). The characteristic ferroelectric — P-E hysteresis loop can be obtained by 

plotting P as a function of the applied electric field (E) (Figure 1.20d).  
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Figure 1.20. (a) Type 1 voltage waveform (b) Current response of S-TPyA to the triangular wave at 2 Hz. (c) The 

current associated with the polarization reversal (black) was obtained by subtracting the background current (red) 

from the raw signal (blue). (d) P-E hysteresis loop of S-TPyA.  

 

Type 2 pulse sequence consists of two block pulses and three positive triangular pulses (Figure 

1.21a) and is used in Chapters 4 and 5 of this Thesis. The first two block pulses have an 

amplitude that significantly exceeds the coercive field and are used to erase any previous 

polarization and bring the device in a negative polarization state. The current response to the 

following three triangular pulses is used to obtain the ferroelectric hysteresis loop. As no 

significant difference with negative switching has been observed in the experiments, the 

negative part was added by a simple mirroring to obtain a full loop. Analogous to the Type 1 

voltage pulse sequence, the current response to the first positive triangular pulse is the signal 

peak and the current response to the second and the third wave are the background (Figure 

1.21b). The P-E loop is obtained with the same method as for the Type 1 pulse sequence. It is 

noted that the Type 2 pulse sequence can only be applied at low field because long duration of 

the two block pulses easily leads to electrical breakdown.  
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Figure 1.21. (a) Type 2 voltage waveform. (b) Current response to the triple triangular wave of well-known 

ferroelectric BTA-C10. 

 

Polarization retention measurements: 

In addition to its switching characteristics, the stability of the polarization in the absence of an 

external electric field is another important parameter for ferroelectrics, which is highly relevant 

for applications. In order to study the polarization retention time, a modified voltage wave form 

was introduced. The procedure of the retention measurement is schematically represented in 

Figure 1.22.  

Figure 1.22. Schematic representation of retention time measurement procedure under triangular wave voltage. 

 

First, the field is continuously cycled with up and down triangular pulses to insure full 

ferroelectric switching. After a final positive sweep has created positive polarization, the field 

is removed for a period of time to allow the polarization to relax. Subsequently, a single cycle 

of the triangular voltage wave is applied and the corresponding current response was measured. 

If the polarization is stable in the absence of a field, the current response to the first positive 

triangular pulse only contains a background signal as there is no change of the polarization. In 
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contrast, if the polarization is completely relaxed during the waiting time, a current response 

of half the initial full remnant polarization is obtained. 

 

1.5 Aim and outline 

 

The main goal of the work described in this thesis is focused on the development and 

characterization of hydrogen-bonded organic ferroelectrics.  

In Chapter 2, we report a study of 6, 6', 6''-nitrilotris(N-(3,7 dimethyloctyl)nicotinamide) (S-

TPyA) as an organic ferroelectric candidate. A remarkably high retention time of multiple years 

is found in this crystalline material, which is interpreted in terms of a charge trapped system. 

In Chapter 3, two biphenyl tetracarboxamide molecules (A-BPTA and S-BPTA) which are 

hexagonal columnar liquid crystals are investigated. The ferroelectric properties of both 

materials are studied by the current-voltage measurement showing comparable remnant 

polarization but a huge difference in coercive field and polarization retention time.  

In Chapter 4, different molecular designs are explored to obtain ferroelectricity. A series of 

phenyl bisurea and bisamide molecules are designed, and the amide isostere triazole is 

introduced into the benzene-amide system. However, all the materials show only 

dielectric/paraelectric behavior and no ferroelectricity.  

In Chapter 5, we explore a new approach to organic ferroelectric diodes using a benzene-

tricarboxamide (BTA) core connected with C10 alkyl chains to pyrrole groups, which can be 

polymerized to provide a semiconducting ferroelectric material. This material exhibits a 

combination of liquid crystalline, ferroelectric and electrochemical properties.  

In a broader perspective, the research described in this thesis may widen possible molecular 

mechanisms of ferroelectricity in hydrogen-bonded amide-based ferroelectrics, which helps to 

improve new designs of the organic ferroelectrics.  
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Chapter 2 

Polar switching in a hydrogen-bonded tripyridyl-

amine 

 

Abstract:  

6, 6', 6''-nitrilotris(N-(3,7-dimethyloctyl)nicotinamide) (S-TPyA) was studied as an organic 

ferroelectric candidate based on its highly stable columnar assemblies, 3-fold hydrogen 

bonding interaction and large macrodipole behavior. Polarized optical microscope (POM), 

differential scanning calorimetry (DSC) and wide-angle X-ray scattering (WAXS) were 

utilized to study the structure and thermal properties of S-TPyA showing at room temperature 

it is crystalline. Furthermore, the ferroelectric switching behavior was studied by current-

voltage measurements. At 70 ˚C, the remnant polarization (Pr) is 45 mC/m2 and the coercive 

field (Ec) is about 144 V/µm, the half-life time of the polarization is about 1 hour which is 

longer than most of the reported organic ferroelectrics. While decreasing the temperature to 40 

˚C, the Pr is 40 mC/m2 and Ec is increased to 200 V/µm. Remarkably, the polarization half-life 

time of S-TPyA at 40 ˚C can reach to years which make it a suitable for real application. In 

addition, in the pyroelectric measurement, a polarization inversion layer was observed in 

between the bulk and dead layer. Here, we suggest that the behavior of the long retention time, 

double peak structure and the polarization inversion layer in S-TPyA is strongly affected by 

the injected charges which get trapped at the surfaces of the polarized region. 
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2.1 Introduction 

 

Development of organic electronics is of significant interest for reasons of cost, processability, 

environmental friendliness and multifunctionality of electronic devices. Organic ferroelectrics, 

which exhibit a spontaneous polarization that can be reversed by inverting the applied external 

electric field, have received increasing attention in research aimed at their application in non-

volatile memories, sensors and actuators.1,2,3,4,5 During the past decades, many efforts have 

been taken towards the molecular design of organic ferroelectrics, and the interested reader is 

referred to recent review articles1,6,7 One of the ideas to realize ferroelectricity is to use freely-

rotating dipolar segments in the molecular system to switch polarization under an applied 

electric field.8, 9,10,11 PVDF is a classic example of this ferroelectric phenomenon: the 

electronegative fluoride atoms and the slightly electropositive hydrogen atoms contribute to a 

large net dipole moment, the dipoles are oriented perpendicular to its polymer chain under the 

electric field, thus generate a spontaneously polarization.8,12 Another example that uses the 

organization of the molecular dipoles to achieve the ferroelectricity is based on small molecules 

containing switchable dipolar groups such as amide bonds and urea motifs.9,10,11,13,14 N,N´,N´´-

trialkylbenzene-1,3,5-tricarboxamides (BTAs) are typical ferroelectric molecules based on the 

aforementioned concept which bear three amide groups with alkyl substituents. The 3-fold 

hydrogen bonding between the amide groups gives rise to form supramolecular columnar 

assemblies. Due to a head-to-tail arrangement where all amide groups point into the same 

direction, the amide dipoles add up and result into a large macroscopic dipole along the 

columnar axis.11,15,16 The collective orientation of the amide groups along the columns 

corresponds to the inversion of the macrodipole, which enables ferroelectric switching.11,17  

Inspired by BTA, we report a new organic ferroelectric based on a tri(pyrid-2-yl)amine 

conjugated ring bearing three amide groups-6, 6', 6''- nitriletris(N-(3,7 dimethyloctyl)-

nicotinamide) (S-TPyA) (Scheme 2.1). Tri (pyrid-2-yl)amine, which is studied as tripodal 

ligand, has been widely used in coordination chemistry over decades.18,19, 20 However, the 

assembly properties of tri(pyrid-2-yl)amine have never been explored. It is only very recently 

that Adelizzi et al. published the self-assembly behavior of a series of triarylamines in apolar 

solvent.21 The self-assembly behavior and pathway complexity of S-TPyA molecules which 

form supramolecular polymers due to the strong 3-fold hydrogen-bonding interactions was 

systematically investigated.21 Those studies prompted us to explore ferroelectric properties of 

S-TPyA in bulk.  
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Scheme 2.1. Chemical structures of 6, 6', 6''-nitrilotris(N-(3,7 dimethyloctyl)nicotinamide) (S-TPyA). 

 

2.2 Results  

 

2.2.1 Crystallinity 

 

The thermal stability and the material structure of S-TPyA were studied with differential 

scanning calorimetry (DSC), wide-angle X-ray scattering (WAXS), polarized optical 

microscopy (POM), and infrared (IR) spectroscopy. In the DSC measurements of virgin 

material (obtained by recrystallized from acetonitrile and dried in vacuo), on first heating at 40 

˚C/min (Figure 2.1a, black line) the sample becomes isotropic at 163 ˚C with an enthalpy 

change of 47 J/g. With the thermal history removed, the first cooling results in crystallization 

at 105 ˚C when the cooling rate is 40 ˚C/min (Figure 2.1a, green line) and the second cooling 

results in crystallization at 109 ˚C when cooling with 10 ˚C/min (Figure 2.1b, green line). The 

small cooling rate dependence of the crystallization temperature suggests that there is not a 

large supercooling, and that the material therefore crystallizes in a different polymorph than is 

present just before melting in the heating run. This assumption is confirmed by the presence of 

a melting transition at 111 ˚C upon the second heating at 40 ˚C/min (Figure 2.1a, red line). At 

this heating rate (40 ˚C/min), melting is incomplete and is immediately followed by 

recrystallization into a new phase at 120 ˚C, with a second recrystallization at 137 ˚C (Figure 

2.1a, red line). At a lower heating rate of 10 ˚C/min (Figure 2.1b, black line), the first melting-

crystallization combination is no longer visible, presumably because the transitions overlap 

completely and have similar enthalpies. The second recrystallization peak remains present at 

this lower heating rate. The first heating curve of the virgin material (Figure 2.1a, black line) 

only displays the final isotropization peak at 160 ˚C, without signs of lower temperature 
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transitions, and indicates that the virgin material is the polymorph with the highest melting 

point. 
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Figure 2.1. DSC traces of S-TPyA upon heating and cooling with a rate of (a) 40 ˚C /min and (b) 10 ˚C/min. 

 

To confirm the crystalline properties, the phase structure of S-TPyA was studied with wide- 

angle X-ray scattering (WAXS). Figure 2.2 shows X-ray scattering patterns of S-TPyA at 

different temperatures and with different thermal history during a heating/cooling scan with a 

rate of 10 ̊ C/min. The diffractogram of the virgin sample at 40 ̊ C in Figure 2.2a shows multiple 

scattering peaks in both the small and wide-angle regime due to crystallinity of S-TPyA. A 

distinct scattering peak was observed at q=13.93 nm-1 corresponding to a d-spacing of 0.46 nm, 

typical for the inter-discotic distance of triarylamine derivatives.22 The scattering pattern did 

not change until the isotropization temperature of 160 ˚C, when the peaks at the low and wide- 

angle regions disappeared, indicating the disappearance of translational and positional order of 

the molecules (Figure 2.2b). Upon the first cooling, the isotropic phase is stable until 111 ˚C. 

Below this temperature, the scattering data at 40 ˚C show that the material is crystalline or 

semi-crystalline with multiple sharp diffraction peaks similar to the peaks of the virgin 

crystalline sample, but with different intensities. There may be overlap with broad peaks from 

an amorphous phase. (Figure 2.2c). In the second heating scan, a diffractogram nearly identical 

to that of the virgin sample was measured at 138 ˚C (Figure 2.2d), in line with recrystallization 

observed in DSC at 133 ˚C to a most stable polymorph identical to the virgin sample.  
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Figure 2.2. History dependent WAXS of S-TPyA: (a) virgin sample measure at 40 ˚C during first heating. (b) 

isotropic sample at 160 ˚C. (c) first cooling scan at 40 ˚C. (d) second heating scan at 138 ˚C (heating/cooling rate: 

10 ˚C/min) 

 

Figure 2.3 shows the POM patterns of a sample of virgin S-TPyA upon thermal cycling. At 

room temperature, the material was birefringent and it transformed to a combination of a 

brighter birefringent crystalline phase and an amorphous liquid phase at 132 ˚C. Under crossed 

polarizers, the visual field became dark at 160 ˚C due to formation of an isotropic melt. Upon 

cooling, small, fan shaped birefringent crystals started growing in the amorphous liquid at 109 

˚C. WAXS, DSC and POM data indicate complex phase behavior of S-TPyA with multiple 

crystal-crystal transitions. The WAXS data show that the virgin material from which the 

devices were prepared have a high degree of crystallinity. (vide infra). 
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Figure 2.3. POM micrograph of S-TPyA at different temperatures. Note: the bright fiber is not related to the 

material itself.  

Intermolecular hydrogen bonding of S-TPyA was characterized with IR spectroscopy. The IR 

spectrum of S-TPyA at 30 ˚C (Figure 2.4a) shows vibrations for N-H stretch at 3280 cm -1, 

C=O stretch at 1628 cm -1 and amide II at 1589 cm -1. In BTAs, these values have typically 

been attributed to the three-fold hydrogen bonding interactions between the neighboring 

molecules within a stack.21,23,22,24, Upon heating, the N-H stretch shifts from 3280 cm -1 at 30 

˚C to 3330 cm -1 at 170 ˚C, indicating the loss of the threefold intermolecular H-bonding in the 

isotropic phase (Figure 2.4b).  
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Figure 2.4. (a) IR spectrum of S-TPyA at 30 ˚C. (b) IR spectra of S-TPyA at a heating temperature scan. 
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2.2.2 Ferroelectricity  

 

In this study, current-voltage measurements were used to investigate the ferroelectric properties 

of S-TPyA, such as hysteresis loops, switching current characteristics, and polarization 

retention time, etc. The devices were prepared as a capacitor by sandwiching the material 

between two Al electrodes with a sample thickness of 0.9 µm. By applying a specific triangular 

voltage wave to the device, the current response to the ferroelectric switching was measured 

and the polarization-electric field (P-E) hysteresis loop was obtained from the time response 

by integration.17,25,26 The details of the switching measurement can be found in Chapter 1, 

section 1.4.4. Figure 2.5a shows the current response of S-TPyA at 70 ˚C to the applied voltage 

(two identical negative and positive triangular waves as a cycle unit). Two clear current 

response peaks are observed, which are corresponding to the ferroelectric switching. The P-E 

loop of S-TPyA at 70 ˚C is shown in Figure 2.5b (black line) with a remnant polarization (Pr) 

of 45 mC/m2 and a coercive field (Ec) of 144 V/µm. Moreover, at 40 ˚C, a clear P-E loop is 

also observed showing the Pr of 41 mC/m2 and the Ec of 200 V/µm (Figure 2.5b, red line). 

Figure 2.5c shows the P-E hysteresis loops of S-TPyA at 70 ˚C measured in different 

frequencies from 0.05 Hz to 2 Hz at 70 ˚C; Ec shifts to higher values with increasing frequency 

due to slower switching domains starting to lag behind the driving signal. Compared to most 

of the reported columnar polar switching materials, which require high temperature to get 

switched, the low temperature switching behavior of S-TPyA makes it potentially useful in 

applications.10,11,17,27  
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2.2.3 Polarization stability 

  

Apart from being switchable, the stability of the polarization is very important for the 

ferroelectric switching behavior. The details of the polarization retention measurement can be 

found in Chapter 1, section 1.4.4. To study the polarization retention time, a modified voltage 

wave form was introduced and the procedure of the retention measurement is schematically 

represented in Figure 2.6 with three steps which consist of a continuously triangular wave 

cycling (step 1), a certain period of time without the applied electric field (step 2), and a re-

applied triangular wave voltage (step 3). Because the polarization would only relax in the 

absence of the electric field, we mainly focus on the current response to the triangular wave 

voltage in step 3 which is corresponding to the repolarization of the loss of the polarization 

during the waiting time.  

 

Figure 2.6. Schematic representation of retention time measurement procedure under triangular wave voltage. 

Figure 2.5. (a) Current response of S-TPyA 

to the triangular wave at 2 Hz with E = 256 

V/µm at 70 ̊ C. (b) P-E hysteresis loops of S-

BPTA at 70 ˚C and 40 ˚C with the frequency 

of 2 Hz. Device thickness is 0.9 µm (c) P-E 

hysteresis loops of S-BPTA at 70 ˚C 

measured in different frequencies from 0.05 

Hz to 2 Hz. 
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The polarization retention measurements were measured at 70 ˚C and 40 ˚C, and the current 

response to the single cycle of the triangular wave voltage after various waiting time is shown 

in Figure 2.7. At 70 ˚C, the repolarization peaks increase with the longer the waiting time 

showing a strong time dependency of the polarization loss. In contrast, only minor changes of 

the repolarization peak are observed at 40 ˚C with different waiting time indicating a very 

stable polarization state. Interestingly, the current response to the second triangular wave at 

both temperatures feature a double peak and the peak maxima shift to higher value indicating 

a higher coercive field for longer waiting times. Moreover, double peaks and the high coercive 

field are only observed after a waiting time (Figure 2.7 b,d). If we give a continuously cycling 

of the triangle wave voltage after the single cycle in step 3, those characteristics would slowly 

disappear and recover to the original state (black line in Figure 2.7 a,c).  

 

0.0 0.1 0.2 0.3 0.4 0.5

-6000

-4000

-2000

0

2000

4000

6000 2 Hz

70 
o
C  256 V/m 

 

 no waiting 

 10 min

 135 min

 900 min

C
u

rr
e

n
t 

d
e

n
s
it
y
 (

n
A

/m
m

2
)

Time (s)

(a)

-200

0

200

F
ie

ld
 (

V
/

m
)

  

-6000

-4000

-2000

0

2000

70 
o
C  

 

 no waiting 

 10 min

 135 min

  900 minC
u
rr

e
n
t 
d
e
n
s
it
y
 (

n
A

/m
m

2
)

 

 

Time (s) 

zoom in
(b)

   

0.0 0.1 0.2 0.3 0.4 0.5

-6000

-4000

-2000

0

2000

4000

6000

 

 

 no waiting 

 10 min

 60 min

 870 min

-200

0

200

2 Hz

C
u
rr

e
n
t 
d
e
n
s
it
y
 (

n
A

/m
m

2
)

40
o
C 256 V/m  

Time (s)

F
ie

ld
 (

V
/

m
)

(c)

      
0.1 0.2

-6000

-4000

-2000

0

2000

40 
o
C 

 no waiting 

 10 min

 60 min

  870 min

 

 

C
u
rr

e
n
t 
d
e
n
s
it
y
 (

n
A

/m
m

2
)

Time (s)

(d)
zoom in 

 

 
Figure 2.7. Current response of S-TPyA (a) at 70 ˚C and (b) at 40 ˚C to the single cycle of the triangular wave 

voltage with the frequency of 2Hz in step 3 after a certain waiting time in the absence of the external electric field. 

Figure (b) and (d) are enlarge version of the Figure (a) and (c). 
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Figure 2.8 shows the normalized remaining polarization 1 − (Ploss/Pr) as a function of the 

waiting time for S-TPyA at 70 ˚C and 40 ˚C. At 70 ˚C, S-TPyA lost half its polarization within 

30 min which is considerably longer than most of the reported columnar polar switching 

materials.10,11,17,27 At lower temperature at 40 ˚C, after 870 min, 72% of the polarization was 

retained suggesting that the half-life time can be up to multiple years.. It is noted that the 1 − 

(Ploss/Pr) could not be fitted with a stretched exponential function ~exp[−(𝑡/𝜏)𝛽] with β < 1, 

indicating that the depolarization mechanism is different from that in BTA, which results from 

the collective reorientation of amide groups along the columns.11,17 
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Figure 2.8. Normalized remaining polarization of S-TPyA as a function of the waiting time. 

