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Abstract 

Amide-based discotic supramolecular organic materials are of interest for fundamental 

understanding of cooperative self-assembly and collective dipole switching mechanisms as well 

as for practically relevant ferroelectric and piezoelectric properties. Here, we show how 

replacing amides (dipole moment of ~3.5 D) with thioamides (~5.1 D) as dipolar moieties in 

the archetypal C3-symmetric discotic molecule BTA leads to ferroelectric materials with a 

higher remnant polarization and lower coercive field. The thioamide-based materials also 

demonstrate a rare negative piezoelectricity and a previously predicted, yet never 
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experimentally observed, polarization reversal via asymmetric intermediate states, that is, 

ferrielectric switching. 

Introduction 

Ferroelectric columnar discotics feature the essential elements for ferroelectric switching – a 

stabilizing planar π-stacking conjugated core, strongly polar and free-to-rotate hydrogen-

bonding groups equipped with solubilizing aliphatic sidechains that also act as intercolumnar 

spacers1. Their core-shell molecular architecture promotes highly cooperative multi-stage 

hierarchical ordering, starting with axial 1D self-assemblies of a tail-governed helical 

preference that pack in tight, typically hexagonal lattices in the solid-state2. An important 

advantage of discotics is their proven sensitivity to changes in molecular structure that opens 

various possibilities for tailoring their properties 3–6. By tail or core substitution, the molecular 

packing can be tuned both geometrically, by increasing the dipole density3, and energetically, 

leading to a more supramolecular polymer-like rather than liquid-crystalline behavior, which 

results in improved piezoelectric properties4 and substantial polarization stabilization5,7. While 

there are still means for improvement of polarization stability, for example through elimination 

of chiral defects by employing enantiopure systems8, the possibilities to increase the dipole 

density by tail-engineering are limited. Therefore, alternative approaches must be found. The 

calculated dipole moment per amide in a self-assembled BTA (benzene-1,3,5-trisamide) stack 

is 3.5–4 D9. One would search for a replacement to amides that would retain all mentioned 

advantages yet have a higher dipole moment. A good candidate is the thioamide moiety with 

sulphur replacing oxygen – a basis for thioBTAs (benzene-1,3,5-trithioamides). The latter 

carries an estimated dipole moment of ~5.1 D (~25% larger than amide) and enables collective 

hydrogen bonding10,11. 

The supramolecular assembly of discotic (thio)amides has been studies for decades, and these 

structurally simple materials are an important model system to understand the fundamentals of 

one-dimensional self-assembly driven by van der Waals interactions in solution and in the solid 

state. Extensive experimental and computational work has been carried out to comprehend the 

mechanism behind and outcomes of the strongly cooperative process of self-assembly in these 

systems2,9–17. One finding that is also crucial for the present work is that, compared to racemic 

systems, homochiral or enantiomerically pure systems generally show a stronger self-

organization and concomitantly larger structural order in the solid state, leading to, amongst 

others, longer polarization retention times and larger coercive fields8. Supramolecular stacks of 
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(thio)BTA have a macrodipole moment that originates from the head-to-tail arrangement of the 

(thio)amide microdipoles. Here and in the following, the brackets in (thio)BTAs indicate that 

both thioBTA and normal amideBTA are meant, the same holds for (thio)amides.  

It was predicted by atomistic molecular dynamics simulations9,18 that two configurations of 

BTA supramolecular stacks are possible – a ‘symmetric’ 3:0 conformer and an ‘asymmetric’ 

2:1 conformer, the numbers denoting the number of hydrogen-bonded ‘sub-helixes’ in the 1D 

triple-helical supramolecular assembly that point in the up and down directions, respectively. 

At the molecular level it can also be understood as the number of H-bond donors and acceptors 

in a molecule. The 2:1 conformers (i.e. ↑↑↓) were shown to have higher stabilization energies 

than the 3:0 (i.e. ↑↑↑) analogues and should therefore be the dominating kind. Initial simulations 

were carried out for diluted solution conditions, mimicking a realistic solvent environment9,19,20, 

and were later followed by studies of liquid crystalline states8,18.  