 

2.2.4 Pyroelectric measurements 

 

For small changes in temperature, the pyroelectric response of a material is proportional to the 

electrical polarization from both real dipole source (e.g. oriented amides) and macro dipoles 

(e.g. separation of injected charges). Laser Intensity Modulation Method (LIMM) uses a 

modulated laser beam to generate thermal waves. An inherent property of thermal waves is 

their localized character, this allows resolving of the polarization distribution in thin films with 

nanometer resolution.17  

LIMM measurements were performed by Dr. Tristan Putzeys. The pyroelectric response of 1 

µm films of S-TPyA between Al electrodes was measured with different bias fields. These 

measurements provide a depth profile of the ferroelectric hysteresis. Figure 2.9 displays depth 

profiles of the local electric polarization and its field dependence in the first 450 nm of the 

films at 70 ˚C. Three distinct regions can be identified. 
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Figure 2.9. Pyroelectric depth profiles under external DC bias in different field.  

 

The first 80 nanometers near the electrode interface do not give rise to any measurable local 

polarization. This region is further referenced to as the dead layer. The low susceptibility can 

be rationalized by a high concentration of free charges in this layer, screening the local 

molecules and crystallites from any external field, similar to what has been observed with 

LIMM on BTAs17and PVDF28. 

At distances of more than 150 nm from the electrode, the material displays bulk ferroelectric 

behavior. The local polarization is uniform and is characterized by an electrical hysteresis 

similar to current-voltage measurements results. This region can be identified as the bulk. 

In between the bulk and dead layer is an intermediate layer with deviant behavior. After 

exceeding the coercive field (Figure 2.9, dashed line, 150 V/μm), the polarization in this region 

becomes opposite to the bulk layer, giving rise to an inversion layer, quite similar to the 

inversion layer measured by Eisenmenger et al. on thicker films of PVDF.29,30 Immediately 

after removal of the external bias field (Figure 2.9, purple line, 0 V/μm), the local polarization 

of this layer becomes greater than that of the bulk, with the same sign. Upon removing the 

external field, the bulk layer (170 nm-350 nm) maintains its polarization, but decays on a very 

slow timescale (Figure 2.10a), whereas the intermediate layer builds up counter polarization 

which slowly increases over time (Figure 2.10b).  



Chapter 2 

 

44 
  

 

 
Figure 2.10. The polarization of S-TPyA at (a) bulk region (b) intermediate region after switching off the electric 

field.  

 

2.2.4 Electrochemical Characterization 

 

The redox behavior of S-TPyA was studied by cyclic voltammetry (CV) in dichloromethane, 

the results of which are shown in Figure 2.11. In the positive potential scan, a clear oxidation 

peak with an onset of +1.09 V is observed. In the reverse scan to the negative potential, two 

small and broad peaks at -0.76 V and -1.06 V are observed, respectively. Compared to the 

pronounced oxidation peaks, the two reduction peaks are nearly negligible.  
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Figure 2.11. Cyclic voltammogram of S-TPyA in dichlororomethane containing 0.1M tetrabutylammonium 

hexafluorophosphate. Scan rate = 0.1 V/s. 

2.3 Discussion 

 

The thin film device measurements of S-TPyA show remarkable ferroelectric properties. The 

devices have long polarization retention times, with an estimated polarization lifetime at 40 ˚C 

of up to years, which is comparable to that of PVDF.31 This makes S-TPyA a promising 

material for device applications. In the retention measurements, double peaks were observed 

in the current response to the second triangular wave after a certain waiting time (Figure 2.7). 

Moreover, in the pyroelectric measurement, a polarization inversion layer was observed, 

similar to the inversion layer reported in PVDF.28,29,30 Although at this stage the experimental 

data do not allow establishing a definitive explanation, we here like to discuss two mechanisms 

that may contribute to the double peak structure and the long polarization retention time: the 

presence of two types dipoles (amide and pyridyl), or injection and trapping of charges.  

Switching of amide and pyridyl dipoles 

S-TpyA is a complex material that contains not only three amide dipoles but also three pyridyl 

dipoles. In the propeller conformation of the tripyridylamine with all three pyridyl nitrogen 

atoms on the same side of the propeller plane, the individual pyridyl dipoles work together to 

give a ~8D contribution to the molecular dipole, either parallel or antiparallel to the dipole 

contribution of the three amide groups, which has a similar calculated value in BTAs.32 The 
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two types of dipoles may have different barriers for inversion with different coercive fields and 

different relaxation times (Figure 2.12). The presence of two types of dipoles may thus give 

rise to double peaks. If the relaxation times are sufficiently different, the coercive field of 

recovery pulse will mainly reflect the switching barrier of the component with the lowest 

relaxation time, whereas in the inversion pulse both types of dipoles are switched, and a double 

peak in the current response may result. However, without further experimental and modeling 

data, this hypothesis remains highly speculative, and at this level it also fails to explain the 

changes in distribution of high and low coercive field components of the inversion pulse as a 

function of waiting time, because after the recovery pulse that precedes inversion, the system 

is expected to be in the same, fully polarized state regardless of the length of the preceding 

waiting time.  

 

Figure 2.12. Schematic representation of the contributions of pyridyl and amide dipoles to the macrodipole in a 

columnar stack of S-TPyA with (a) parallel and (b) antiparallel arrangement. Amide dipoles are represented by 

red arrows, and the three pyridyl dipoles are represented by blue arrows.  

 

Charge trapping  

The remarkably long polarization retention time of S-TPyA of up to years makes it comparable 

to the well-known ferroelectric polymer PVDF. It has been reported that in PVDF and P(VDF-

TrFE) thin film devices, charged species formed during poling play a crucial role in stabilizing 

polarization.30,31,33,34,35,36 In these polymers, the charged species are H+ and F- ions, whose 

formation was confirmed by the emission of HF, H2 and F2 gas during poling. These ions are 

formed under the high electric field and are trapped by the dipole ends at the surfaces of 

polarized crystallites (Figure 2.13).38 The trapped charges in turn pin the dipole orientation in 
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their electric field, and therefore stabilize the polarization.30,33,34,39 The central region of the 

film has few trapped charges, and when the field is reversed, this low coercive region is 

switched earlier than the domains closer to the trapped charge region (high coercive field 

region).29,30 Thus, the injected charges play an important role in the stabilization and the 

switching behavior of the polarization in PVDF.  

 

 
Figure 2.13. Illustration of polarization stabilization in the charge trapping model in PVDF. The charges can be 

trapped at the polarized crystallite surfaces, results in a stable polarization state which is hard to switch (high 

coercive field region). The bulk material in the center is far away from the trapped charge region and get less 

influenced by the charges, and therefore can be switched easier (low coercive field region). 

 

In analogy with the interaction between trapped charges and pinned ferroelectric domains in 

PVDF, we consider the possibility that in S-TPyA thin films the long retention time is also due 

to injection of charges. In comparison to PVDF, where the formation of charges is a process 

with a high energetic barrier, oxidation of the tripyridylamine unit in S-TPyA, is a facile 

process that takes place in CV at an onset voltage of +1.09 V, increasing the plausibility of a 
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role for injected charges in the high retention time of the S-TPyA devices. We therefore like to 

speculate on the role of trapped charges in explaining the polarization stabilization and the 

double peak feature in the current response to a triangular inversion pulse after relaxation at 

zero field. A possible scenario is discussed following: When applying a high electric field, the 

dipoles of S-TPyA get oriented and charge injection is favored. The most probable charges are 

radical cations generated by the electrochemical oxidation of S-TPyA. The presence of charges 

will, just like in PVDF, result in stabilization of the polarization and in an increase in coercive 

field in the trapped charge region of the film. Such a trapped charge region is suggested by the 

time dependent polarization profile across a film in the LIMM pyroelectric experiment. Upon 

removing the external field, injected charges (no longer bound to crystallite interfaces) drift 

into the bulk layer and give rise to a large macro-dipole polarization, in addition to the real 

dipole polarization of the oriented molecules. In line with the behavior of PVDF, after a long 

time without external field, this region once again obtains an opposing response due to charge-

polarization coupling, while the bulk layer maintains its sign, but decays on a very slow 

timescale (Figure 2.10).  

Further insight in how charge injection may play a role in device behavior comes from the 

electrical measurements on thin film devices. The current response of S-TPyA at 70 ˚C to a 

single cycle of up-down-down-up triangular pulses after varying relaxation times (Figure 2.7a) 

shows that the coercive field for a recovery pulse does not change strongly with relaxation time. 

The inversion pulse, however, shows that with time, the fraction of dipoles that have a high 

coercive field increases (Figure 2.7b). This can be understood if initially after cycling, dipoles 

are not strongly pinned, but during waiting, pinning gets stronger, resulting in increase in the 

coercive field for part of the domains. An increase of coercive field in the inversion response, 

but not in the recovery response requires that the increase of pinning strength takes place in 

domains that retain their polarization throughout the relaxation period, because such domains 

give a displacement current upon inversion but they do not give rise to a signal in the recovery 

pulse.  

Because insufficient experimental data are available to verify all aspects of the charge trapping 

hypothesis, the explanation above remains speculative, but is in line with the observations. The 

analogy with the properties of similar PVDF devices give the hypothesis additional 

plausibility.28,30,31,33 
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Additionally, the current response may be explained in part by the effects of charge injection 

itself. If a large number of charges is produced during cycling by electrochemical oxidation of 

tripyridylamine, these could well get reabsorbed by the electrode and lead to an electric 

displacement current. During cycling, the system undergoes a combination of the reabsorption 

of the charges by the electrode and the dipole switching. When these two process have 

overlapping timescales, they will result in a single peak. When the electric field is removed, 

the charges diffuse into the bulk material. A recovery pulse after a long waiting time will give 

a single current response peak predominantly due to dipole switching as charge injection is not 

favored due to remaining interfacial charges. In the subsequent inversion pulse, the charges 

drift back to the electrode resulting in an electric displacement current with a longer time scale 

than the response due to dipole switching. This will result in a double peak structure. After 

resuming continuous cycling, the charges in the bulk are slowly depleted and single peak 

response is again observed. If this explanation is correct, a strong frequency dependence of the 

“polarization” is expected because at lower the frequencies, more charges will be reabsorbed 

at the electrode. However, frequency dependence was not observed (Figure 2.5c). 

 

2.4 Conclusion 

 

We have demonstrated that a tripyridylamine molecule bearing three amide groups – S-TPyA 

is a new type of crystalline organic ferroelectric. Ferroelectric switching behavior was observed 

in this crystalline molecule with a clear P-E loop showing a remnant polarization (Pr) of 45 

mC/m2 and coercive field (Ec) of 144 V/µm at 70 ˚C. Furthermore, the material can also be 

switched at low temperature at 40 ˚C display the polar switching with Pr of 41 mC/m2 and Ec 

of 200 V/µm. Remarkably, long polarization life times of S-TPyA at 40 ˚C were observed 

which makes it attractive for applications. We propose that the stabilization of the polarization, 

a unique double peak structure after a long waiting time, and a polarization inversion layer can 

all be understood by assuming a role for charge injection and trapping of charges in an 

intermediate layer, although the presence of multiple types of dipoles in the molecule may also 

influence the behavior of the devices.  
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2.5 Experimental section 

 

2.5.1 Materials 

 

All reagent chemicals were obtained from Aldrich or Acros and used as received. All solvents 

used were of AR quality or better and purchased from Biosolve. 

 

2.5.2 Measurements  

 

Flash chromatography was carried out using silica gel on a Reveleris® flash chromatography 

system. NMR spectra were recorded at room temperature in CDCl3 solution on a Varian 

Gemini 400 MHz spectrometer (400 MHz for 1H NMR, 100 MHz for 13C NMR). Proton 

chemical shifts are reported in ppm with respect to tetramethylsilane (Si(CH3)4, TMS, 0 ppm). 

Carbon chemical shifts are reported downfield from TMS using the resonance of CDCl3 as the 

internal standard. MALDI-TOF-MS spectroscopy was carried out using a PerSeptive 

Biosystems Voyager-DE PRO spectrometer using α-cyano-4-hydroxycinnamic acid and 2-

[(2E)-3-(4-tertbutylphenyl)-2-methylprop-2-enylidene]mal-ononitrile (DCTB) as matrices.  

 

Differential scanning calorimetry (DSC) studies were carried out in hermetic T-zero aluminum 

sample pans using a TA Instruments Q2000 – 1037 DSC equipped with a RCS90 cooling 

accessory. The thermal transitions were studied mainly on the first cooling and second heating 

with the rate of 10 ˚C/min.  

 

Polarized optical microscopy (POM) was performed on a Leica CTR 6000 microscope 

equipped with two crossed polarizers, a Linkam hot-stage THMS600 as the sample holder, a 

Linkam TMS94 controller and a Leica DFC420 C camera.  

 

X-ray diffraction (XRD) studies were conducted using a Ganesha lab instrument equipped with 

a GeniXCu ultralow divergence source producing X-ray photons with a wavelength of 1.54 Å 

and a flux of 1 × 108 photons/second. Diffraction patterns were collected on a Pilatus 300K 

silicon pixel detector with 487 x 619 pixels of 172 µm2 in size. Glass capillaries (outside 

diameter:1 mm) were filled with the material for the diffraction analysis and placed in a Linkam 

HFSX350 heating stage and measured at a range of 25 ˚C - +170 ˚C with 10 ˚C /min. Each 

pattern was recorded for 10 min.  
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The temperature calibration (heating)of the Linkam HFSX350 heating stage was done by 

measuring the real temperature of the sample with a Pt100 thermocouple inside the capillary 

and comparing the real sample temperature with the setting temperature by the computer. The 

heating rate was 10 ˚C/min, and the sample was stabilized at the setting temperature for 10-15 

mins before measuring the actual temperature. The ratio between the Linkam set temperature 

and the real sample temperature in the capillary is plotted as a function of Linkam set 

temperature which is shown in Figure 2.14. As an example, when the Linkam set temperature 

is at 160 ˚C, the real temperature of the sample in the capillary will be 160/1.08=148.15 ˚C.  

 

Figure 2.14. Ratio between the Linkam set temperature and the real sample temperature in the capillary as a 

function of Linkam set temperature 

 

IR Infrared spectra were recorded on a Bruker Optics Tensor 27 FT-IR spectrometer, equipped 

with a temperature controller Pike GladiATR EZ-ZONE PM. 

 

CV experiments were controlled by a potentiostat–galvanostat (Autolab, type PGSTAT30) 

with a platinum working electrode, a silver bar as the counter electrode, and an Ag/AgCl (3 M 

KCl) reference electrode. Dichloromethane was used as the solvent and 0.1 M 

tetrabutylammonium hexafluorophosphate (TEBAF6) was the supporting electrolyte. A small 
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amount of material was first dissolved in DCM solution, the scan was started from 0 V and the 

potential was scanned from -1.7 to +1.9 V with 0.1 V/s. Ferrocene was used to calibrate the 

potential voltage. 

 

Fabrication of thin-film metal-insulator-metal devices for current voltage measurement and 

laser intensity modulation method (LIMM) measurement was done by thermal deposition of 

100 nm Al through a shadow mask on a glass plate as bottom electrode. The organic material 

was then spin coated after which the top Al contact (100 nm) was evaporated through the same 

shadow mask, rotated by 90˚, defining the active area as the overlap between the top and bottom 

electrodes. The sample area for current voltage measurement was deviated from 0.04 mm2 to 

1 mm2; while the sample area for LIMM was 4 mm2.  

 

The current voltage measurement took place inside a Janus probe station at atmospheric 

pressure. Switching signal wave-forms were applied by an Agilent 33120a arbitrary waveform 

generator and amplified by a Falco WMA-300 high voltage amplifier. The actual circuit current 

was measured by a Keithley 6485 picoammeter and visualized and stored on an Agilent 

DSO7104A oscilloscope for further analysis. 

 

The LIMM setup consists of a frequency generator(TektronixAFG3021), which modulates the 

power of a laser diode (658 nm, 10 mW, Lisa Laser, HL25/M2) onto a thin sheet of sample 

material onto which electrodes are vacuum deposited, i.e. a MIM device is measured. These 

electrodes are connected to a high bandwidth current amplifier (Femto Messtechnik, HCA-5M-

500K) and a Lock-in amplifier (SR 844) to isolate the pyroelectric current and correlate it to 

its real and imaginary part. An external bias field is applied by connecting the voltage output 

of a Keithley 237 Source-Measure unit to the sample electrodes with a Tektronix 2220 Voltage 

Probe. A 100 nF ceramic capacitor was used to block the DC contribution from the bias field 

to the current amplifier. The whole setup is automated via a MatLab script. 

 

2.5.3 Synthesis 

 

S-TPyA was synthesized by M.Sc. Beatrice Adelizzi. The synthetic approach to access S-TPyA 

is depicted in Scheme 2.2. The 6,6',6''-nitrilotrinicotinic acid precursors were synthesized using 

procedures described in literature.20  
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Scheme 2.2. Synthesis of S-TPyA 

 

The synthesis details can be found in literature.21 6,6',6''-nitrilotrinicotinic acid (2.97 mmol) 

and CDI (1.59 g, 9.81 mmol) were dissolved in dry dimethylacetamide (40 mL) in a run bottom 

flask and the solution was stirred at 60 °C for 40 min under argon atmosphere. In a separate 

round bottom flask under argon atmosphere a solution of the appropriate alkylamine (10.4 

mmol) and Et3N (1.32 g, 13.07 mmol) in dry dimethylacetamide (2 mL) was prepared. Then, 

the amine solution was collected by a syringe and dropwise added to the CDI activated solution 

of former solution. The reaction mixture was stirred and heated at 60 °C for 16 h. The mixture 

was concentrated (reaching a volume of 5 mL) under reduced pressure and precipitated in 

acetonitrile. The crude product was purified by neutral Al2O3 column chromatography 

(CHCl3/MeOH 97/3 v/v) and recrystallized from acetonitrile to obtain a white solid. 1H NMR 

(400 MHz, CDCl3) δ (ppm): 8.69 (d, 3H, pyridyl-N-CH), 8.05 (dd, 3H, pyridyl- CH), 7.12 (d, 

3H, pyridyl- CH), 6.05 (t, 3H,CH2NH); 3.53-3.44 (m, 6H, CH2NH); 1.66-1.20 (mm, 30H, CH2); 

0.94 (d, 9H, *CH3); 0.86 (d, 18H, CH3); 
13C NMR (CDCL3,100 MHz,) δ (ppm): 165.03, 158.24, 

147.30, 137.12, 126.95, 118.33, 39.19, 38.31, 37.11, 36.71, 30.78, 27.93, 24.66, 22.68, 22.57, 

19.50; m/z (MALDI-TOF) Calcd. for [C48H76N7O3]
+ [M+H]+ 798.60 ; found 798.62 MALDI-

TOF MS: m/z calc.: 797.60 found: 798.62 (M + H+) 
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Chapter 3 

Ferroelectric columnar liquid crystalline 

materials based on biphenyl tetracarboxamide 

 

Abstract: 

Two new columnar ferroelectric liquid crystals – biphenyl tetracarboxamides with achiral C8 

chain (A-BPTA) and with (S)-dimethyloctyl chain (S-BPTA) were studied. Their liquid 

crystalline properties were studied by differential scanning calorimetry (DSC), polarized 

optical microscopy (POM), and wide-angle X-ray scattering (WAXS). The ferroelectric 

switching of both materials was investigated by current-voltage measurements. Both 

compounds possess comparable remnant polarization (Pr) of about 35 mC/m2 but the coercive 

field (Ec) of S-BPTA is 50 V/µm, more than twice as high as that of A-BPTA (21 V/µm). 

Remarkably, S-BPTA lost half its polarization in 2 h. at 140 ˚C, which is much longer than 

most of the reported columnar ferroelectric liquid crystals, while the polarization of A-BPTA 

relaxed within a few minutes. Interestingly, double switching peaks were observed in both 

materials in the current response to the triangular voltage after a certain waiting time without 

the applied electric field. Moreover, a polarization inversion layer was observed in the 

pyroelectric measurement. We propose that the injected charges which get trapped at the 

surfaces of the polarized region, are responsible for the double peak structure, long polarization 

retention time and the inversion polarization layer in both BPTA materials. In addition, the 

differences in hydrogen bonding might play an important role to the barrier for the amide dipole 

switching.  

 

 

 

Dr. Nate. J. Van Zee and Dr. Tristan Putzeys are gratefully acknowledged for their contribution 

to this chapter.
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3.1 Introduction 

 

Organic thin films with a large polarization have been extensively studied for application in 

diodes and non-volatile data storage devices.1,2,3,4 Ferroelectric columnar liquid crystals 

(FCLCS), in particular, have been gaining more and more attention because of their potential 

application in ultrahigh-density memory devices.5,6 If every individual column can change its 

polarity independently under an electric field, the direction of the polarization along the column 

can be saved as binary digits “1”and “0” and provides memory function.5,6 Over the last decade, 

efforts have been made towards new designs of FCLCs to achieve inversion of electric dipoles 

along the column axis.6,7, 8,9,10 However, achieving stable polarization is challenging since most 

of the FCLCs lose their polarization rapidly after removal of the electric field.6,7,8,9,10,11 Aida et 

al. were the first to report a core-shell FCLC in which the polar order can not only be reversed 

electrically but also sustain a part of its remnant polarization for months.12,13 Since then, very 

few research groups have been able to achieve polarization lifetimes longer than minutes. 

Recently, a lyotropic nematic columnar liquid crystal made of bowl shaped molecules was 

published by Guilleme et al. showing a 1 h. polarization lifetime after removal of the electric 

field.11 N,N´,N´´-trialkylbenzene-1,3,5-tricarboxamides (BTAs) are columnar liquid crystals, 

which have been reported by Fitié et al. for a complete inversion of the macrodipoles in the 

columns, but the polarization retention time showed a stretched exponential decay in the order 

of seconds to minutes, depending on the temperature.7,14 Gorbunov et al. further investigated 

these materials with a combination of dielectric relaxation spectroscopy, depth-resolved 

pyroelectric response measurements, and frequency- and time-dependent electrical switching, 

and proved the true ferroelectric nature of the material.15 Recently, Urbanavičiūtė et al. found 

that the polarization retention time of BTA can be extended by shortening the alkyl chains. The 

polarization of BTA-C6 (substituted with three C6 alkyl chains) is retained for more than two 

months at 35 ˚C, much longer than the retention time of BTA-C18 (substituted with three C18 

alkyl chains) which is in the order of minutes. The long polarization retention time of BTA-C6 

is a remarkable achievement among the FCLCs bearing amide as the only ferroelectric 

functional group which opens a new prospective for a simple structural design of FCLCs. A 

detailed study on the switching behavior of BTA-C6 from Urbanavičiūtė et al. will soon be 

published.16  

Inspired by the ferroelectricity of BTAs, two biphenyl tetracarboxamide molecules 

{N3,N3',N5,N5'-tetraoctyl-[1,1'-biphenyl]-3,3',5,5'-tetracarboxamide (A-BPTA) and 
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N3,N3',N5,N5'-Tetrakis((S)-3,7-dimethyloctyl)-[1,1'-biphenyl]-3,3',5,5'-tetracarboxamide (S-

BPTA)} are studied and presented in this Chapter. The molecules shown in Figure 3.1a were 

prepared by Dr. Nathan van Zee and were initially designed to study the pathway of self-

assembly in organic solvent. However, they are also very good candidates for organic 

ferroelectrics because of their structural similarity to BTAs. A crystal structure of the 

N3,N3',N5,N5'-tetrakis(2-methoxyethyl)-[1,1'-biphenyl]-3,3',5,5'-tetracarboxamide derivative, 

shows that the four amide groups can form 4-fold hydrogen bonds to form a supramolecular 1-

dimensional columnar structure.17 Head to tail assembly of amide bonds results in a large 

macroscopic dipole that may give rise to ferroelectricity (Figure 3.1b).  

 

Figure 3.1. (a) Molecular structure of biphenyl tetracarboxamides with achiral C8 chain A-BPTA and with (S)-

dimethyloctyl chain S-BPTA, and the proposed stacking of BPTA. (b) A schematic representation of macrodipole 

along the column axis resulting from the fourfold hydrogen bonding interactions. 

3.2 Results  

 

3.2.1 Liquid crystallinity 

 

The thermal behavior of compound A-BPTA and S-BPTA was studied with differential 

scanning calorimetry (DSC) and polarized optical microscope (POM). In DSC measurements, 

the virgin samples were first heated to isotropic phase to remove the work-up thermal history, 

and the transition temperatures and enthalpies were determined from the first cooling and 

second heating trace with a rate of 10 ˚C/min (Figure 3.2). In Figure 3.2a, upon cooling of A-

BPTA from the isotropic temperature, the isotropic to LC phase transition occurs at 240.6 ˚C 

(enthalpy=21.7 J/g) and crystallization takes place at 42.9 ˚C, showing a broad peak with a 

transition enthalpy of 1.7 J/g. In the heating trace, a small, broad endothermic peak is found at 

(a) (b) 
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48.2 ˚C with an enthalpy of 2.6 J/g, corresponding to a Cr-LC phase transition. The LC to 

isotropic transition is observed as a single peak at 247.0 ˚C with an enthalpy of 17.2 J/g. In the 

cooling trace of S-BPTA from the isotropic state (Figure 3.2b), two contiguous peaks are 

observed. The first peak at 267.6 ˚C might be related to the isotropic-LC1 phase transition and 

the peak at 257.9 ˚C indicates a LC1-LC2 phase transition (enthalpy in total is 37.7 J/g). No 

further phase transition was observed while cooling down to 25 ˚C indicating the LC2 phase is 

stable at room temperature. The corresponding endothermic peaks are observed in the heating 

trace with the peak of 260.5 ˚C and 271.9 ˚C with a total enthalpy of 38.5 J/g. Note that a small 

phase transition around 175 ˚C is observed as a bump in both cooling and heating scan in A-

BPTA indicating a minor transition (probably the side chain), however, no changes in texture 

under POM or structural changes in XRD were detected around this temperature. 
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Figure 3.2. The DSC trace of (a) A-BPTA. (b) S-BPTA. 

Under POM, both molecules show a dendritic birefringent texture after cooling from the 

isotropic state to 140 ˚C (Figure 3.3). Although the textures of the molecules are similar, there 

are minor differences indicating differences in the LC packing of the two derivatives.  

                 

Figure 3.3. POM micrograph of (a) A-BPTA and (b) S-BPTA at 140 ˚C after cooling from the isotropic state. 

Scale bar = 200 µm. 

(a) (b) 
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The LC structures of both compounds were further studied with wide-angle X-ray scattering 

(WAXS). The X-ray scattering patterns for both molecules at 140 ˚C are shown in Figure 3.4. 

For A-BPTA, three distinct diffraction peaks were observed with q values of 3.23 nm-1, 5.66 

nm-1, and 6.50 nm-1 with a reciprocal spacing ratio of 1:√3:2. Based on the ratios, the LC phase 

is assigned to the columnar hexagonal LC structure with the corresponding lattice distances 

d[100]=1.94 nm, d[110]=1.11 nm, and d[200]=0.96 nm, respectively. In the wide-angle regime, 

the broad diffuse halo corresponds to the molten alkyl chains and the diffraction at 19.82 nm-

1, with a d-spacing of 0.32 nm is tentatively assigned to the inter-discotic distance of an ordered 

hexagonal Dho phase. S-BPTA features the same hexagonal columnar packing but with two 

additional methyl groups attached per alkyl chain, it exhibits slightly larger lattice distances 

d[100]=2.09 nm, d[110]=1.21 nm, d[200]=1.05 nm, and d[210]=0.79nm, respectively. 

Interestingly, a broad peak was observed in the wide-angle regime with the q value of 13.23 

nm-1 and the spacing distance of 0.5 nm, inferring a periodic side chain order. Both the 

molecules have a close inter-discotic distance (0.32 nm) somewhat smaller than the typical 

aromatic distance, but not unique.18,19 Details of the d-spacings and lattice parameters for the 

hexagonal structure of A-BPTA and S- BPTA are reported in Table 3.1. 
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Figure 3.4. X-ray scattering pattern of (a) A-BPTA and (b) S-BPTA measured at 140 ˚C. 
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Table3.1 XRD data of A-BPTA and S-BPTA at 140 ˚C. 

 

IR spectroscopy is a sensitive tool to investigate the organization of the hydrogen bonding 

interactions of the molecules in the solid state. The IR spectra of A-BPTA and S-BPTA are 

shown in Figure 3.5. In the spectrum of A-BPTA, there are three distinct vibrations at 3256 

cm-1, 1633 cm-1 and 1546 cm-1, which are assigned to N-H stretch, C=O stretch and amide II, 

respectively. Those values are consistent with the literature reported IR study of the symmetric 

achiral BTAs comprising three long alkyl chains with threefold hydrogen bonding interactions, 

suggesting the presence of fourfold H-bonding between neighboring molecules within the 

columnar structures in A-BPTA.20,21 However, a shoulder peak at 3290 cm-1 and an additional 

peak at 1657 cm-1 suggest the presence of an additional type of hydrogen bonding in the 

crystalline phase of A-BPTE. In contrast, S-BPTA shows an IR spectrum in which two N–H 

stretch vibrations are found at 3355 cm-1 and 3263 cm-1 while the amide II band is observed at 

1539 cm-1, showing different types of hydrogen bonds compared with those of A-BPTA.  

Compound q (nm-1) hkl dobs (nm) dcal (nm) Parameter 

 

 

A-BPTA 

 

3.23 100 1.94 1.94 Type: Col
hex

 

a=2.24 nm 

c=0.32 nm 

5.66 110 1.11 1.12 

6.50 200 0.96 0.97 

19.82 001 0.32 0.32 

 

 

S-BPTA 

3.00 100 2.09 2.09 Type: Col
hex

 

a=2.41 nm 

c=0.32 nm 

5.21 110 1.21 1.21 

6.00 200 1.05 1.04 

7.94 210 0.79 0.79 

19.83 001 0.32 0.32 
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Figure 3.5. IR spectra of S-BPTA and A-BPTA. 

3.2.2 Ferroelectric switching behavior 

 

Polar switching was studied by application of a series of triangular voltage waves over Al-

sample-Al sandwich devices. The voltage wave form (discussed in Chapter 1, section 1.4.4) 

with two identical negative and positive triangular waves (down-down-up-up) was applied in 

the measurements (Figure 3.6a). Figure 3.6b shows the ferroelectric P-E hysteresis loops of A-

BPTA and S-BPTA measured at 140 ˚C where both compounds are in the LC phase. The 

remnant polarization (Pr) of A-BPTA is 35.5 mC/m2 while S-BPTA shows a comparable Pr 

value of 33.5 mC/m2. Interestingly, the coercive field (Ec) of S-BPTA is 50 V/µm, more than 

twice as high as that of A-BPTA (Ec = 21 V/µm). 
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Figure 3.6. (a) Applied triangular wave form 1 (down-down-up-up) and the corresponding current response of A-

BPTA to the triangular wave at 2 Hz with E = 47 V/µm at 140 ˚C. (b) P-E hysteresis loops of A-BPTA (black 

line, Al contacts, device thickness 1.55 µm, 47 V/µm) and S- BPTA (red line, Al contacts, device thickness 1.9 

µm, 107 V/µm), at 140 ˚C with 2 Hz. 
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3.2.3 Stability of the polarization 

The details of the polarization retention time measurements are described in Chapter 1, section 

1.4.4. The polarization lifetime was measured using the experiment depicted schematically in 

Figure 3.7. Firstly, the triangular wave voltage is continuously cycled to align and pole the 

columns (step 1), subsequently, the field is removed for a certain waiting time to allow the 

polarization to relax (step 2), and finally, a single triangular wave cycle is given to re-pole the 

depolarized part of the polarization (step 3).  

 

Figure 3.7. Schematic representation of retention time measurement procedure under triangular wave voltage. 

 

The current response of both A-BPTA and S-BPTA to the single triangular wave voltage in 

step 3 is shown in Figure 3.8. Here, the current response to the first triangle wave is the crucial 

part as it is responsible for repolarizing the lost the polarization. Using the value of the 

polarization loss (Ploss), the normalized remaining polarization is given by 1 − (Ploss/Pr). In both 

materials, the first current response peaks increased with increase in waiting time indicating 

time dependent polarization loss. The current response of A-BPTA to the first triangular wave 

showed a double peak indicating heterogeneity in the coercive field (Figure 3.8a). Although 

only one single current response peak to the first triangular wave was observed in S-BPTA, we 

believe that also in this compound there might be two peaks which in this case are merged into 

a single one (Figure 3.8b). Furthermore, a more distinct double peak structure in the current 

response to the second and fourth triangular waves was observed, a feature that has not 

previously been reported in a columnar ferroelectric liquid crystal. Interestingly, this feature 

was only observed after longer waiting times. When the triangular wave voltage was 

continuously cycled again after the single cycle in step 3, the double peak structure slowly 

disappeared and recovered to its original single peak shape.  
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Figure 3.8. Current response of (a) A-BPTA and (b) S-BPTA to the single cycle of the triangular wave voltage 

after a certain waiting time in the absence of the external electric field. f= 2 Hz and T= 140 ˚C. 

 

The normalized remaining polarization 1 − (Ploss/Pr) as a function of time for A-BPTA and S-

BPTA is shown in Figure 3.9. A-BPTA lost half of its polarization within 5 min while the S-

BPTA had a much longer polarization half-life of approximately 2 h. It is notable that the 

polarization lifetime of A-BPTA is already significantly longer than other ferroelectric 

columnar liquid crystals at similarly high temperatures.10,15,22  
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Figure 3.9. Normalized remaining polarization of A-BPTA and S-BPTA as a function of the waiting time. 

 

 

In order to study the switching behavior in detail, a block wave voltage was applied to the 

system (Figure 3.10a). The frequency was increased to 100 Hz to avoid the devices to stay at 

high voltage for a long time, which might cause electric breakdown. Figure 3.10b and c show 

the current response to the block wave in step 3. Interestingly, no double peak structure was 

observed in the current response to the block wave after a certain time without electric field. 

Presumably the field is above the coercive field for all domains in the heterogeneous system 

although the current response to the first block showed an increasing trend with the waiting 

time. Figure 3.10d shows the normalized remaining polarization, 1 − (Ploss/Pr) as a function of 

time for both materials. Although the block wave experiment insures full switching, the 

drawback of this experiment is that it is not possible to correct for changes in the leakage 

current during the waiting time, and therefore the normalized remaining polarization spuriously 

reaches negative values at longer waiting times for A-BPTA.  
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3.3 Discussion  

 

3.3.1 Role of charge trapping on peak structure and polarization lifetime  

  

In the polarization retention measurement, at 140 ˚C, S-BPTA lost half its polarization in 2 h. 

and the polarization of A-BPTA relaxed within a few minutes. Although A-BPTA has a much 

shorter polarization retention time compared to S-BPTA, the polarization retention time in A-

BPTA is much longer than that of most of the reported columnar ferroelectric liquid crystals 

which lose their polarization within seconds.9,10,15 Also, a double peak structure was observed 

(a) 

Figure 3.10. (a) Schematic representation of retention 

time measurement procedure under block wave voltage. 

(b) and (c) Current response of A-BPTA and S-BPTA to 

the single cycle of the block wave voltage after a certain 

waiting time in the absence of the external electric field. 

f= 100 Hz and T= 140 ˚C. (d) Normalized remaining 

polarization of A-BPTA and S-BPTA as a function of the 

waiting time while measuring in the block wave 

polarization retention measurement. 
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in both materials in the current response to the first, second and fourth triangular waves after a 

certain relaxation time without applied field (Figure 3.8). The double peak structure only occurs 

after the relaxation time and returns to a single peak signal if the field is cycled continuously. 

Due to technical limitations, the pyroelectric Laser Intensity Modulation Method (LIMM) 

measurements (performed by Dr. Tristan Putzeys) were limited to a maximum field strength of 

20V/µm. Although the applied field (20V/µm) is far below Ec of S-BPTA (50 V/µm) and 

slightly below coercive field of (Ec = 21 V/µm), a weak polarization inversion layer in both A-

BPTA and S-BPTA was also observed, suggesting charge injection takes place.  

As the long polarization retention time, double peak structure after relaxation and the 

polarization inversion layer in the pyroelectric measurement in both A-BPTA and S-BPTA are 

similar to what was observed for the tripyridylamine S-TPyA in Chapter 2, we propose that 

charge injection and charge trapping at polarized crystallite surfaces strongly affect switching 

and retention behavior. As the switching measurement takes place at a high temperature of 140 

˚C, it increases the possibility that charges are injected and get trapped at the boundaries of the 

polarized region, where these charges stabilize the polarization. In the central bulk region few 

trapped charges are present to pin the polarization, and the dipoles are switched easier (low 

coercive field region) than in the domains closer to the trapped charge region (high coercive 

field region). However, during continuous cycling of the field, the charge trapping region is 

too thin to create a significant charge displacement current and only a single peak is observed 

(Figure 3.6a, signal peaks). During relaxation, in the absence of an external electric field, the 

charges at the surface transverse deeper into the bulk material, leading to pinning of a larger 

part of the polarization. Thus, a combination of switching behavior in the bulk (low coercive 

field region) and the charge trapping region (high coercive field region) is detected by a re-

applied triangular voltage showing as a double peak in the current response (Figure 3.8), and 

the injected charges enhance the stabilization of the polarization. The details explanation is 

described in Chapter 2.  

 

3.3.2 Differences in switching behavior  

 

Although both A-BPTA and S-BPTA have comparable value of the polarization, similar double 

peak features and a similar polarization inversion layer, huge differences are observed in 

coercive field and polarization lifetime. The fact that coercive field of S-BPTA is more than 

twice that of A-BPTA indicates a higher barrier for switching in the chiral molecule. This is 
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consistent with the observation of a longer retention life time of S-BPTA. If the molecules have 

polar order which is hard to switch, it would also require a higher energy barrier for 

depolarization and therefore exhibits a longer polarization retention time.  

We propose two possible causes of the higher barrier to switching in S-BPTA. One explanation 

focuses on the differences in H-bonding interaction between S-BPTA and A-BPTA. As is 

discussed in the results section, the IR spectrum of S-BPTA has two different N–H stretch 

vibration bands at 3355 cm-1 and 3263 cm-1 which might indicate two kinds of hydrogen 

bonding interaction. In contrast, A-BPTA has a N–H stretch vibration at 3256 cm-1 (with a 

small shoulder at 3300 cm-1) showing a dominant H-bond between molecules within a column. 

The differences in hydrogen bonding might strongly influence the barrier to amide dipole 

switching.  

3.4 Conclusion 

 

The columnar liquid crystals A-BPTA and S-BPTA present ferroelectric switching behavior. 

Although the two molecules have comparable values of the polarization of about 35 mC/m2, 

the coercive field and retention lifetime show huge differences. The coercive field of S-BPTA 

is about 50 V/µm, more than twicethat of A-BPTA (50 V/µm). In the polarization retention 

time measurement, S-BPTA lost half of its pol arization in 2 h, which is remarkable and much 

longer than most of the literature studies.7,8,9,10,11 The polarization of A-BPTA relaxed within 

a few minutes which is quite comparable to the well-known BTA.7 For both materials, after 

the waiting time during which no electric field was applied, a double peak structure was 

observed in the current response to the applied triangular voltage. Moreover, a polarization 

inversion layer was observed in the pyroelectric measurement. We suggest the stabilization of 

the polarization, the double peak structure after relaxation, and the polarization inversion layer 

are effects of injected charges which get trapped at the surfaces of the polarized region. The 

higher coercive field and longer polarization lifetime of S-BPTA are ascribed to differences in 

molecular packing and hydrogen bonding.  
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3.5 Experimental section 

 

3.5.1 Materials 

 

All reagent chemicals were obtained from Aldrich or Acros and used as received. All solvents 

used were of AR quality or better and purchased from Biosolve. 