Apart from the interactions between the sub-helixes inside a single column, also the interactions 

between full columns can lead to (partially) antiparallel arrangement of macro-dipoles8,18. Zehe 

et al. argued, on basis of a 2D Ising model that accounts for nearest and next-nearest interactions 

between full columns, that steric effects are responsible for the non-antiparallel, i.e. parallel, 

organization of columnar dipoles on a hexagonal lattice 21. In later work, Cornelissen et al. 

argued,33 on basis of a kinetic 3D electrostatic model, that the ground state of the hexagonally 

organized BTA assemblies is a geometrically frustrated anti-ferroelectric one, and that practical 

systems behave as ‘apparent’ ferroelectrics due to their slow kinetics8,18. For the present 

discussion, it is important that the geometric frustration discussed in both works does not lead 

to a specific (meta-)stable macroscopic polarization state between full polarization and full 

depolarization. Specifically, a 2:1 state is not expected, as it is not compatible with a hexagonal 

lattice. 

In terms of dipolar switching, a 2:1 ground state of the system is expected to manifest itself as 

ferrielectric switching (analogous to ferrimagnetism), which is generally characterized by 

different sub-lattices switching at different characteristic (coercive) fields22,23; specifically, 

coming from a high reverse field in which the system is in a ↓↓↓-state, the (thio)BTA system 

would switch to its ↓↓↑ ground state at a finite but negative electric field. At positive fields, the 

system would first switch to the ↓↑↑-state before switching to the ↑↑↑-state at high positive 

field. This would give rise to a characteristic three-step hysteresis curve, as opposed to the one-

step curve for ferroelectric systems. Previous numerical simulations suggested that the 

intermediate states ↓↑↑ and ↓↓↑ may be absent in the (thio)BTA system due to required non-
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chiral dipole switching mode being energetically unfavorable.8 Similarly, a fully polarized stack 

would relax to this 2:1 ground state during thermal depolarization. Nevertheless, so far there 

has not been any experimental proof of the existence of these asymmetric antiparallel 2:1 

conformers in amide-based discotics. In fact, except for bent-core smectic liquid crystals24–28, 

ferrielectricity is rarely found in organic systems. 

Here, we characterize thioBTA-based homologues with (linear) achiral and (branched) chiral 

tails in terms of their ferroelectric and piezoelectric properties. We find that the enantiopure 

chiral system shows pronounced ferrielectric behavior when it is brought into its liquid-

crystalline state, whereas the achiral system is ferroelectric at all temperatures. We attribute the 

difference to improved self-assembly of chiral systems that provides the long-range order that 

is required for the stabilization of the 2:1 state. Furthermore, chiral-tailed thioBTA 

demonstrates a rare negative piezoelectric effect both in the ferroelectric and ferrielectric state 

under large- and small-signal conditions. 

Results 

Synthesis 

We investigate two thioBTA homologues (synthetic procedures are based on Ref. 10), the 

achiral N,N',N''-tris(dodecyl)benzene-1,3,5-trithioamide thioBTA-C12 and the chiral left-

handed (3S)-N,N',N''-tris(3,7-dimethyloctyl)benzene-1,3,5-trithioamide thioBTA-C8-S, see 

Fig. 1a for the molecular structures. Amide-based analogues N,N',N''-tris(dodecyl)benzene-

1,3,5-trisamide BTA-C12 and (3S)-N,N',N''-tris(3,7-dimethyloctyl)benzene-1,3,5-trisamide 

BTA-C8-S were synthesized based on the procedure published earlier16 and characterized for 

comparison. 

Phase diagram and molecular packing 

Based on differential scanning calorimetry (DSC), the melting point of thioBTA-C12 and 

thioBTA-C8-S is found to be 254°C and 260°C, respectively, see SI Fig. S2 in the 

Supplementary Information (SI) section 1. The liquid-crystalline to crystalline (LC-to-Cr) 

phase transition occurs at around −5°C and 95°C for thioBTA-C12 and thioBTA-C8-S, 

respectively10. In total, the ferroelectricity-friendly liquid-crystalline state is extended by ~80°C 

for thioBTA-C12 and ~50°C for thioBTA-C8-S, as compared to their amide-based 

analogues29, see Fig. 1b. It is worth noting that even in the crystalline state (T < 95°C) thioBTA-
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C8-S demonstrates ferroelectric switching, similarly to BTA-C6 and all the branched BTA 

homologues3,7, while interesting and previously unobserved ferrielectric polarization switching 

behavior is found in the liquid-crystalline state, vide infra.  