3.5.2 Measurements  

 

Flash chromatography was carried out using silica gel on a Reveleris® flash chromatography 

system. NMR spectra were recorded at room temperature in CDCl3 solution on a Varian 

Gemini 400 MHz spectrometer (400 MHz for 1H NMR, 100 MHz for 13C NMR). Proton 

chemical shifts are reported in ppm with respect to tetramethylsilane (Si(CH3)4, TMS, 0 ppm). 

Carbon chemical shifts are reported downfield from TMS using the resonance of CDCl3 as the 

internal standard. MALDI-TOF-MS spectroscopy was carried out using a PerSeptive 

Biosystems Voyager-DE PRO spectrometer using α-cyano-4-hydroxycinnamic acid and 2-

[(2E)-3-(4-tertbutylphenyl)-2-methylprop-2-enylidene]mal-ononitrile (DCTB) as matrices.  

 

Differential scanning calorimetry (DSC) studies were carried out in hermetic T-zero aluminum 

sample pans using a TA Instruments Q2000 – 1037 DSC equipped with a RCS90 cooling 

accessory. The thermal transitions were studied mainly on the first cooling and second heating 

with the rate of 10 ˚C /min.  

 

Polarized optical microscopy (POM) was performed on a Leica CTR 6000 microscope 

equipped with two crossed polarizers, a Linkam hot-stage THMS600 as the sample holder, a 

Linkam TMS94 controller and a Leica DFC420 C camera.  

 

X-ray diffraction (XRD) studies were conducted using a Ganesha lab instrument equipped with 

a GeniXCu ultralow divergence source producing X-ray photons with a wavelength of 1.54 Å 

and a flux of 1 × 108 photons/second. Diffraction patterns were collected on a Pilatus 300K 

silicon pixel detector with 487 x 619 pixels of 172 µm2 in size. Glass capillaries were filled 

with the material for the diffraction analysis and placed in a Linkam HFSX350 heating stage 

and measured at a range of 25 ˚C - 290 ˚C with 10 ˚C /min. Each pattern was recorded for 10 

min. The temperature calibration is described in the experimental section of Chapter 2.  
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Fabrication of thin-film metal-insulator-metal devices was done by thermal deposition of 100 

nm Al through a shadow mask on a glass plate as bottom electrode. The organic material was 

then spin coated after which the top Al contact (100 nm) was evaporated through the same 

shadow mask, rotated by 90˚, defining the active area as the overlap between the top and bottom 

electrodes.  

 

The current voltage measurement took place inside a Janus probe station at atmospheric 

pressure. Switching signal wave-forms were applied by an Agilent 33120a arbitrary waveform 

generator and amplified by a Falco WMA-300 high voltage amplifier. The actual circuit current 

was measured by a Keithley 6485 picoammeter and visualized and stored on an Agilent 

DSO7104A oscilloscope for further analysis. 

 

3.5.3 Synthesis  

 

Both A-BPTA and S-BPTA were synthesized by Dr. Nate van Zee.  

 

 

 

 

Scheme 3.1. Synthesis of S-1 

 

Tetrakis(perfluorophenyl) [1,1'-biphenyl]-3,3',5,5'-tetracarboxylate (S-1) 

 

 [1,1’-Biphenyl]-3,3’,5,5’-tetracarboxylic acid (1.00 g, 3.00 mmol, 1.00 equiv.) was 

suspended in 50 mL acetonitrile in a 250 mL round bottom flask equipped with a magnetic 

stirbar. Triethylamine (3.12 mL, 24.0 mmol, 8.00 equiv.) was added, and the mixture became 

homogeneous after stirring for approximately 10 minutes. A solution of pentafluorophenyl 

trifluoroacetate (3.12 mL, 18.6 mmol, 6.00 equiv.) in acetonitrile (2 mL) was added dropwise 

to the above solution. After completion of the addition, the headspace was purged with argon 

and the mixture was stirred at room temperature. Copious white precipitate forms after 
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approximately 15 minutes. After 5 hours, the mixture was cooled with an ice bath. The solids 

were collected on a fine sintered glass frit and washed with cold acetonitrile. After drying in a 

vacuum oven at 50 °C, S-1 (2.95 g, 98 %) was isolated as a bright white powder that was 

sufficiently pure to use in subsequent reactions without further purification. 1H NMR (400 

MHz, CDCl3) δ 9.11 (t, 2H, Ar-H), 8.81 (d, 4H, Ar-H). 19F NMR (376 MHz, CDCl3) δ −152.14 

(m, 8F), −156.49 (m, 4F), −161.45 (m, 8F).  

 

 

 

 

Scheme 3.2. Synthesis of S-BPTA 

 

N3,N3',N5,N5'-Tetrakis((S)-3,7-dimethyloctyl)-[1,1'-biphenyl]-3,3',5,5'-tetracarboxamide 

(S-BPTA) 

 

 Compound S-1 (0.322 g, 0.324 mmol, 1.00 equiv.) was dissolved in 10 mL dry THF in a 50 

mL round bottom flask equipped with a magnetic stirbar. (S)-3,7-Dimethyloctan-1-amine 

(0.407 g, 2.59 mmol, 8.00 equiv.) and triethylamine (0.361 mL, 2.59 mmol, 8.00 equiv.) were 

diluted with 3 mL dry THF and then added dropwise to the solution of S-1 at room temperature. 

The headspace was then purged with argon, and the mixture was stirred for 16 h at 50 °C. After 

cooling to room temperature, the solvent was removed by rotary evaporation, and the crude 

solid was redissolved in chloroform. This solution was then washed with 1 M NaOH, 1 M HCl, 

and then brine. The organic phase was then dried with MgSO4 and filtered. The solvent was 

removed by rotary evaporation, and the resulting solid was purified by flash collumn 

chromatography (eluent = 15% ethyl acetate in chloroform). S-BPTA was isolated as a white 

waxy solid (0.200 g, 70%) after removing the solvent by rotary evaporation and subsequently 

drying under high vacuum (<100 mtorr) in a dessicator with P2O5. The material was stored in 

a dessicator loaded with CaSO4. 1H NMR (400 MHz, CDCl3) δ 8.02 (m, 2H, Ar-H), 7.90 (m, 

4H, Ar-H), 6.76 (broad t, 4H, CH2NH), 3.50 (m, 8H, CH2NH), 1.08–1.74 (m, 40H, CH2), 0.96 

(d, 12H, *CH3), 0.86 (d, 24, CH3). 13C NMR (100 MHz, CDCl3) δ 166.72, 140.13, 136.02, 
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128.26, 125.02, 39.49, 38.89, 37.41, 36.93, 31.14, 28.18, 24.90, 22.93, 22.83, 19.76. MALDI-

TOF-MS calculated m/z for C56H94N4O4: 886.73, found: 887.77 ([M+H]+), 909.76 ([M+Na]+). 

 

 

 

 

Scheme 3.3. Synthesis of A-BPTA 

 

N3,N3',N5,N5'-tetraoctyl-[1,1'-biphenyl]-3,3',5,5'-tetracarboxamide (A-BPTA) 

 

 Biphenyl-3,3’,5,5’-tetracarboxylic acid (0.118 g, 0.357 mmol, 1.00 equiv.) was suspended 

in about 5 mL of dry THF. Thionyl chloride (0.207 mL, 2.86 mmol, 8.00 equiv.) was added, 

and the mixture was gently refluxed uner argon for 12 h. After cooling to room temperature, 

the solvent and excess thionyl chloride were removed by vacuum. To ensure that excess thionyl 

chloride was removed, approximately 10 mL of dry THF was added and subsequently removed 

by rotary evaporation; this process was repeated three times. The crude oil was then dissolved 

in 5 mL dry THF, and a solution of 1-aminooctane (0.203 g, 1.57 mmol, 4.40 equiv.) and 

triethylamine (0.399 mL, 2.86 mmol, 8.00 equiv.) was added. The mixture was stirred 

overnight at room temperature. The following day, the resulting mixture was stripped, and 

DCM was added. After filtering over Celite, the DCM solution was washed with 1M HCl, then 

brine. After drying the DCM layer with magnesium sulfate and filtering, the solvent was 

removed by rotary evaporation. The crude solid was purified by column chromatography (30% 

EA in chloroform) to give A-BPTA as a white powder. 1H NMR (400 MHz, CDCl3) δ 8.09 

(m, 2H, Ar-H), 8.01 (m, 4H, Ar-H), 6.63 (t, 4H, CH2NH), 3.48 (m, 8H, CH2NH), 1.66 (m, 8H, 

CH2 CH2NH), 1.19-1.46 (m, 40H, CH2), 0.88 (12H, CH3).  
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Chapter 4 

Hydrogen bonding motifs to obtain 

ferroelectricity 

 

 

Abstract: 

Head-to-tail arrangement of polar functional groups with hydrogen bonding acceptor and donor 

sites such as amides and ureas provides a motif for the formation of stable macrodipoles and 

thus offers a strategy for designing new organic ferroelectrics. In this Chapter, a series of 

bisurea, bisamide, triazole-amide molecules were studied with the aim to establish their 

ferroelectric properties based on hydrogen bonding. Their liquid crystallinity was investigated 

using polarized optical microscopy (POM), differential scanning calorimetry (DSC) and wide-

angle X-ray scattering (WAXS). Under the application of a triangular wave electric field, the 

compounds exhibit either dielectric and paraelectric behavior or transport of ionic impurities, 

indicating they are not ferroelectric. 
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4.1 Introduction 

 

During the past decades, ferroelectric liquid crystals have attracted significant attention in the 

applications of high-resolution and fast switching color displays, non-volatile memory devices 

and non-liner optics.1,2,3 In 1975, the first ferroelectric liquid crystal was demonstrated by 

Meyer et al., with the compound (S)-2-methylbutyl 4-(4-decyloxybenzylideneamino)-

cinnamate (DOBAMBC) in a chiral smectic C phase (SmC*).4 Since then, significant amounts 

of chiral rod-like molecules have been designed to achieve ferroelectricity.5,6,7,8 Later on, 

banana shaped and discotic liquid crystals were found to be ferroelectric which opened new 

paths for making ferroelectric materials.9,10 Impressively, with proper designs, chirality is not 

an essential requirement in aforementioned molecules that ferroelectricity can appear even in 

an achiral polar molecular system.9,11,12,13 In achiral polar banana-shaped molecules, a sematic 

phase can be formed by a close packing of the molecules which aligned in the same direction 

of the bending.9 This structure gives rise to a macroscopic polarization along the bending 

orientation that introduce ferroelectricity. Moreover, some polar banana-shaped liquid crystals 

were also observed to assemble into conical shape and form a ferroelectric column.14 

Analogous to the achiral polar banana-shaped molecules, the polar discotic mesogens could 

self-assemble into one-dimensional columnar structures with a macrodipole, allows a 

spontaneous polarization and exhibit ferroelectricity. Among different designs to obtain a 

strong dipole along the entire column, hydrogen bonding creates a strong and stable dipole 

within the molecules that offers a strategy to design new ferroelectric columnar liquid 

crystals.15 Over the last decade, urea and amide groups have been widely used for creating new 

ferroelectric columnar liquid crystals due to their strong hydrogen boding interaction and well-

organized head-to-tail arrangements.16,17,18,19,20 Kishikawa et al. have reported a series of liquid 

crystalline ureas bearing polar switching properties a decade ago (Figure 4.1).16 The molecules 

featured both rectangular and hexagonal columnar structure, and the dipolar switching was 

observed only in the hexagonal columnar phase. They explained the switching corresponded 

to reorientation of the polar urea moiety and not to rotation of the phenyl rings.16,17 Although 

those molecules are polarizable with a fast switching mechanism, the macroscopic polarization 

disappeared immediately after removing the external electric field.16,17,21  
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Figure 4.1. Chemical structure and schematic representation of the hexagonal columnar structure of the urea 

liquid crystals from Kishikawa et al.16 Reprinted with Permission from reference [16] (Copyright © 2005, 

American Chemical Society) 

 

Another example of ferroelectric columnar liquid crystal is based on aromatic derivatives with 

amide groups.13,18,19,20,22 N,N´,N´´-trialkylbenzene-1,3,5-tricarboxamides (BTAs) are classic 

amide based ferroelectric columnar liquid crystals that have been extensively investigated 

during the last ten year, especially in the Sijbesma group at the Eindhoven University of 

Technology (Figure 4.2).13,19,22,23,24 The molecules self-assemble into one-dimensional 

columns via π- π stacking and strong 3-fold hydrogen bonding interactions between the amide 

groups.13,25 The amide groups are aligned in a head to tail arrangement and are at an angle with 

the plane of the central benzene ring. Each individual amide dipole point into the same direction 

along the column and results in a large macrodipole.13,26 

 

 

 
Figure 4.2. Chemical Structure of BTA liquid crystals and a schematic representation of macrodipole along the 

column axis resulting from the three-fold hydrogen bonding interactions between the neighbor amide groups.19 

Reprinted with Permission from reference [19]. (Copyright © 2012, American Chemical Society) 
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In this Chapter, we describe a library of molecules based on hydrogen bonding interaction in 

order to obtain ferroelectricity. In Part 1, a series of phenyl bisurea and bisamide are studied 

and in Part 2, a new hydrogen bonding based functional group - triazole was introduced in the 

benzene-amide system to widen a new perspective of ferroelectric liquid crystals.  

4.2 Bisamides and bisureas 

In this research, we attempted to stabilize ferroelectric states of columnar liquid crystals by 

introduction of two amide and urea moieties. A group of phenyl bisureas and bisamides 

(Scheme 4.1) were synthesized by Dr. Erik Schwartz and their properties were characterized 

by differential scanning calorimetry (DSC), X-ray diffraction (XRD), and Polarized optical 

microscopy (POM). In addition, current-voltage measurements were used to study the potential 

ferroelectric switching.  

 

 

 
Scheme 4.1. Molecular structure of bisamides and bisureas. 

 

4.2.1 Thermal behavior and LC phase 

 

All compounds were investigated with a combination of techniques consisting of differential 

scanning calorimetry (DSC), X-ray diffraction (XRD), and polarized optical microscopy 

(POM). In DSC, the transition temperatures and enthalpies are shown in Figure 4.3 with a 

heating/cooling rate of 10 °C/min. Multiple phase transitions are presented in all compounds.  
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Birefringent textures of all compounds are shown in Figure 4.4. Those textures were obtained 

by cooling from the isotropic state at a rate of 10 ˚C/min. Identification of the LC phase based 

on the observed textures was not possible for any of the compounds.  

Figure 4.3. DSC traces of (a) C3-

bisamide. (b) C4-bisamide. (c) C2-

bisurea. (d) C3-bisurea. (e) C4-bisurea. 
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As multiple phase transitions were present in all compounds in DSC, the details of the phase 

transitions were further analyzed by XRD experiments. Figure 4.5 shows the XRD patterns of 

different molecules in a heating scan with a rate of 10 ˚C /min. C3-bisamide is crystalline up 

to its melting point, and the diffraction pattern of C4-bisurea can be assigned to a columnar 

rectangular (p2gg) phase. All other compounds show multiple liquid crystalline phases with 

diffraction peaks that are hard to assign to specific columnar structures.  

Figure 4.4. POM micrograph of (a) C3-

bisamide at 80 ˚C. (b) C4-bisamide at 80 

˚C. (c) C2-bisurea at 120 ˚C. (d) C3-bisurea 

at 80 ˚C. (e) C4-bisurea at 80 ˚C upon 

cooling from the isotropic state with a rate 

of 10 ˚C /min. Scale bar = 200 µm. 
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4.2.2 Dielectric/paraelectric behavior 

 

In the current-voltage measurements used to identify ferroelectricity, a triangular wave voltage 

which consist two positive and two negative triangular wave voltages were applied and the 

current response was read out. Details of the experiment can be found in Chapter 1, section 

1.4.4. Except for C3-bisamide, which is crystalline, all compounds were measured at a 

temperature in which they are in a liquid crystalline phase. Only leakage currents together with 

(a) (b) 

(c) (d) 

(f) 

Figure 4.5. XRD pattern of (a) C3-bisamide. 

(b) C4-bisamide. (c) C2-bisurea. (d) C3-

bisurea. (e) C4-bisurea in a heating scan with a 

rate of 10 ˚C /min. 
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the dielectric background and no polarization reversal current were observed in C3-bisamide, 

C4-bisamide, C3-bisurea and C4-bisurea (Figure 4.6 a, b, d, e). C2-bisurea showed a weak 

current response peak in addition to the dielectric background at 120 ̊ C (Figure 4.6c). However, 

the weak current response has a strong frequency dependence indicating ionic movement. The 

ionic impurities might be ascribed to the decomposition of C2-bisurea at high temperature. 

Therefore, we assume all the materials in this study are dielectrics or paraelectrics. 
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Figure 4.6. Current density as a function of 

time of a) C3-bisamide at 80 ˚C. b) C4-

bisamide at 80 ˚C. c) C2-bisurea at 120 ˚C. d) 

C3-bisurea at 80 ˚C. e) C4-bisurea at 120 ˚C 

measured at 2Hz.  
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4.2.3 Discussion of the dielectric/paraelectric behavior 

 

The electric current, is a flow of electrical charge carriers which can be presented as the rate 

at which charges flows through a given surface: 

𝐼(𝑡) =  
𝑑𝑄(𝑡)

𝑑𝑡
 

Where 𝑄(𝑡) is the surface charge and t is the time.  

 In a dielectric capacitor, the charge stored in the capacitor is equal to the surface charge and 

proportional to the applied voltage 𝑉: 

𝑄 = 𝐶×𝑉 

Where 𝐶 is the capacitance which is a constant. Therefore, the current-voltage relationship in 

a dielectric capacitor can be represented as:  

𝐼(𝑡) = 𝐶×
𝑑𝑉(𝑡)

𝑑𝑡
 

The most common capacitor consists of two parallel plates and the capacitance can be 

calculated as: 

𝐶 = 𝜀0 𝜀𝑟×
𝐴

𝑑
 

Where 𝜀0 is the vacuum permittivity and 𝜀𝑟 is the relative permittivity of the measured material. 

𝜀𝑟 is also known as the dielectric constant, and indicates how effective a dielectric material is 

polarized by applying an electric field. Thus, higher 𝜀𝑟 values imply a higher polarization and 

a better ability to store charges in the capacitor. Combining equations 4.3 and 4.4, the dielectric 

constant 𝜀𝑟 in our system can be calculated:  

𝜀𝑟 =
𝐼(𝑡)×𝑑

𝑑𝑉(𝑡)
𝑑𝑡

×𝜀0 ×𝐴
 

In the current-voltage measurements, the relative dielectric constants 𝜀𝑟 of the bisamide and 

bisurea materials were calculated using equation 4.5 and are shown in Table 4.1. 

 

 

(eq. 4.1) 

(eq. 4.2) 

(eq. 4.3) 

(eq. 4.4) 

(eq. 4.5) 
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Table 4.1 𝜀𝑟 of bisamide and bisurea molecules 

Material Temperature (˚C) 𝜺𝒓 

C3-bisamide 80 7.4 

C4-bisamide 100 6.4 

C2-bisurea 120 3.9 

C3-bisurea 100 4.5 

C4-bisurea 120 3.2 

 

For most ferroelectrics, the ferroelectricity only exists below a certain temperature which is 

called the Curie temperature Tc.
27,28 Below Tc, the material shows a reversible spontaneous 

electric polarization , while above Tc, the material changes from ferroelectric to paraelectric 

which is in a higher symmetry state.27,29 The dielectric constant in the paraelectric state (T >Tc) 

follows the Curie–Weiss law which is shown below: 

𝜀𝑟 =  𝜀0 +
𝐶

𝑇 − 𝑇0
 ≈  

𝐶

𝑇 − 𝑇0
   

Where 𝐶  is the Curie constant, 𝑇0  is the Curie–Weiss temperature that 𝑇0  and Tc normally 

coincides or differs by only a few degrees.27,29 Depending on the temperature, paraelectric 

material can exhibit high dielectric constant value but still have normal dielectric behavior. The 

Tc of different materials differ in a wide temperature range, for example, BaTiO3 has a Tc of 

120 ˚C, Potassium dihydrogen phosphate (KDP, KH2PO4) a Tc of -150 ˚C, and Potassium 

Sodium tartrate-tetrahydrate (Rochelle Salt, KNaC4H4O6-4H2O) has a Tc of 24 ˚C (Figure 

4.7).30 Some ferroelectric materials melt or decompose before they reach Tc and the paraelectric 

state of such materials cannot be observed.27,31  

 

 
Figure 4.7. Schematic illustration of the variation of the dielectric constant 𝜀𝑟  of three different typical 

ferroelectric materials (a) BaTiO3 (b) KDP (c) Rochelle Salt at different temperatures.30 Reprinted with permission 

from reference [30] (Copyright © 2004 Elsevier Inc.) 

(eq. 4.6) 
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The 𝜀𝑟 values of C3-bisamide and C4-bisamide are 7.4 (80 ˚C) and 6.4 (100 ˚C), respectively. 

Those values are even higher than those of odd nylons, nylons with an odd number of carbon 

atoms in the repeating unit (𝜀𝑟 = 3.2 to 5 at room temperature) which have also been reported 

to be ferroelectric.32,33,34 Thus, we propose that the materials with high 𝜀𝑟  values are in a 

paraelectric state but the temperatures are quite close to the critical temperature. Aromatic 

polyurea has also been reported to be ferroelectric and has a dielectric constant of 4.2.35,36 Here, 

our bisurea materials have similar or lower 𝜀𝑟  values compared to polyurea, they could be 

either paraelectric where the measured temperatures are far above Tc (Figure 4.8) or dielectric 

as there are two hydrogen atoms involve in the hydrogen bonding and therefore the urea groups 

are more rigid and hard to rotate. Interestingly, the 𝜀𝑟 value of ferroelectric BTA-C10 material 

at 110 ˚C is calculated to be 5.8 at 110 ˚C, this high value might indicate the measured 

temperature is approaching to Tc.  

 

Figure 4.8. Schematic illustration of the possible paraelectric states for different molecules. 

 

4.3 Triazole based hydrogen bonding liquid crystal 

 

Triazole is a well-known amide isostere that has attracted significant attention for 

pharmaceutical studies.37,38 Triazoles displays structural and functional features similar to 

amides: The two nitrogen atoms (N2 and N3) can function as a weak hydrogen-bond acceptor 

mimicking the carbonyl oxygen of the amide bond while the proton attached to the C5 atom 

acts as a hydrogen bond donor, like the N-H proton in the amide bond.39,40,41,42 The heterocycle 

functions as a linking unit that can mimic the amide group in peptide bond, and has been studied 

extensively in replacing dipeptides in α-helical structures,39 constructing new β turns,43 

developing new class of heterocyclic peptide nanotube,44 and more.45,46,47 However, there are 

also some differences between the amide and triazole groups: the distance between the R1 and 

R2 substituents in triazole is 5.0 Å, which is 1.2 Å larger than that of typical amides with a 
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distance of 3.8 Å (Figure 4.9).41,48 Furthermore, triazoles possess a larger dipole moment (4.83 

Debye) than an amides (3.92 Debye).49  

 

Figure 4.9. Topological and electronic similarities of amides and 1,2,3-triazoles. 

 

In this project, we replaced the amide groups in the well-known ferroelectric liquid crystal 

N1,N3,N5-tris(decyl)benzene-1,3,5-tricarboxamide (BTA-C10) by triazole groups. BTA-C10 is 

the reference molecule which was studied previously in our group, and two triazole modified 

molecules were synthesized by Dr. Subham Bhattacharjee – N1,N3-didecyl-5-(4-octyl-1H-

1,2,3-triazol-1-yl)isophthalamide (mono-triazole), which has one amide group got replaced by 

triazole, and N-decyl-3,5-bis(4-octyl-1H-1,2,3-triazol-1-yl)benzamide (bis-triazole) 

containing two triazole groups (Figure 4.10). Compared to BTA, the weaker hydrogen bonds 

in triazole contained molecules should facilitate switching which results in a faster switching 

process and probably a lower coercive field. Furthermore, the large dipole moments of triazole 

should give rise to a higher polarization. With the new design by combining both amide and 

triazole groups in a single molecule, we hope to achieve ferroelectric molecules with fast 

switching process, a lower coercive field and a lager polarization. 
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Figure 4.10. Molecule structure of (a) BTA-C10 (b) mono-triazole and (c) bis-triazole molecules. 

 

4.3.1 Characterization of liquid crystalline properties 

 

The thermal properties of mono-triazole, bis-triazole and BTA-C10 were investigated with 

DSC and POM. The DSC measurements were conducted with heating /cooling rate of 10 

˚C/min in the temperature range from -20 ˚C and 120 ˚C (mono-triazole ) and from -50 ˚C and 

80 ˚C (bis-triazole) (Figure 4.11a,b). In the heating scan of mono-triazole, the transition from 

LC to isotropic phase took place at 90.8 ˚C (enthalpy =14.9 J/g), while on cooling, the 

corresponding exothermal peak (iso-LC) occurred at 55.1 ˚C (enthalpy =14.8 J/g) with an 

unusually large supercooling of more than 35 ˚C . In comparison, the DSC heating trace of bis-

triazole showed a broad Cr-Lc phase transition at 1.6 ˚C (enthalpy =2.5 J/g) and two distinct 

endothermic peak at 48.5 ˚C (LC reorientation, enthalpy =7.6 J/g) and 60.4 ˚C (LC- isotropic 

phase transition, enthalpy =1.5 J/g). Interestingly, only one crystallization peak was observed 

at 5.4 ̊ C (enthalpy =4.7 J/g) during cooling. Remarkably, the introduction of the triazole groups 

reduced significantly the isotropization temperature as the BTA-C10 shows an isotropization 

temperature of 205.4 ˚C (Figure 4.11c). It might inspire a new design of ferroelectric liquid 

crystal with a stable LC phase at room temperature and a relatively low isotropization 

temperature.  
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Under crossed polarizers, a birefringent fan-shape texture with rather small domains was 

observed for mono-triazole at room temperature upon cooling (10 ˚C /min) from the isotropic 

phase (Figure 4.12a). Although bis-triazole was birefringent during heating at 55 ˚C (Figure 

4.12 b), no birefringence was observed upon cooling from isotropic temperature to room 

temperature from which is consistent with the absence of a peak in the DSC cooling trace. In 

contrast, the reference molecues BTA-C10 showed a birefringent focal conic texture indicating 

a hexagonal columnar structure.  

 

 

 

 

 

 

 

 

Figure 4.11. DSC traces of (a) mono-

triazole, (b) bis-triazole (c) BTA-C10 in 

first cooling run and second heating run. 

Endothermic is up and heating/cooling 

rate is 10 ˚C /min. 
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In order to further characterize the structure of the phases, XRD experiments were performed. 

The diffraction patterns of mono-triazole at 70 ˚C, bis-triazole at 35 ˚C and BTA-C10 are 

shown in Figure 4.13. In mono-triazole, a set of three equatorial diffraction peaks at 2.43 nm-

1, 4.86 nm-1, and 7.28 nm-1, with d-spacings of 2.58 nm (100), 1.29 nm (200) and 0.86 nm (300) 

in the reciprocal ratios of 1:2:3 which is consistent with a lamellar packing (Figure 4.13a). In 

Figure 4.13b, similar X-ray diffraction pattern was also observed in bis-triazole at 35 ˚C with 

three diffraction maxima at 2.90 nm-1, 5.81 nm-1, and 8.70 nm-1, respectively. The 

corresponding d-spacings were calculated to be 2.17 nm (100), 1.08 nm (200) and 1.72 nm 

(300) with the characteristic reciprocal ratios of 1:2:3 which also indicates a lamellar LC 

structure. Comparable inter-discotic distances were observed in the wide-angle regime for both 

mono-triazole and bis-triazole with d-spacings of 0.49 nm and 0.48 nm, respectively. BTA-

C10 is a known hexagonal columnar LC shows three diffraction peaks in the small-angle region 

with corresponding lattice distances of d[100]=1.68 nm, d[110]= 0.98 nm, and d[200]= 0.84 

nm in the reciprocal ratio 1: √3: 2 indicating a hexagonal packing (Figure 4.13c). It is notably 

that the inter-discotic distances (0.49 nm and 0.48 nm) of triazole materials are much larger 

than those of BTA-C10 (0.35 nm) indicating loose columnar packing in the triazole molecular 

system.  

Figure 4.12. (a) POM micrograph of mono-

triazole at RT after cooling back from the 

isotropization temperature of 90 ˚C. (b) 

POM micrograph of bis-triazole at RT upon 

heating from RT. (c) POM micrograph of 

BTA-C10 at 80 ˚C after cooling back from 

isotropization temperature of 207 ˚C.  

 

(a) (b) 

(c) 
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Compared to BTA, mono-triazole and bis-triazole have much lower isotropization temperature, 

less well defined birefringence textures, and lamellar LC packings with a much larger inter-

discotic distance. All those distinct characteristics indicate the triazole groups play an important 

role in determining LC properties of the materials.  

 

4.3.2 Characterization of ferroelectric properties 

 

In this study, current-voltage measurements were used to investigate ferroelectric properties of 

mono-triazole, bis-triazole and BTA-C10. The applied voltage wave form is type 2 with block 

waves and three positive triangular wave (Figure 4.14a). We mainly focus on the current 

response to the first and second positive triangular voltage. The detail of the method to obtain 

the ferroelectric hysteresis loop is shown in Chapter 1, section 1.4.4 (type 2 pulse). Figure 

4.14b shows a P-E hysteresis loop of BTA-C10 which is a true ferroelectric with a remnant 

polarization (Pr) of 37 mC/m2 and a coercive field (Ec) of 39 V/µm. The negative part has been 

Figure 4.13. X-ray scattering pattern of 

(a) mono-triazole at 70 ˚C, (b) bis-triazole 

at 35 ˚C and (c) BTA-C10 at 80 ˚C. 
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added by a simple mirroring as no significant difference with negative switching has been 

observed. 
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Figure 4.14. (a) A single cycle of the voltage wave form used for probing the hysteretic polarization and the 

current response. (b) P-E hysteresis loops of BTA-C10 at 80 ˚C with 1 Hz. 

 

4.3.3 Switching in mono-triazole and bis-triazole 

 

Switching behavior is observed in both mono-triazole and bis-triazole in the current-voltage 

measurements. The current-voltage measurements of mono-triazole were done at 60 ˚C and the 

current response to the first triangular wave voltage, showing an evident peak at different 

frequencies is shown in Figure 4.15. The corresponding (apparent) P-E hysteresis loops of 

mono-triazole measured at different frequencies are shown in Figure 4.16a. The response was 

first measured at high frequency (1 Hz) showing a polarization of 3 mC/m2. When the 

frequency was decreased, the polarization gradually increased and reached to 44 mC/m2 at 0.02 

Hz. However, the coercive field Ec =82 V/µm was independent of frequency. When 

subsequently the effect of temperature on the response was measured at a constant frequency 

of 0.2 Hz, the apparent polarization increased from 9.7 mC/m2 at 60 ˚C (Figure. 4.16c, dashed 

line) to 26.7 mC/m2 at 70 ˚C (black line). Interestingly, upon bias cycling (Figure 4.16b), the 

apparent polarization decreased with the cycling time. The apparent polarization dropped from 

26.7 mC/m2 to 2.2 mC/m2 within 15 min as is shown in Figure 4.16c. When finally the effect 

of frequency was measured again at 70 ˚C, the same trend was observed as at 60 ˚C, but now 

at significantly lower polarizations, increasing from 1.1 mC/m2 to 5.7 mC/m2 when the 

frequency was changed from 1 Hz to 0.02Hz (Figure 4.16d) at a slightly lower coercive field 

of 70 V/µm. 
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Figure 4.15. Current density as a function of time at different frequencies (a) 0.02 Hz (b) 0.05 Hz (c) 0.1 Hz (d) 

0.2 Hz (e) 0.5Hz (f) 1 Hz of mono-triazole in Al - Al device. Temperature: 60 ˚C. Sample thickness: 482nm. 

Maximum electric field: 127 V/µm. Blue line: raw signal, green line: background signal, red line: corrected signal. 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 4.16. (a) Apparent polarization P-E loops of mono-triazole at 60 ˚C from 0.02 Hz to 1 Hz. (b) Apparent 

polarization P-E loops of mono-triazole at 60 ˚C and 70 ˚C with the frequency of 0.2 Hz. (c) Apparent polarization 

P-E loops of mono-triazole at 70 ˚C the frequency of 0.2 Hz upon cycling. (d) Apparent polarization P-E loops of 

mono-triazole at 70 ˚C from 0.02 Hz to 1 Hz after prolonged cycling. Al-Al device. Sample thickness: 482nm. 

Maximum electric field: 127 V/µm. 

 

Current-voltage measurements of bis-triazole were performed at 35 ˚C and similar switching 

behavior was observed. Figure 4.17a-e shows the current density of bis-triazole as a function 

of time at different frequencies from 0.05 Hz to 0.5 Hz. As the frequency was lowered, the 

switching peak became more pronounced. The apparent polarization was also found to strongly 

dependent on the frequency (Figure 4.17f). It was observed that the lowest frequency (0.05 Hz) 

gave the largest apparent polarization (13 mC/m2) and the apparent polarization decreased to 2 

mC/m2 at 1 Hz. Like in mono-triazole, no significant frequency dependence of Ec was observed 

and the Ec of bis-triazole was 72 V/µm. However, compared to mono-triazole, the bis-triazole 

devices more often showed electrical break down at high voltage resulting in short circuit.  

 

(a) (b) 

(c) (d) 
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Figure 4.17. Current density as a function of time at different frequencies (a) 0.05 Hz (b) 0.1 Hz (c) 0.2 Hz (d) 

0.5 Hz (e) 0.1Hz of bis-triazole in Al - Al device. Temperature: 35 ˚C. Sample thickness: 500 nm. Maximum 

electric field: 127 V/µm. (f) Apparent polarization P-E loops of bis-triazole at 35 ˚C from 0.05 Hz to 1 Hz. 

 

4.3.4 Discussion of the switching behavior 

 

Switching in both mono-triazole and bis-triazole materials displays a strong frequency 

dependent polarization with a stable frequency independent coercive field and significant 

(a) (b) 

(c) (d) 

(e) (f) 
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polarization loss during cycling. These features are unusual for ferroelectric materials, and are 

more properly interpreted as a result of ionic movement.  

The observation of spurious hysteresis loops in voltage current measurements can be caused 

by a number of features, including nonlinear dielectric losses, and in systems with mobile 

charges when there is a threshold field for charge transport.50 Materials with nonlinear lossy 

dielectric behavior usually don’t show saturation in the hysteresis loops, and therefore do not 

give a good explanation for the behavior of the triazole devices. Deceptively ‘clean’ hysteresis 

loops with saturation behavior has been simulated for nonferroelectric systems consisting of 

two back-to-back metal-semiconductor Schottky contacts with a large concentration of traps 

distributed over a finite thickness near the electrodes.51 Characteristic for such devices is that 

the polarization is strongly dependent on frequency, with the hysteresis loop disappearing at 

high frequency. Strong frequency dependence of the polarization was also observed in the 

measurements on mono- and bis-triazole, making trapping of charges a realistic explanation 

for the properties of these devices. However, in the non-ferroelectric system modeled in 

literature, the coercive field is also frequency dependent, while the (apparent) coercive field in 

the triazoles is nearly independent of frequency. Potentially, the experimental data represent a 

combination of ferroelectric switching and the movement of trapped charges, two mechanism 

that are expected to mutually influence each other. However, the low value of polarization at 

the highest frequencies measured (2 mC/m2 at 1Hz) suggests that the ferroelectric contribution 

to the polarization is small. Experiments at higher frequency will need to be performed to 

establish the role of a ferroelectric component in the switching behavior. The strongly increased 

polarization upon increasing the temperature from 60 ˚C to 70 ˚C is also in line with the 

presence of trapped charges, which require thermal activation to become mobile. Finally, the 

pronounced reduction in polarization upon continued cycling may reflect the disappearance of 

charge carriers, either by internal compensation or by combination with countercharges at the 

electrode. 

 

4.4 Conclusion  

 

In summary, we have studied a series of bisurea, bisamide, triazole-amide molecules aiming at 

developing new organic ferroelectrics. Most of the bisurea and bisamide materials have 

complicated liquid crystalline phases which are hard to understand and the triazole-amide 

molecules performed columnar lamella LC phase. Under the current-voltage measurements, 
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the current response to bisureas and bisamides show only dielectric/paraelectric behavior 

indicating a non-ferroelectric behavior. A pseudo ferroelectric switching behavior is observed 

in triazole-amide molecules and a strong frequency dependence of the polarization is 

tentatively interpreted as the result of ionic movement possibly in combination with a 

ferroelectric component. Further experiments are necessary to establish the nature of the mobile 

charge carriers and the relative importance of a ferroelectric component in these materials. 

4.5 Experimental section 

 

4.5.1 Materials 

 

All reagent chemicals were obtained from Aldrich or Acros and used as received. All solvents 

used were of AR quality or better and purchased from Biosolve. 

 

4.5.2 Measurements  

 

Flash chromatography was carried out using silica gel on a Reveleris® flash chromatography 

system. NMR spectra were recorded at room temperature in CDCl3 solution on a Varian 

Gemini 400 MHz spectrometer (400 MHz for 1H NMR, 100 MHz for 13C NMR). Proton 

chemical shifts are reported in ppm with respect to tetramethylsilane (Si(CH3)4, TMS, 0 ppm). 

Carbon chemical shifts are reported downfield from TMS using the resonance of CDCl3 as the 

internal standard. MALDI-TOF-MS spectroscopy was carried out using a PerSeptive 

Biosystems Voyager-DE PRO spectrometer using α-cyano-4-hydroxycinnamic acid and 2-

[(2E)-3-(4-tertbutylphenyl)-2-methylprop-2-enylidene]mal-ononitrile (DCTB) as matrices.  

 

Differential scanning calorimetry (DSC) studies were carried out in hermetic T-zero aluminum 

sample pans using a TA Instruments Q2000 – 1037 DSC equipped with a RCS90 cooling 

accessory. The thermal transitions were studied mainly on the first cooling and second heating 

with the rate of 10 ˚C/min.  

 

Polarized optical microscopy (POM) was performed on a Leica CTR 6000 microscope 

equipped with two crossed polarizers, a Linkam hot-stage THMS600 as the sample holder, a 

Linkam TMS94 controller and a Leica DFC420 C camera.  
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X-ray diffraction (XRD) studies were conducted using a Ganesha lab instrument equipped with 

a GeniXCu ultralow divergence source producing X-ray photons with a wavelength of 1.54 Å 

and a flux of 1 × 108 photons/second. Diffraction patterns were collected on a Pilatus 300K 

silicon pixel detector with 487 x 619 pixels of 172 µm2 in size. Glass capillaries were filled 

with the material for the diffraction analysis and placed in a Linkam HFSX350 heating stage 

with the heating/cooling rate of 10 ˚C /min. Each pattern was recorded for 10 min.  