Regarding the molecular packing characteristics, little difference is found between thioamide- 

and amide-based materials. All four materials enter the columnar hexagonal liquid-crystalline 

state below the isotropic temperature with similar molecular packing parameters: an interdisc 

distance of 3.4 Å and an intercolumnar distance of 19.9 Å for (thio)BTA-C8-S at 150°C and 

21 Å for (thio)BTA-C12 at 36°C, as obtained from the small-angle X-ray scattering (SAXS) 

diffractograms10,12. 

Ferroelectric switching 

Ferroelectric characterization was performed on spin-coated out-of-plane 

metal/ferroelectric/metal crossbar geometry devices with thermally evaporated aluminum as 

electrode material. All four materials demonstrated good film-forming properties in submicron-

thick films with prominent self-assemblies as observed by AFM, see Fig. S3. For more details 

on device fabrication, characterization, and measurement geometry, we refer to the SI section 

1. For what follows, it is important that the supramolecular polymers, i.e. the BTA stacks, that 

lie in-plane after deposition, are turned to stand out-of-plane by a field annealing procedure 

prior to further measurements, such that field and (axial) polarization are parallel. 

Like the BTA-based analogues (see Fig. S4), thioBTA-C12 and thioBTA-C8-S demonstrate 

stable ferroelectric switching with saturating ferroelectric hysteresis loops, as displayed in Fig. 

1c-d. An improved saturated remnant polarization is observed in thioBTA-C12 devices 

reaching Pr ≈ 35 mC/m2, as compared to ~30 mC/m2 obtained for BTA-C12. This is close to 

the predicted geometrically available dipole density for an ideal lattice Pr ≈ 38 mC/m2. A 

remnant polarization of Pr ≈ 45 mC/m2, matching the theoretical estimations, was attained on 

thioBTA-C8-S devices, being nearly 30% higher than the 35 mC/m2 of BTA-C8-S29. The 

experimentally observed increase in the remnant polarization can be explained by the higher 

dipole moment of thioamides μ = 5.1 D versus μ = 3.5-4.0 D characteristic to amide-based 

systems, as the macroscopic molecular packing parameters are closely matching. Note that at 

70°C (Fig. 1c-d), the compared thio and regular BTA compounds (thioBTA-C8-S vs BTA-C8-

S and thioBTA-C12 vs BTA-C12) are in the same phase (crystalline and liquid-crystalline, 

respectively, see Fig. 1b). Hence, an alternative explanation for the differences in Pr due to 

compounds being in different phases can be ruled out. 



6 

An interesting but potentially misleading effect was observed when noble metal electrodes (e.g. 

Au, Pt) were used for contacts with thioBTA layers. At elevated temperatures (>100°C) in a 

slow voltage sweeping regime (f ≪ 1 Hz), an extensive amount of charge was found when 

integrating the polarization switching current transients, reaching apparent charge densities of 

more than 1000 mC/m2, see Fig. S5. Such large numbers cannot be explained by either 

molecular dipoles in the BTA, nor by induced dipoles on the metal surface.30 Therefore, we 

tentatively attribute this effect to electrochemical reactions induced by sulphur in presence of 

noble metals31. Electrochemical reactions causing generation of high charge densities have been 

previously reported in pyrrole-substituted discotics32. When no noble metals are used for the 

contacts, thioBTAs act as regular ferroelectrics with polarization densities limited by the 

geometric density of switchable dipoles. 

The temperature dependence of the coercive field Ec shows the activated behavior that is typical 

for BTAs, see Fig. S6. The data show higher and stronger temperature dependent coercive fields 

for the chiral materials, which is easily explained in terms of a higher structural order and a 

concomitantly lower density of (chiral) defects.8,33 The data also show a lower and weaker 

temperature dependent coercive field for thioBTA-based materials than for the corresponding 

BTA materials. For comparison, Ec at 80°C and 25 Hz is ~22 V μm−1 for thioBTA-C12 versus 

~35 V μm−1 for BTA-C12 and ~70 V μm−1 for thioBTA-C8-S versus ~210 V μm−1 for BTA-

C8-S. The observed differences in absolute value and temperature dependence of the coercive 

field in solid state are somewhat surprising in view of previously reported differences in 

stability and cooperativity factor of the supramolecular homopolymers. De Windt et al. found 

the interactions of the thioBTA monomers to be more stable but less cooperative than those 

of BTA11,34. We tentatively attribute the difference to the fact that de Windt et al. 

studied supramolecular polymers in solution while we work in solid state where steric and 

Coulombic inter-columnar interactions are much more important. 