 

Fabrication of thin-film metal-insulator-metal devices was done by thermal deposition of 100 

nm Al through a shadow mask on a glass plate as bottom electrode. The organic material was 

then spin coated after which the top Al contact (100 nm) was evaporated through the same 

shadow mask, rotated by 90˚, defining the active area as the overlap between the top and bottom 

electrodes.  

 

The current voltage measurement took place inside a Janus probe station at atmospheric 

pressure. Switching signal wave-forms were applied by an Agilent 33120a arbitrary waveform 

generator and amplified by a Falco WMA-300 high voltage amplifier. The actual circuit current 

was measured by a Keithley 6485 picoammeter and visualized and stored on an Agilent 

DSO7104A oscilloscope for further analysis. 

 

4.5.3 Synthesis  

 

4.5.3.1 Synthesis of bisurea molecules 

 

Scheme 4.2. Synthesis procedure of bisureas. 
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All bisurea and bisamide molecules were synthesized by Dr. Erik Schwatz. The synthesis route 

to obtain the bisurea molecules is shown in scheme 1. 3,4,5-Tris(dodecyloxy)benzoic acid was 

the starting material and received from the group storage. The purity of the benzoic acid was 

later confirmed by 1H NMR. 3,4,5-Tris(dodecyloxy)benzoic acid was first converted into acyl 

azide using ethyl chloroformate and sodium azide. Isocyanate was generated through the 

curtius rearrangement of the acyl azide and then undergoes attack by the appropriated bisamine 

(1,2-diamino ethane, 1,3-diamino propane and 1,4 –diaminobutane) to obtain bisurea 

molecules. All compounds were purified by column chromatography and/or recrystallization 

from an appropriated solvent. The identity and purity of the products were studied by 1H NMR 

and 13C NMR spectrometry and MALTI-TOF mass spectroscopy. 

 

3,4,5-Tris(dodecyloxy)benzoyl azide (2):  

 

8.06 g compound 1 was dissolved in 250 mL THF with 2.4 mL Et3N in a 500 mL flask and the 

solution was cooled in an ice bath at 0 ˚C. To this solution was slowly added 1.65 mL ethyl 

chloroformate and the reaction mixture was stirred for 2 hr. A solution of NaN3 in 25 mL was 

then added and the ice bath was removed to allow the solution to stir in room temperature. 

After 4 hr, the solution was transferred in a separation funnel and the product was extracted by 

diethyl either. Organic layer was passed through anhydrous Na2SO4 and the solvent was 

removed in vacuo to get a white sticky solid which was used for the next step without further 

purification. 

Bisurea (n=2,3,4) (3): 

Compound 2 (0.488 g) was dissolved in 15 mL dioxane and the solution was refluxed for 1 hr. 

Then to this, the solution was cooled to 85 ˚C and a solution of appropriated diamine (0.5 eq) 

in 5 mL dioxane was added and the reaction mixture was stirred under N2 atmosphere for 1 hr. 

After that, the volatile solvent was removed under reduced pressure. The product was re-

dissolve in chloroform and the organic solution was washed with water and later passed 

through anhydrous Na2SO4. The solvent was removed in vacuo and the obtained crude product 

was further purified by column chromatography and/or recrystallized from an appropriate 

solvent to obtain a white powder. 
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1,1'-(ethane-1,2-diyl)bis(3-(3,4,5-tris(dodecyloxy)phenyl)urea) (bisurea: n=2): 

The crude product was purified by column chromatography (CH3Cl3 /MeOH, 100:4) to obtain 

a white solid. 1H-NMR (CDCl3, 400 MHz): δ = 7.11 (s, 2H, CH2NH), 6.56 (s, 4H, Ar-H),), 

5.64 (s, 2H, Ar- NH), 3.83 (t, 12H, O-CH2), 3.27 (m, 4H, CH2NH), 1.70 (m, 12H, O-CH2CH2), 

1.40(m, 12H, O-CH2CH2CH2), 1.25 (m, 96H, CH2), 0.88 (t, 18H, CH3). MALDI-TOF MS: m/z 

calc.: 1403.24 found: 1426.53 (M + Na+). 

1,1'-(propane-1,3-diyl)bis(3-(3,4,5-tris(dodecyloxy)phenyl)urea) (bisurea: n=3): 

The crude product was purified by column chromatography (CH3Cl3 /MeOH, 100:4) to obtain 

a white solid. 1H-NMR (CDCl3, 400 MHz): δ = 6.66 (s, 2H, CH2NH), 6.55 (s, 4H, Ar-H),), 

5.61 (s, 2H, Ar- NH), 3.86 (t, 12H, O-CH2), 3.18 (m, 4H, CH2NH), 1.75 (m, 12H, CH2CH2NH 

and O-CH2CH2), 1.43-1.25 (m, 108H, CH2), 0.89 (t, 18H, CH3). MALDI-TOF MS: m/z calc.: 

1417.25 found: 1440.49 (M + Na+). 

1,1'-(butane-1,4-diyl)bis(3-(3,4,5-tris(dodecyloxy)phenyl)urea) (bisurea: n=4): 

The crude product was purified by column chromatography (CH3Cl3 /MeOH, 100:4) to obtain 

a white solid. 1H-NMR (CDCl3, 400 MHz): δ = 7.47 (s, 2H, CH2NH), 6.70 (s, 4H, Ar-H),), 

5.19 (s, 2H, Ar- NH), 3.88 (t, 12H, O-CH2), 3.02 (m, 4H, CH2NH), 1.75 (m, 12H, CH2CH2NH 

and O-CH2CH2), 1.43-1.25 (m, 112H, CH2 and O-CH2CH2), 0.88 (t, 18H, CH3). MALDI-TOF 

MS: m/z calc.: 1431.27 found: 1454.49 (M + Na+). 

 

4.5.3.2 Synthesis of bisamide molecules 

 

To obtain the target bisamides, the benzoic acid was first converted into a corresponding acid 

chloride, and subsequently reacted with an appropriated bisamine (1,3-diamino propane and 

1,4-diaminobutane) in dry dichloromethane to obtain the target bisamide molecules.  
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Scheme 4.3. Synthesis of bisamides. 

3,4,5-Tris(dodecyloxy)benzoyl chloride (4):  

5 g compound 1 was treat with thionyl chloride 50 mL under reflux for 3 hr. The excess thionyl 

was distilled off and the resulting brown oil was washed with hexane (3 x 10 mL). The oil was 

then dissolved in hexane and filtered. Alter the filtration, the solvent was removed in vacuo 

and the product is obtained as an orange oil which is directly used for the next step without 

further purification. 

Bisamide molecules (5, n=3,4): 

A 50 mL three-necked flask was charged with a solution of an appropriate diamine (1 mmol) 

and triethylamine (0.11 g, 1.1 mmol) were dissolved in dry CHCl3 (6 mL, stabilized with 

amylene) under inert atmosphere. The solution of compound 4 (0.5 eq.,0.346 g, 0.5 mmol) in 

in dry CHCl3 (10 mL, stabilized with amylene) was added slowly to the solution while cooling 

with an ice bath. The reaction mixture was allowed to warm up to room temperature and stirred 

overnight under inert atmosphere. Subsequently, the crude mixture was transferred to a 

separation funnel and diluted with 10 mL CHCl3. The organic layer was washed with 1M HCl 

(20 mL) three times and was added to the mixture solution and dried over MgSO4. The solvent 

was then removed in vacuo and purified by column chromatography to give compound as a 

white solid. 
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N,N'-(propane-1,3-diyl)bis(3,4,5-tris(dodecyloxy)benzamide) (bisamide: n=3): 

The crude product was purified by column chromatography (CH3Cl3 /MeOH, 100:2) to obtain 

a white solid. 1H-NMR (CDCl3, 400 MHz): δ = 7.07 (s, 4H, Ar-H),), 7.02 (s, 2H, CH2NH), 

4.03 (t, 12H, O-CH2), 3.54 (m, 4H, CH2NH), 1.81-1.72 (m, 14H, CH2CH2NH and O-CH2CH2), 

1.43-1.25 (m, 108H, CH2), 0.88 (t, 18H, CH3). MALDI-TOF MS: m/z calc.: 1387.23 found: 

1388.56 (M + H+), 1410.50 (M + Na+). 

N,N'-(butane-1,4-diyl)bis(3,4,5-tris(dodecyloxy)benzamide) (bisamide: n=4): 

The crude product was purified by column chromatography (CH3Cl3 /MeOH, 100:2) to obtain 

a white solid. 1H-NMR (CDCl3, 400 MHz): δ = 7.04 (s, 4H, Ar-H),), 6.65 (s, 2H, CH2NH), 

3.98 (t, 12H, O-CH2), 3.51 (m, 4H, CH2NH), 1.75 (m, 12H, and O-CH2CH2), 1.43-1.28 (m, 

112H, CH2CH2NH and CH2), 0.88 (t, 18H, CH3). MALDI-TOF MS: m/z calc.: 1401.25 found: 

1402.47 (M + H+), 1424.45 (M + Na+). 

 

4.5.3.3 Synthesis of mono-triazole 

 

Both mono-triazole and bis-triazole were synthesized by Dr. Subham Bhattacharjee and the 

synthesis scheme is shown below: 

 

 

Scheme 4.4. Synthesis of mono-triazole. 

 
 
 
 



Chapter 4 

 

104 
  

5-azido-N1,N3-didodecylisophthalamide (3): 

5-azidoisophthalic acid (compound 2, 0.415 g, 2 mmol) was prepared from the 5-

aminoisophthalic acid according to the literature 52, 53 , and dissolved in 10 mL THF together 

with 1-hydroxybenzotriazole monohydrate (0.65 g, 4.2 mmol). A solution containing 

dicyclohexylcarbodiimide (0.865 g, 4.2 mmol) in 6 mL THF was added to the former solution 

while cooling with an ice bath and the mixture was stirred for 6 hr under inert atmosphere. The 

formed precipitates were removed by filtration and the filtration was slowly added to a solution 

of dodecylamine (0.78 g, 4.2 mmol) in 10 mL THF. The reaction mixture was stirred at room 

temperature under inert atmosphere for 24 hr. The solvent was removed in vacuo and 

chloroform (20 mL) was added and the organic phase was washed several times with saturated 

aqueous solution of sodium bicarbonate. The organic solution was later passed through 

anhydrous Na2SO4. The solvent was removed in vacuo and the obtained the product as a white 

solid. (0.68 g, yield 63.5%) 1H-NMR (CDCl3, 400 MHz): δ = 7.87 (s, 1H, Ar-H),), 7.54 (s, 2H, 

Ar-H), 6.28 (t, 2H, CH2NH), 3.45 (m, 4H, CH2NH), 1.61 (m, 4H, CH2CH2NH), 1.25 (m, 36H, 

CH2), 0.88 (t, 9H, CH3). 

5-(4-decyl-1H-1,2,3-triazol-1-yl)-N1,N3-didodecylisophthalamide(4): 

To a solution of 0.2 g compound 3 (0.37 mmol, 1 eq), 75 mg 1-dedcyne (0.40 mmol1.1 eq) and 

32 mg tris(3-hydroxypropyl-triazolylmethyl)amine (0.074 mmol, 0.2 eq) in 15 mL THF was 

added one by one 92 mg CuSO4·5H2O (0.37 mmol, 1 eq)in 0.1 mL H2O, 146 mg sodium 

ascorbate (0.74 mmol) in 0.1 mL H2O, and 5 mL DMF. The reaction was then stirrer at room 

temperature for 2 days under inert atmosphere. The reaction mixture was precipitated in MeOH 

and the filtration was purified further by column chromatography (CH3Cl3 /MeOH, 99:1) to 

obtain a white solid (0.15 g, 58%). 1H-NMR (CDCl3, 400 MHz): δ = 8.32 (s, 2H, Ar-H),), 8.22 

(s, 1H, triazole-H), 7.88 (s, 1H, Ar-H), 3.48 (q, 4H, CH2NH), 2.80 (t, 2H,Triazole-CH2), 1.73-

1.62 (m, 6H, CH2CH2NH and CH2CH2-triazole), 1.39-1.27 (m, 50H, CH2), 0.88 (t, 6H, CH3). 

MALDI-TOF MS: m/z calc.: 707.61 found: 708.61 (M + H+). 
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4.5.3.4 Synthesis of bis-triazole 

 

 

Scheme 4.5. Synthesis of bis-triazole. 

3,5-diazido-N-dodecylbenzamide (7):  

3,5-diazidobenzoic acid (compound 6, 0.408 g, 2 mmol) was prepared from the 3,5-

diaminobenzoic acid (compound 5) according to the literature54, and dissolved in 10 mL THF 

together with 1-hydroxybenzotriazole monohydrate (0.65 g, 4.2 mmol). A solution containing 

dicyclohexylcarbodiimide (0.865 g, 4.2 mmol) in 6 mL THF was added to the former solution 

while cooling with an ice bath and the mixture was stirred for 6 hr under inert atmosphere. The 

formed precipitates were removed by filtration and the filtration was slowly added to a solution 

of dodecylamine (0.78 g, 4.2 mmol) in 10 mL THF. The reaction mixture was stirred at room 

temperature under inert atmosphere for 24 hr. The solvent was removed in vacuo and 

chloroform (20 mL) was added and the organic phase was washed several times with saturated 

aqueous solution of sodium bicarbonate. The organic solution was later passed through 

anhydrous Na2SO4. The solvent was removed in vacuo and the obtained the product as a white 

solid. (0.4 g, yield 54%) 1H-NMR (CDCl3, 400 MHz): δ = 7.16 (s, 2H, Ar-H),), 6.75 (s, 1H, 

Ar-H), 6.05 (t, 2H, CH2NH), 3.45 (m, 2H, CH2NH), 1.61 (m, 2H, CH2CH2NH), 1.37-1.28 (m, 

18H, CH2), 0.88 (t, 3H, CH3). 

3,5-bis(4-decyl-1H-1,2,3-triazol-1-yl)-N-dodecylbenzamide (8) 

To a solution of 0.2 g compound 7 (0.54 mmol, 1eq), 197 mg 1-dedcyne (2.2 eq, 1.18 mmol) 

and 24 mg tris(3-hydroxypropyl-triazolylmethyl)amine (0.1eq,0.05 mmol ) in 15 mL THF was 

added one by one 0.27 g CuSO4·5H2O (2eq, 1.08 mmol) in 0.2 mL H2O, 0.43g sodium 
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ascorbate (4eq, 2.16 mmol) in 0.2 mL H2O, and 30 mL DMF. The reaction was then stirrer at 

room temperature for 2 days under inert atmosphere. The reaction mixture was precipitated in 

MeOH and the filtration was purified further by column chromatography (CH3Cl3 /MeOH, 

99.5:0.5) to obtain a yellow transparent sticky solid. (0.25 g, 65.7%) 1H-NMR (CDCl3, 400 

MHz): δ = 8.38 (s, 1H, Ar-H),), 8.24 (d, 1H, triazole-CH2), 7.93 (s, 2H, Ar-H), 6.59 (s, 1H, 

CH2NH), 3.48 (q, 2H, CH2NH), 2.83 (t, 4H,Triazole-CH2), 1.76-1.68 (m, 6H, CH2CH2NH and 

CH2CH2-triazole), 1.39-1.27 (m, 42H, CH2), 0.88 (t, 9H, CH3).  
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Chapter 5  

Ferroelectric switching and electrochemistry 

of pyrrole substituted trialkyllbenzene-1,3,5-

tricarboxamides 

 

 

Abstract: 

We explore a new approach to organic ferroelectric diodes using a benzene-tricarboxamide 

(BTA) core connected with C10 alkyl chains to pyrrole groups, which can be polymerized to 

provide a semiconducting ferroelectric material. The compound possesses a columnar 

hexagonal liquid crystalline (LC) phase and exhibits ferroelectric switching. At low switching 

frequencies, an additional process occurs, which leads to a high hysteretic charge density of up 

to ~1000 mC/m2. Based on its slow rate, the formation of gas bubbles, and the emergence of 

characteristic polypyrrole absorption bands in the UV-Vis-NIR, the additional process is 

identified as the oxidative polymerization of pyrrole groups, enabled by the presence of amide 

groups. Polymerization of the pyrrole groups, which is essential to obtain semiconductivity, is 

limited to thin layers at the electrodes, amounting to ~17 nm after cycling for 21 h. 
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5.1 Introduction 

 

Organic ferroelectrics have attracted considerable attention in the field of organic electronics 

during the past decade.1 The high processability of organic materials enables a wide range of 

non-volatile memory applications such as ferroelectric thin film capacitors, ferroelectric field 

effect transistors, and ferroelectric random access memories.2 In combination with an (organic) 

semiconductor, organic ferroelectric diodes are particularly interesting for multistable 

electronic devices.3,4 In the ferroelectric diode, the current can only pass through the 

semiconducting phase, and the charge injection into the semiconducting channel is modulated 

by the polarization of the ferroelectric phase.3 In the on-state, the polarization lowers the 

injection barrier allowing efficient charge injection.5,6 The injection barrier in the off-state 

remains constant or is even slightly higher, limiting the charge injection.5,6 

The most successful effort towards such organic ferroelectric diodes is based on the 

ferroelectric-semiconductor polymer blends: poly(vinylidene fluoride-co-trifluoride ethylene) 

(P(VDF-TrFE)) and poly(3-hexylthiophene).2,3,7,8 Advances in processing of ferroelectric 

semiconducting blends have led to high remnant polarization, high programming cycle 

endurance, and distinct on/off states that all are important for the application of organic 

ferroelectric diodes.7,9,10 However, there are also disadvantages of using polymer blends. In 

organic ferroelectric diodes the length scale of phase separation and morphology are hard to 

control, but essential for device performance.11 Secondly, charge injection only takes place at 

the interface of the semiconductor and the ferroelectric, leading to relatively high resistance.5 

These challenges may be addressed by reducing the length scale at which phase separation 

takes place from micrometers to nanometers in novel materials whose molecules combine 

ferroelectric and semiconducting segments. 

Liquid crystalline materials and composites of various types have attracted significant attention 

for diverse applications such as high-resolution information displays,12,13 lasing,14 photovoltaic 

devices,15 light out-coupling,16,17 diffraction gratings.18,19 Columnar liquid crystals, in 

particular, have been used in the design of new organic ferroelectric materials.20,21,22,23,24,25,26 

They pose attractive opportunities to develop ferroelectric diodes, because these liquid crystals 

combine the molecular mobility required for long range order and alignment with the 

possibility to achieve microphase separation on a nanometer length scale between different 

parts of the mesogenic molecules. 
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N,N´,N´´-trialkylbenzene-1,3,5-tricarboxamides (BTAs) form mesophases with a quasi-one-

dimensional columnar structure via 3-fold hydrogen bonding between the amide groups 

attached to the benzene core.25,26,27,28,29,30 The amide groups are aligned head to tail and are at 

an angle with the plane of the central benzene ring. The component along the columnar axis of 

each amide dipole has the same sign and results in a large macroscopic dipole.25 Fitié et al. 

have studied two BTAs (substituted with three C10 and C18 alkyl chains) and found that the 

compounds have remnant polarization and coercive field in the range of 14-18 mC/m2 and 20-

30 V/µm, respectively.25 A detailed investigation of BTAs ferroelectric switching behavior was 

later performed by Gorbunov et al. with a combination of dielectric relaxation spectroscopy, 

depth resolved pyroelectric response measurements, and classical frequency- and time-

dependent electrical switching.31 The observation of Curie-Weiss behavior demonstrated 

conclusively that the BTAs are true ferroelectrics, with a Curie temperature close to the 

isotropic to columnar hexagonal (Colhex) transition.31 The ferroelectric properties make BTAs 

attractive candidates for the ferroelectric component in the design of organic ferroelectric-

semiconducting materials that was discussed above. 

Polypyrrole is a well-known semiconducting polymer that can be easily synthesized by either 

oxidative chemical or electrochemical polymerization.32 Its conductivity can be varied over a 

wide range from insulating to conductive, based on the type (number, size, and position) of 

substituents and doping state.33,34,35,36,37 The conductivity of N-substituted polypyrrole is 5-6 

orders of magnitude lower than that of polypyrrole, because the polymer chain is forced out of 

planarity by the steric crowding of the substituents.38 The conductivity decreases as substituent 

chain length increases.39,40 In the undoped state, conductivity is usually below 10-6 S/m, low 

enough for use in ferroelectric diodes.41 

In the current study, we investigate the electrical properties of thin films of compound 1, which 

combines the switchable macrodipole of the BTA core with three N-alkylpyrrole groups, 

connected via C10 alkyl chains. Compound 1 has been designed as a precursor for a 

semiconducting ferroelectric material formed by polymerization of the pyrrole groups (Figure 

5.1). 
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Figure 5.1. Schematic representation of the intended ferroelectric diode design. After alignment in a ferroelectric 

columnar mesophase, pyrrole is polymerized into quasi-1D polypyrrole channels that run parallel to the 

macrodipoles formed by the stacked BTA cores. 

 

The N-substituted alkyl chains favor liquid crystallinity in a wide temperature range. We report 

the liquid crystalline properties of compound 1, its electric field alignment and ferroelectric 

switching at high frequencies. We observe large hysteretic charge density built-up at low 

frequencies. We compare the electro-chemical behavior of 1 with two compounds that lack a 

liquid crystalline phase, bispyrrole 5, lacking amide dipoles, and compound 8, which does 

combine pyrrole units with a benzamide dipole but lacks ferroelectric properties (Scheme 5.1). 

Using these reference compounds, we conclude that the high hysteretic charge density in 1 and 

8 is caused by electrochemical oxidation of the pyrrole units, which is facilitated by amide 

dipoles. 

 

Scheme 5.1 Synthesis of BTA-C10-pyrrole 1, C10-bispyrrole 5, benzamide-C10-pyrrole 8, and 

electropolymerization of 1. 
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5.2 Results 

5.2.1 Liquid crystallinity 

 

C10-bispyrrole 5 is a simple molecule that contains two pyrrole moieties but has no amide 

dipoles. At room temperature, the material is an isotropic oil and has no liquid crystalline phase. 

Benzamide-C10-pyrrole 8, is a molecule that does have an amide bond in addition to a pyrrole 

group. It is a crystalline material with an isotropic melting point of 75 ˚C. In contrast to these 

reference compounds, BTA derivative 1 has a mesophase up to 127 ˚C as observed with 

polarized optical microscopy (POM). Figure 5.2 shows the optical texture obtained by POM at 

80 ˚C upon cooling down from isotropic temperature at a rate of 10 ˚C/min. Under crossed 

polarizers, the material showed a birefringent focal conic texture indicating a hexagonal 

columnar structure. 

 

 

Figure 5.2. POM micrograph of BTA-C10-pyrrole (1) at 80 ˚C after cooling back from the isotropic temperature 

of 127 ˚C. Scale bar = 100 µm. 

The thermal behavior of compound 1 was studied further with differential scanning calorimetry 

(DSC). The phase transition temperatures and enthalpies were determined from the first cooling 

and second heating traces after heating above the isotropization temperature. Upon heating, the 

LC to isotropic phase transition takes place at 127.5 ˚C (transition enthalpy is 3.2 J/g), while 

on cooling, the LC phase transition occurs at 120.7 ˚C (transition enthalpy is 4.1 J/g). No 

additional phase transition was observed when cooling down further to -50 ˚C, indicating the 

LC phase is stable over a wide temperature range (Figure 5.3).  
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Figure 5.3. DSC trace of BTA-C10-pyrrole in first cooling run and second heating run. Endothermic is up and 

heating/cooling rate is 10 ˚C/min. 

 

To confirm the hexagonal arrangement, wide-angle X-ray scattering (WAXS) was studied. The 

X-ray scattering pattern at 80 ˚C is shown in Figure 5.4. In the small-angle regime there are 

three distinct equatorial diffraction peaks at 3.24 nm-1, 5.63 nm-1, and 6.48 nm-1, respectively, 

corresponding to the lattice distances d[100]=1.94 nm, d[110]=1.12 nm, and d[200]=0.97 nm. 

The reciprocal spacing ratio of 1:√3:2 in q-space of these three peaks is consistent with a Colhex 

mesophase. In the wide-angle regime, the broad diffuse halo corresponds to the liquid-like 

alkyl chains and the diffraction at 17.8 nm-1, with a d-spacing of 0.35 nm, has a value typical 

of the inter-discotic distance of ordered BTAs.28,42,43,44 Details of the d-spacings and lattice 

parameters for the hexagonal structure of 1 are reported in Table 5.1. 

 

1 10

0.01

0.1

 

 

 
In

te
n

s
it
y
(A

.U
.)

q(nm
-1
)

80
o
C 

1

2
3

4

 

Figure 5.4 X-ray scattering pattern of BTA-C10-pyrrole (1) measured at 80 ˚C. 
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Table 5.1. XRD data of BTA-C10-Pyrrole at 80 °C. 

 

 

Homeotropic alignment of the LC phase of 1 was obtained by applying an external electric 

field between ITO electrodes. First, a commercial 25 mm2 glass cell with a gap of 6.8 µm and 

ITO electrodes was filled with 1 by capillary force, heating the material to its isotropic phase 

at T = 150 ˚C. An electric field of 20 V/µm was then applied to the device at 110 ˚C. After 5 

minutes, the material in the ITO-covered central part of the cell became transparent under 

normal illumination while it was dark under crossed polarizers, indicating homeotropic 

alignment. In contrast, the field-free glass area of the cell remained birefringent with a focal 

conic texture corresponding to non-homeotropic alignment (Figure 5.5a). 

 

 

 
Figure 5.5. (a) POM image of homeotropically aligned in electrode area (right) and non-aligned (left) BTA-C10-

pyrrole (1), scale bar = 100 µm. (b) Schematic illustration of the molecular packing after homeotropic alignment.  

 

5.2.2 Polarization at high frequencies 

 

The polar switching behavior was studied on electric field aligned samples between Al 

electrodes. A specific voltage pattern which consists 2 block waves and three positive 

Peak No. q (nm
-1

) hkl d
obs(nm) d

cal(nm) Parameter 

1 3.24 100 1.94 1.94 Type: Col
hex

 

a=2.24 nm 

c=0.35 nm 

2 5.63 110 1.12 1.12 

3 6.48 200 0.97 0.97 

4 17.8 001 0.35 0.35 

(a) (b) 
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triangular waves was applied in the measurements, see Figure 5.6a and the details of the 

measurement is shown in chapter 1, section 1.4.4. Figure 5.6b shows a clear ferroelectric 

switching behavior of BTA-C10-pyrrole 1 with a remnant polarization (Pr) of 39 mC/m2 and a 

coercive field (Ec) of 30 V/µm at 80 ˚C. For comparison, the hysteresis loop of BTA-C10-alkyl 

is shown as a red solid line showing the Pr is 36 mC/m2 and Ec 37 V/µm. BTA-C10-alkyl lacks 

pyrrole groups and its ferroelectric properties have been studied in detail.25,26,31 The 

ferroelectric parameters of BTA-C10-pyrrole 1 are very similar to those of BTA-C10-alkyl 

(black and red line in Figure 5.6b). 
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Figure 5.6. (a) A single cycle of the voltage wave form used for probing the hysteretic polarization and the current 

response of BTA-C10-pyrrole at 80 ˚C, and 1 Hz. (b) P-E hysteresis loops of BTA-C10-pyrrole 1 (black line, Al 

contacts, device thickness 850 nm, 53 V/µm), BTA-C10-alkyl (red line, Al contacts, device thickness 1400 nm, 

53 V/µm), C10-bispyrrole 5 (blue line, ITO contacts, device thickness 6500 nm, 53 V/µm) and benzamide-C10-

pyrrole 8 (green line, ITO contacts, device thickness 6500 nm, 37 V/µm), at 80 ˚C, and 1 Hz. 

 

Theoretical studies have shown that in columnar stacks, all amide groups align, resulting in 

molecular dipole moments in the order of 9-14 Debye.28,45,46,47 The comparable polarization in 

BTA-C10-pyrrole 1 and BTA-C10-alkyl establish that the presence of polymerizable pyrrole 

side groups does not affect the ability of the BTA core to organize in a field-aligned hexagonal 

columnar liquid crystalline mesophase with ferroelectric behavior. 

Negligible polarization signals were observed in compound 5 and 8 (blue and green lines in 

Figure 5.6b), indicating that these materials are not ferroelectric, as expected for isotropic 

liquids, and in the case of 5, the absence of dipoles from amide groups. 
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5.2.3 High charge density at low frequencies 

 

When the frequency was decreased below 1 Hz (0.5 Hz-0.01 Hz), an additional transient 

current peak appeared in the current density plot of 1 (Figure 5.7a). In these experiments, the 

charge density not only consists of ferroelectric polarization but another process might occur. 

Integration of the transient current peaks of 1 results in a high hysteretic charge density that 

increases with decreasing frequency, reaching 170 mC/m2 at 0.01 Hz for 1, see Figure 5.7b. In 

a mixture with BTA-C10-alkyl (80 wt% BTA-C10-pyrrole) which has lower viscosity, the 

value of the hysteretic charge density reached up to 1000 mC/m2 at 0.01 Hz, 25 times higher 

than the polarization induced by dipolar switching at higher frequencies indicating a new 

process occurs. Although the high hysteretic charge density only occurred when the field was 

above the coercive field, these values are too high to be the result of switching of amide electric 

dipoles. Significantly, a single transient current peak was also observed for the non-

ferroelectric compound 8 at low frequencies, leading to a high hysteretic charge density (Figure 

5.7c). No polarization corresponding to polar switching is observed in 5 at any frequency. The 

appearance of transient currents at low frequency observed in 1 (containing amide dipoles, 

pyrrole groups and having ferroelectricity) and 8 (containing amide dipoles and pyrrole groups 

but lacking ferroelectricity), but not in compound 5 (containing pyrrole groups but lacking 

amide dipoles) or BTA-C10-alkyl (containing amide dipoles but lacking pyrrole groups) shows 

that the process which is observed in 1 and 8 requires both amide groups and pyrrole groups.  

As even full alignment of amide dipoles cannot account for the high hysteretic charge density, 

we propose that the effect is the result of a transient current upon each reversal of polarity, 

caused by an anodic and a cathodic electrochemical process in combination with transport of 

charge carriers through the material. The presence of a second, non-ferroelectric process is 

consistent with the fact that the high hysteretic charge density in Figure 5.7b and d continues 

to increase upon decreasing the sweep rate. For BTA-C10-alkyl and compound 1 at high 

frequency (Figure 5.6d) this behavior is negligible. In the remaining part of this section we 

describe experiments that shed further light on the nature of the electrochemical processes and 

the charge carriers.  
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Figure 5.7. (a) Current density as a function of time at 0.05 Hz of 1 showing two processes labeled 1 and 2. Blue 

line: raw signal, green line: background signal, red line: corrected signal (b) Hysteretic charge density-field 

hysteresis loops of 1 at 80 ˚C from 0.01 Hz to 2 Hz (Al contacts, device thickness 850 nm, 53 V/µm) (c) Current 

density as a function of time at 0.05 Hz of 8 showing only a single peak associated with a high hysteretic charge 

density. Blue line: raw signal, green line: background signal, red line: corrected signal. (d) Hysteretic charge 

density-field hysteresis loops of 8 at 80 ˚C from 0.01 Hz to 2 Hz. (ITO contacts, device thickness 6500 nm, 37 

V/µm).  

 

5.2.4 Electrode processes 

 

To further identify processes taking place at the electrodes in the low-frequency process, thin 

film devices with one Al and one ITO electrode were cycled at low frequencies for several 

hours. Figure 5.8a shows the UV-Vis spectrum of a thin film of compound 1 between an Al 

and an ITO electrode after cycling for 2 hours (80 ˚C, 53 V/µm triangular wave voltage, f = 

0.01 Hz). Two absorption peaks are present at 440 nm and 800 nm which are in line with the π 

– π* interband and polaron/bipolaron band of polypyrrole, suggesting that the proposed 

electrochemical process is the formation of doped polypyrrole by anodic oxidation. Figure 5.8b 

shows a POM image of the film observed in transmission mode from the Al-side after removal 

(a) (b) 

(c) (d) 
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of the Al electrode by washing with aqueous HCl. In contrast to the Al region without electric 

field, the Al-ITO region showed many holes of a few micrometers in size that can be ascribed 

to the formation of gas bubbles.  

 

Figure 5.8. (a) UV-Vis-NIR spectrum of BTA-C10-pyrrole material in ITO-Al device after applying a cyclic bias 

for 2 h and subsequent etching of the Al electrode. (b) Optical microscopy image of the BTA-C10-pyrrole material 

on ITO after removal of the Al electrode in both the active region (lower half) and the non-active region (upper 

half) of the diode. Scale bar = 100 µm. 

 

5.2.5 Charge carrier mobility  

 

To further study the mobility of charges generated in the electrochemical process at low 

frequencies, a mixture of BTA-C10-pyrrole with BTA-C10-alkyl (80 wt% BTA-C10-pyrrole) 

was used. The current response to a block wave was measured on films of different thicknesses, 

0.24 µm, 0.38 µm, 0.65 µm and 1.3 µm, respectively, at a temperature of 80 ˚C. Figure 5.9 

shows the current response of the mixture as a function of time at 0.02 Hz. In all samples a 

sharp peak was observed within 1 s after a field was applied, corresponding to dipolar 

switching. Following the dipolar switching peak, a broad peak was observed with a maximum 

that moves to longer times with increasing film thickness, behavior that is expected for electric 

field induced displacement of mobile charge carriers, e.g. protons. Taking the peak maxima at 

2-7 s as a measure for the transit time, we estimate the associated mobility to be 2  10-11 

cm2/Vs. For proton conducting materials incorporating imidazole groups , the proton mobility 

at elevated temperature (80 ˚C) can be estimated at 10-8 cm2/Vs.48 As can be expected, the 

proton mobility in our system, with the weaker pyrrole proton acceptor, is lower than the 

mobility in the imidazole system.  

(a) (b) 



Chapter 5 
 

122 
  

0 10 20 30 40 50

-600

-400

-200

0

200

400

 

 1.3m

 0.65m

 0.38m

 0.24m

C
u
rr

e
n
t 
d
e
n
s
it
y
 (

n
A

/m
m

2
)

Time (s)

0.02 Hz
-100

-50

0

50

100

F
ie

ld
 (

V
/

m
)

 

Figure 5.9. Current density as a function of time for BTA-C10-pyrrole/BTA-C10-alkyl mixture (80 wt% BTA-

C10-pyrrole) thin films of different thickness in response to a 0.02 Hz block wave with an amplitude of 83 V/µm 

at 80 ˚C.  

 

Both the polar switching and the low frequency electrical displacement decrease with time 

under continuous bias cycling, e.g. using the cycle of Figure 5.6a. Independent of probe 

frequency, the polar switching peak decreased with time as shown in Figure 5.10a and b. After 

21 h, the first (polar) switching peak had decreased from 39 mC/m2 to 5 mC/m2, showing very 

weak ferroelectric switching behavior under a field of 53 V/µm (dashed line in Figure 5.10c). 

The second peak, associated with the hysteretic charge density decreased dramatically from 

170 mC/m2 to 30 mC/m2. A similar decrease of hysteretic charge density was also observed in 

8 upon cycling. 

A very weak ferroelectric response of 5 mC/m2 was still observed at 2 Hz after 21 h continuous 

bias cycling under a field of 53 V/µm. When a stronger field was applied, the material again 

displayed distinct polar switching, with a remnant polarization of 15 mC/m2 and a higher 

coercive field of 90 V/um as shown in panel (c) of Figure 5.10. In another device, which was 

cycled for 24 h under a field of 53 V/µm, ferroelectric switching behavior could also be revived 

by application of a high field, leading to a remnant polarization of 6 mC/m2 and a coercive field 

of to 133 V/µm. The diminishing charge density (at 0.01 Hz, Figure 5.10b) and reduced 

polarization (at 2 Hz, Figure 5.10c), are indicative of strong suppression of electrochemical 

oxidation, and ferroelectric switching, respectively. Charge density and polarization in these 

experiments should be regarded as ‘effective’ device parameters and not as material parameters 

as will be further discussed later. 
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Figure 5.10. (a) Corrected current density as a function of time for BTA-C10-pyrrole thin films after different 

cycling times and (b) Corresponding hysteretic charge density –field loops. Black line: pristine, red line: after 30 

min, green line: after 21 h of 1 upon cycling at 0.01 Hz, drive amplitude 53 V/µm. (c) P-E loops probed at normal 

(dashed line, 53 V/µm) and high field (solid line, 287 V/µm) at 2 Hz after cycling for 21 h at 53 V/µm. 

 

5.3 Discussion 
 

The experiments on thin films of 1 demonstrate that the material shows ferroelectric switching 

upon applying a field of sufficient strength. In addition, at low frequencies, a second process 

leads to extremely high hysteretic charge density of up to 1000 mC/m2. In this section, we 

will discuss this second process. The strong frequency dependence of this process strongly 

suggests a similar process as proposed in Chapter 4 for the mono- and bis-triazole materials, in 

which trapping and release of mobile charges was proposed as the origin of hysteretic charge 

density. However, in the current material, the charge density at low frequency is almost an 

order of magnitude higher than in the triazole materials, indicating a higher concentration of 

mobile charges.  

(a) (b) 

(c) 
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Next to the high charge density, we observed the second process with a slow rate, the UV-Vis-

NIR spectrum of films after prolonged cycling showing a polypyrrole absorption band, and the 

formation of gas bubbles. These observations are all consistent with the production of protons 

during the electrochemical oxidation of pyrrole groups, which may be reduced to hydrogen gas 

at the opposite electrode. Pyrrole oxidation produces radical cations.49 Coupling of two radical 

cations results in the formation of a pyrrole dimer by the loss of 2 protons (Scheme 1). The 

polymerization continues by re-oxidation of the dimer (or oligomers), loss of protons, and 

recoupling. Under influence of the electric field the protons move to the negative electrode 

where they accumulate and give rise to high charge densities that counteract the applied field. 

If reduction of the protons to hydrogen is slower than their production, protons accumulate and 

the process terminates when the internal field is completely screened. Under those conditions 

we expect the current to be a transient, like it was observed in thin films of 1 (Figure 5.9). 

Comparison of the presence of the slow process in the different materials studied shows that 

the oxidation of pyrrole units depends on the presence of amide groups in the molecule, but 

does not require ferroelectricity, as the slow process is absent in 5, but is present in a film of 

non-ferroelectric liquid 8. A potential effect of amide groups is that their electric field induced 

orientation is enough to reduce the electron injection barrier from the material into the electrode. 

Dipole facilitated charge injection was recently employed to enhance water oxidation at Si-

based photoanodes and could also facilitate the electrochemical oxidation of pyrrole at the 

electrode interface.50 In absence of dipolar effects the potential drop in the injection layer of 

our device would only amount to 0.05 eV for a 1 nm injection layer at a typical maximum bias 

of 250 V in a homogenous field across a 5 µm thick film. Depending on the actual potential 

drop, facilitation of charge injection similar to that in Si-based photoanodes may also be 

operative in our devices. Regardless of any barrier modulation, the presence of amide groups 

may facilitate proton transport, as has been observed in acid-doped polyamides.51  

Due to the alternation of the polarity of the applied field during cycling, pyrrole oxidation takes 

place at both electrodes, and gradually a thin layer of polypyrrole is formed at both interfaces. 