The trend in depolarization activation energy barrier is in agreement with that of the coercive 

field, with lower activation energies for thioBTA. We find ~2.7 eV for BTA-C8-S vs. ~2.6 eV 

for thioBTA-C8-S and ~1.1 eV for BTA-C12 vs. ~0.95 eV for thioBTA-C12, see Fig. 2c and 

S7c. These numbers also show a clear distinction between chiral and achiral homologues, the 

latter having an almost three times lower depolarization activation barrier. As discussed 

extensively in previous publications8,29, the substantial polarization stabilization effect in 

enantiopure materials is related to low-disorder assemblies, namely, the absence of chiral 

defects and the ability to form large supramolecular structures via a cooperative supramolecular 
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polarization processes. As such, an (extrapolated) polarization retention of 10 years is reached 

already at 70°C for amide- and at 60°C for thioamide-based BTA-C8-S. In stark contrast, the 

polarization retention of linear C12 homologues is 5-7 orders of magnitude lower under similar 

conditions. In the context of the previously characterized amide-based ferroelectrics, thioBTA-

C8-S sits among the top-performing homologues retention-wise, see Fig. S7d. 

Figure 1. (a) Molecular structure and columnar hexagonal self-assembly of the studied 

molecules. (b) Phase diagram of thioBTAs and their analogous BTAs indicating extended 

liquid-crystalline phase. (c) Saturating polarization hysteresis with inner loops of thioBTA-

C12 and (d) thioBTA-C8-S obtained at 70°C, 25 Hz. The growing loops are obtained by 

increasing the maximum applied field from below (for the inner loops) to above (for the outer 

loops) the coercive field. 

Ferrielectric switching 

Apart from the differences discussed above, we found ferrielectric switching in thioBTA-C8-

S devices at elevated temperatures. As shown in Fig. 2a, with increasing temperature the 

polarization switching current transient (i.e. the derivative of the hysteresis loop that is typically 
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of Gaussian form for conventional ferroelectrics) begins to split into two peaks when a 

temperature of around 90-95°C is reached, which is around the temperature the material 

enters its liquid-crystalline phase, cf. Fig. 1b. The peak positions of these current transients, 

which correspond to apparent coercive field values, are plotted versus the measurement 

temperature in panel (b). Dual features are also observed in the depolarization kinetics above 

90-95°C, as seen in Fig. 2c. The fact that the full polarization, that corresponds to a 3:0-state, 

first decays into a state with reduced (∼30-40% of the initial) polarization before, at 

longer times, completely vanishing, is a direct demonstration of the fact that the latter 2:1-

state, that shows only one third of the original polarization, is the more stable one. The 

material is ferrielectric. Below this temperature – that is, in the crystalline state – no oddities 

manifest and the material acts as a regular ferroelectric. Characteristics of the neither the 

linear homologue thioBTA-C12 nor the amide-based BTA-C8-S do reveal any feature 

splitting at elevated temperatures, see also Fig. S8a. 

ThioBTA-C8-S demonstrates a clear and stable ferrielectric state in the liquid-crystalline 

phase. The total polarization is independent of temperature whilst the two peaks share the 

portion of the total polarization with a ratio of 2:1, see Fig. S8b. This ratio clearly corresponds 

to the previously mentioned switching mechanism via 1:2 conformers (↑↓↓ arrangement of 

helices within a column) predicted by the DFT/MD simulations. Note that the fact that the 

first switching peak has twice the area of the second peak implies that the switching sequence 

is 3:0→1:2→0:3. In contrast to the equilibration process studied in Fig. 2c, the kinetic 

experiment of polarization reversal thus shows (↑↑↑) changing to (↑↓↓) and straight to (↓↓↓) 

without an intermediate state; that is, no indications of a three-step kinetic 

3:0→2:1→1:2→0:3 pathway have been observed. Interestingly, while having a similar 

thioBTA core, the dodecyl tailed molecule thioBTA-C12 does not show ferrielectric 

switching at elevated temperatures. As discussed above, linear-tailed achiral mixtures are 

likely to form shorter and more disordered supramolecular aggregates, as compared to the 

enantiopure chiral-tailed analogues, suggesting that long-range order is a necessary but not 

sufficient condition to observe ferrielectric behavior 

in BTA11. 
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Figure 2. (a) Emergence of double features in the polarization switching current of thioBTA-