The formation of hydrogen gas bubbles reduces the interfacial area between the electrodes and 

the organic layer. The decrease in hysteretic charge density over time can be ascribed to a 

combination of these two effects. Likewise, the presence of poorly conductive or ‘dead’ 

interfacial layers is well known to suppress ferroelectric switching, again in agreement with 

the observations in Figure 5.10.52 
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The combination of ferroelectric switching and electrochemical polymerization in the BTA-

pyrrole system is schematically illustrated in Figure 5.11. Initially, panel (a), the amide dipoles 

are oriented by the electric field. The oriented amide groups at the interface reduce the electron 

injection barrier from the material into the electrode which facilitates the electrochemical 

oxidation of pyrrole, see panel (b). A thin layer of polypyrrole is formed and protons are 

produced during polymerization. By the driving force of the electric field, protons move to the 

other electrode and reduce to hydrogen gas. During cycling, pyrrole oxidation takes place at 

both electrodes and polypyrrole layers are formed gradually upon cycling (panels (c, d)). 

An estimate of the amount of polypyrrole formed in each cycle can be obtained from the 

observed current, showing that at 0.01 Hz under a field of 53 V/µm, 2 cycles generate a single 

monolayer. That means that for the experiment in Figure 5.9 2 and 100 layers will have 

formed after 30 min and 21 h of cycling at 0.01 Hz, respectively.54 This is consistent with a 

minor respectively a strong suppression of both the ferroelectric and electrochemical oxidation 

signals.  

 

Figure 5.11. Schematic illustration of ferroelectric switching and electrochemical reaction of BTA-pyrrole 

material under bias stress. (a) First, the amide dipoles are oriented by the electric field. (b) The negative charges 

of the dipoles reduce the electron injection barrier from the material into the electrode which facilitates the 

electrochemical oxidation of pyrrole. During pyrrole polymerization, protons are produced and a thin layer of 

polypyrrole is formed at the interface. The protons move to the opposite electrode by the electric field and reduce 

there to hydrogen gas. (c) During cycling, pyrrole oxidation takes place at both electrodes. (d) Multiple 

polypyrrole layers are formed upon cycling. 

v 

v 

v 

v 

(a) (b) 

(c) (d) 
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5.4 Conclusion 

 

We have synthesized and characterized a columnar liquid crystal BTA-C10-pyrrole combining 

both ferroelectric and electrochemical behavior. At high frequencies, the material shows 

ferroelectric switching behavior similar to BTA without the pyrrole groups, which is a true 

ferroelectric material. At low frequencies, however, extremely high hysteretic charge density 

is measured, which is ascribed to electrochemical polymerization of pyrrole groups, in 

combination with cathodic reduction of protons, coupled by proton transport across the film.  

 

The observed electrochemical polymerization of BTA-C10-pyrrole represents a direct 

approach to materials for organic ferroelectric diodes in which the ferroelectric and 

semiconducting components are mixed on a nanoscale. This length scale is much smaller than 

that in microphase separated blends of P(VDF-TrFE) with a semiconducting polymer. 

However, a number of limitations of the current system need to be addressed for successful 

development of this concept. The experimental data support the formation of most at a thin 

film of polypyrrole at the electrode surfaces. Thus, our intended goal of a ferroelectric material 

with nanophase separated domains of semiconducting material has only partly been achieved, 

with a polymerization that is limited to thicknesses of a few tens of nm. For the formation of 

ferroelectric diodes with a continuous semiconducting phase, chemical polymerization of 

pyrrole groups may be employed, which results in polypyrrole in a doped state. However, 

chemical polymerization of the material to form an operating device requires a complex 

sequence of steps, consisting of electric field alignment – electrode removal – chemical 

polymerization – electrode deposition. An alternative method of introducing the semi-

conducting component that we will explore in the future is to make use of hydrogen bonded 

stacks of aromatic units with high charge carrier mobility. 

 

5.5 Experimental section 

 

5.5.1 Materials 

 

All chemicals were obtained from Aldrich or Acros and used as received. All solvents used 

were of AR quality or better and purchased from Biosolve. Indium tin oxide (ITO) cells with 

6.8 ± 0.2 μm gap between the ITO surfaces were purchased from Instec Inc.  
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5.5.2 Measurements  

 

Flash chromatography was carried out using silica gel on a Reveleris® flash chromatography 

system. NMR spectra were recorded at room temperature in CDCl3 solution on a Varian 

Gemini 400 MHz spectrometer (400 MHz for 1H NMR, 100 MHz for 13C NMR). Proton 

chemical shifts are reported in ppm with respect to tetramethylsilane (Si(CH3)4, TMS, 0 ppm). 

Carbon chemical shifts are reported downfield from TMS using the resonance of CDCl3 as the 

internal standard. MALDI-TOF-MS spectroscopy was carried out using a PerSeptive 

Biosystems Voyager-DE PRO spectrometer using α-cyano-4-hydroxycinnamic acid and 2-

[(2E)-3-(4-tertbutylphenyl)-2-methylprop-2-enylidene]mal-ononitrile (DCTB) as matrices.  

 

Differential scanning calorimetry (DSC) studies were carried out in hermetic T-zero aluminum 

sample pans using a TA Instruments Q2000 – 1037 DSC equipped with a RCS90 cooling 

accessory. The thermal transitions were studied mainly on the first cooling and second heating 

with the rate of 10 ˚C/min.  

 

Polarized optical microscopy (POM) was performed on a Leica CTR 6000 microscope 

equipped with two crossed polarizers, a Linkam hot-stage THMS600 as the sample holder, a 

Linkam TMS94 controller and a Leica DFC420 C camera.  

 

UV-Vis-NIR measurements were performed on a PerkinElmer Lambda 900 UV-Vis-NIR 

spectrophotometer.  

 

X-ray diffraction (XRD) studies were conducted using a Ganesha lab instrument equipped with 

a GeniXCu ultralow divergence source producing X-ray photons with a wavelength of 1.54 Å 

and a flux of 1 × 108 photons/second. Diffraction patterns were collected on a Pilatus 300K 

silicon pixel detector with 487 x 619 pixels of 172 µm2 in size. Glass capillaries were filled 

with the material for the diffraction analysis and placed in a Linkam HFSX350 heating stage 

and measured at a range of -80 ˚C - +160 ˚C with 10 ˚C /min. Each pattern was recorded for 

10 min.  

 

Fabrication of thin-film metal-insulator-metal devices was done by thermal deposition of 100 

nm Al through a shadow mask on a glass plate as bottom electrode. The organic material was 

then spin coated after which the top Al contact (100 nm) was evaporated through the same 

shadow mask, rotated by 90˚, defining the active area as the overlap between the top and bottom 

electrodes.  
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The current voltage measurement took place inside a Janus probe station at atmospheric 

pressure. Switching signal wave-forms were applied by an Agilent 33120a arbitrary waveform 

generator and amplified by a Falco WMA-300 high voltage amplifier. The actual circuit current 

was measured by a Keithley 6485 picoammeter and visualized and stored on an Agilent 

DSO7104A oscilloscope for further analysis. 

 

5.5.3 Synthesis  

 

The target compound, benzene tris-amide 1 was obtained in two steps. First, 1,10-

diaminodecane 2 (1 equiv) was reacted with dimethoxy-tetrahydrofuran 3 (0.5 equiv) with HCl 

as catalyst via the Paal-Knorr reaction under microwave irradiation.53 A poor yield of 1-(10-

aminodecyl)pyrrole 4 (15%) was formed after four hours. This intermediate was coupled to 

benzene-1,3,5-tricarboxylic acid chloride 6 to give 1 in a yield of 72% after purification. The 

reference molecule 1,10-bis(N-pyrrolyl)decane 5 was obtained by column chromatography of 

the crude mixture of 1-(10-aminodecyl)pyrrole 4 and N-(10-(1H-pyrrol-1-yl)decyl)benzamide 

8 was obtained by coupling 1-(10-aminodecyl)pyrrole 4 to benzoyl chloride 7. 

1-(10-aminodecyl) pyrrole (4)  

1,10-Diaminodecane (1.1 eq., 2.46 g, 14.3 mmol) was placed into a 20 ml thick-walled glass 

tube equipped with a magnetic stir bar and preheated to isotropic state. Tetrahydro-2,5-

dimethoxyfuran (1.72 g, 13 mmol) and HCl solution (1M, 14.3 mL) was then added and the 

mixture was thoroughly mixed. The tube was sealed and inserted into a cavity of a Biotage 

initiator+ microwave system apparatus. The mixture was heated at 150 °C for 40 min at a 

pressure of 15 bar. After cooling down to room temperature, the mixture was then transferred 

to a separating funnel and extracted with CHCl3. The organic layer was washed two times with 

H2O and dried over MgSO4. The solvent was removed in vacuo and purified by column 

chromatography (silica gel, 8% Methanol in CHCl3) to give compound 4 as a transparent, 

slightly orange liquid. (0.45 g, 15%) 1H-NMR (CDCl3, 400 MHz): δ = 6.64 (t, 2H, pyrrole-H), 

6.13 (t, 2H, pyrrole-H), 3.85 (t, 2H, CH2-pyrrole), 3.43 (q, 2H, CH2NH2), 1.75 (m, CH2CH2-

pyrrole and br, s, H, N-H), 1.42 (m, CH2CH2NH), 1.31-1.27 (m, 12H, CH2).
 13C-NMR (CDCl3, 

100 MHz): 120.4, 107.7, 49.6, 42.2, 33.7, 31.6, 29.5, 29.4, 29.2, 26.8, 26.7 MALDI-TOF MS: 

m/z calc.: 222.21; found:223.35(M + H+)  
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N,N ′,N′′-tris(10-(1H-pyrrol-1-yl)decyl)benzene-1,3,5-tricarboxamide (1) 

1-(10-aminodecyl) pyrrole (0.69 g, 3.1 mmol) and triethylamine (0.34 g, 3.4 mmol) were 

dissolved in dry CHCl3 (6 mL, stabilized with amylene) in a 50 mL two necked flask and the 

resulting solution was placed in an ice bath. The resulting solution of benzene -1,3,5-

tricarboxylic acid chloride (0.3 eq.,0.27 g, 1.03 mmol) in in dry CHCl3 (3 mL, stabilized with 

amylene) was added slowly to the cooled solution. The reaction mixture was allowed to warm 

up to room temperature and stirred overnight under inert atmosphere. Subsequently, the crude 

mixture was transferred to a separation funnel and diluted with 20 mL CHCl3. The organic 

layer was washed with 1M HCl (30 mL) three times and was added to the mixture solution and 

dried over MgSO4. The solvent was then removed in vacuo and purified by column 

chromatography (silica gel, 3% Methanol in CHCl3) to give compound as a slightly orange 

sticky solid. (0.58 g,72%) 1H-NMR (CDCl3, 400 MHz): δ = 8.34 (s, 3H, Ar-H), 6.64 (t, 2H, 

pyrrole-H), 6.62 (t, H, N-H), 6.13 (t, 2H, pyrrole-H), 3.85 (t, 2H, CH2-pyrrole), 3.43 (q, 2H, 

CH2NH), 1.75(m, CH2CH2-pyrrole ), 1.59(m, CH2CH2NH), 1.61-1.39 (m, 32H, CH2).
 1C-NMR 

(CDCl3, 100 MHz): δ =165.7, 135.2, 127.9, 120.4, 107.7, 49.6, 40.3, 31.5, 29.5, 29.4, 29.2, 

29.1, 26.9, 26.7. MALDI-TOF MS: m/z calc.: 822.61; found: 823.65 (M + H+), 845.60 (M + 

Na+), 861.58 (M + K+). 

1,10-Bis (N-pyrrolyl) decane (5) 

1,10-Bis (N-pyrrolyl) decane was obtained from column chromatography of the crude mixture 

of 1-(10-aminodecyl) pyrrole (silica gel, CHCl3, Rf = 0.9) to give compound as a transparent 

slightly orange liquid. 1H-NMR (CDCl3, 400 MHz): δ = 6.64 (t, 2H, pyrrole-H), 6.13 (t, 2H, 

pyrrole-H), 3.86 (t, 2H, CH2-pyrrole), 1.75 (m, CH2CH2-pyrrole), 1.28-1.25 (m, 8H, CH2).
 1C-

NMR (CDCl3, 100 MHz): δ =120.4, 107.7, 49.6, 31.6, 29.4, 29.1, 26.7 MALDI-TOF MS: m/z 

calc.: 272.23; found: 273.34 (M + H+) 

N-(10-(1H-pyrrol-1-yl)decyl)benzamide (8) 

1-(10-aminodecyl) pyrrole (1 eq., 0.28 g, 2 mmol) and triethylamine (1.1 eq., 0.22 g, 2.2 mmol) 

were dissolve in dry CHCl3 (5 mL, stabilized with amylene) in a 50 mL two necked flask and 

the resulting solution was placed in an ice bath. The resulting A solution of benzoyl chloride 

(1 eq., 0.44 g, 2 mmol) in dry CHCl3 (3 mL, stabilized with amylene) was added slowly to the 

cooled solution. The reaction mixture was allowed to warm up to room temperature and stirred 

overnight under inert atmosphere. Subsequently, the crude mixture was transferred to a 

separation funnel and diluted with 20 mL CHCl3. The organic layer was washed with 1M HCl 
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(30 mL) three times and was added to the mixture solution and dried over MgSO4. The solvent 

was then removed in vacuo and purified by column chromatography (silica gel, 8% Methanol 

in CHCl3) to give compound as a white solid. (0.36 g, 55%) 1H-NMR (CDCl3, 400 MHz): δ = 

7.77-7.74 (m, 2H, Ar-H, ortho ), 7.50-7.41 (m, 3H, Ar-H, meta and para), 6.64 (t, 2H, pyrrole-

H), 6.13 (t, 2H, pyrrole-H), 6.07 (br, s, H, N-H), 3.85 (t, 2H, CH2-pyrrole), 3.45 (q, 2H, 

CH2NH), 1.75 (m, CH2CH2-pyrrole ), 1.59 (m, CH2CH2NH), 1.35-1.28 (m, 32H, CH2).
 1C-

NMR (CDCl3, 100 MHz): δ =167.5, 134.8, 131.3, 128.5, 126.7,120.4, 107.7, 49.6, 40.1, 31.5, 

29.7, 29.41, 27.38, 29.2, 29.1, 26.9, 26.7. MALDI-TOF MS: m/z calc.: 326.24; found: 327.31 

(M + H+), 349.29 (M + Na+). 
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Summary 
 

Organic ferroelectrics have emerged as a promising avenue towards the development of non-

volatile memory devices as they are lightweight, non-toxic, inexpensive and easily processed 

into devices. Organic ferroelectric materials exhibit a spontaneous electrical polarization that 

can be switched by an applied external electric field; depending on the direction of the 

polarization, the information is stored as Boolean “0” or “1” logic states to provide the memory 

function. The spontaneous polarization is maintained even in the absence of an electric field, 

and therefore gives rise to a non-volatile memory function that retains its data when the power 

is turned off. During the last decades, many approaches have been taken towards new designs 

of organic ferroelectrics, including polymers, organic crystals, hybrid composites and liquid 

crystals.  

Head-to-tail arrangement of polar functional groups with hydrogen bonding acceptor and donor 

sites such as amides and ureas provides a motif for the formation of stable macrodipoles and 

thus offers a strategy for designing new organic ferroelectrics. The aim of the thesis is to 

develop new types of organic ferroelectrics based on hydrogen bonded molecules, especially 

amide containing molecules.  

In Chapter 1, the concept of ferroelectricity is introduced and an overview is given of literature 

examples of organic ferroelectrics based on highly polar C-F bonds containing polymers 

(PVDF), charge-transfer complexes, hydrogen-bonded binary compounds and ferroelectric 

liquid crystals. In addition, several methods to identify ferroelectricity in a material are 

discussed using mechanical, optical and electrical techniques. 

In Chapter 2, 6, 6', 6''-nitrilotris(N-(3,7-dimethyloctyl)nicotinamide) (S-TPyA) bearing three 

polar amide groups attached to a tripyridylamine core is studied. A combination of differential 

scanning calorimetry (DSC), polarized optical microscope (POM), and wide-angle X-ray 

scattering (WAXS) studies reveal that the material features semi-crystallinity. Current-voltage 

measurements show the compound has a remnant polarization (Pr) of 45 mC/m2 and a coercive 

field (Ec) of 144 V/µm at 70 ˚C. At 40 ˚C, the Pr is 40 mC/m2 and Ec is increased to 200 V/µm. 

Remarkably, the half-life time of the S-TPyA at 40 ˚C can reach to years which is comparable 

to PVDF. During the retention measurements, a double peak structure is observed and strongly 

correlates to the relaxation time. Moreover, a polarization inversion layer was observed in the 

pyroelectric measurement. Here, we suggest the stabilization of the polarization, the unique 
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double peak structure after a long waiting time, and the polarization inversion layer are strongly 

affected by injected charges which get trapped at the surfaces of the polarized region.  

 

In Chapter 3, two columnar ferroelectric liquid crystals - biphenyl tetracarboxamides with 

achiral C8 chain (A-BPTA) and with (S)-dimethyloctyl chain (S-BPTA) are studied. In the 

current-voltage measurements at 140 ˚C, comparable remnant polarization (Pr = 35 mC/m2) 

were observed in both compounds but the coercive field (Ec) of S-BPTA is 50 V/µm, more 

than twice as high as that of A-BPTA (21 V/µm). Moreover, A-BPTA lost its half polarization 

within a few minutes while S-BPTA lost half its polarization in 2 h, which is much longer than 

most of the reported columnar ferroelectric liquid crystals. For both materials, a polarization 

inversion layer and a double peak structure after the waiting time were observed just like for 

S-TPyA in chapter 2. Those phenomena may be also explained by charge injection and charge 

trapping at the polarized interface. The higher coercive field and longer polarization lifetime 

of S-BPTA indicate a higher barrier to ferroelectric switching, which may be correlated to 

differences in H-bonding pattern or differences in alkyl chain packing.  

 

In Chapter 4, two approaches to obtain ferroelectricity are described. In the first approach, a 

series of LC bisurea and bisamide compounds were studied to obtain ferroelectricity based on 

their hydrogen bonding properties. Unfortunately, all compounds exhibited either dielectric or 

paraelectric behavior indicating they are non-ferroelectric materials. In the second approach, 

we replaced part of the amide groups in the well-known ferroelectric liquid crystal N, N´, N´´-

tris(decyl)benzene-1,3,5-tricarboxamide (BTA-C10) by triazole groups. Compared to BTA, 

the weaker hydrogen bonds in triazole contained molecules should facilitate switching and 

probably a lower coercive field. However, a pseudo ferroelectric switching behavior is 

observed in the triazole molecules and a strong frequency dependence of the “polarization” 

indicates ionic movement, but no real ferroelectric switching.  

 

In Chapter 5, a new approach to organic ferroelectric diodes is explored using a benzene-

tricarboxamide (BTA) core connected with C10 alkyl chains to pyrrole groups, which can be 

polymerized with the aim to provide a semiconducting ferroelectric material. At high 

frequencies, the unpolymerized material shows ferroelectric switching featuring a remnant 

polarization (Pr) of 39 mC/m2 and a coercive field (Ec) of 30 V/µm. At low frequencies, a 

second process is observed which leads to extremely high apparent polarizations of up to 1000 
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mC/m2. Based on the slow rate of the second process, its vanishing after prolonged field cycling, 

the formation of gas bubbles, and the emergence of a polypyrrole absorption band in UV-Vis, 

we hypothesize that the additional process is due to the production of protons during the 

oxidative polymerization of pyrrole groups at the anode at each cycle during field cycling. 

However, polymerization of the pyrrole groups, is limited to thin layers at the electrodes, 

amounting to 17 nm after cycling for 21 h. 
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