C8-S at temperatures above 90-95°C. The j-E curves are displayed with an offset along the y-

axis. Corresponding apparent coercive field values are given in panel (b). The inset illustrates 

the proposed mechanism of macrodipole switching via intermediate 2:1 conformers, in contrast 

to the single-step 0:3 to 3:0 switching scenario that is typical to BTAs. (c) Thermal 

depolarization kinetics showing two depolarization regimes, attributable to polarization 

relaxation via intermediate states (lines are fits to a stretched exponential function ∼exp[−(t/τ)β] 

with β = 0.5, dashed and solid lines indicating first (3:0→1:2) and second (1:2→0:3) 

depolarization rate, respectively). Full depolarization is considered as full randomization of 

macrodipoles – zero net macroscopic polarization. 

Although we are not aware of specific theoretical calculations of thioamide-based materials, 

some further insight in the origins of the ferrielectric switching can be obtained from previously 

reported DFT/MD simulations on molecular stacks of amide-based molecules. Previously, 

Balasubramanian et al. used DFT/MD computations on amide-based molecules to predict that 

individual helices in trisamides can be of different polarity9,18,19. In fact, the asymmetric 2:1 
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helix configuration (↑↑↓) was found to be energetically favorable over the unidirectional case 

(↑↑↑). Most importantly, an increased stabilization effect of 2:1 and 1:2 conformations was 

obtained with larger oligomer size9. This could be an explanation why no ferrielectric features 

are observed in the (relatively) disordered linear-tailed thioBTA-C12, as compared to the 

chiral-tailed enantiopure thioBTA-C8-S. On basis of DFT/MD as well as kinetic Monte Carlo 

simulations, Cornelissen et al. argued that in BTAs the 2:1 state, being the preferred initial no-

field state, becomes irrelevant once an external electric field is applied, after which the 3:0→0:3 

pathway is the dominant one8. This is contradicted by the current experimental findings that 

show that in well-ordered thioBTA molecular stacks, the 3:0→1:2→0:3 mechanism is more 

likely when the system is in the liquid crystalline phase; in the crystalline phase, the 3:0→0:3 

pathway is still dominant, possibly because the larger fields that are needed to induce switching 

make the intermediate 1:2 states kinetically inaccessible. 

Piezoelectric response 

Based on the previous knowledge of the piezoelectric properties of amide-based BTA 

homologues4, we measured the converse piezoelectric response of thioBTA-C8-S Al/Al 

capacitor devices using a double-beam laser interferometer (DBLI). For experimental details 

see SI Section 1. Like the previously studied BTA-based systems, the experimentally observed 

negative piezoelectricity of thioBTA-C8-S, see Fig. 3, is not in line with the positive 

nanoscopic mechanism predicted by the DFT/MD simulations: in Ref. 4 we have shown that 

the energy dependence on the dihedral angle translates into a positive nanoscopic d33. We thus 

suggest that the same morphology-related dimensional effect that governs the negative 

macroscopic large- and small-signal piezoelectric response of BTAs, also does so for 

thioBTA4. In this model, the (softer) disordered regions between (stiffer) molecular stacks are 

preferentially compressed by external stress, leading to a higher dipole density upon 

compression and, therefore, a negative 𝑑33.35

In the ferroelectric state below 90-95°C, the behavior of thioBTA-C8-S is very similar to that 

previously observed in amide-based short-tailed BTA-C6 devices4, see Fig. 3a. The large-

signal strain-field butterfly loops of thioBTA-C8-S have a strongly expressed linear 

dependence with a negative slope after polarization reversal that is characterized by the large-

signal piezoelectric constant d33,LS reaching −5 pm/V, showing a weakly increasing trend with 

cooling, see Fig. S9. To compare, d33,LS up to −20 pm/V was found in short-tailed linear BTA-

C6 with a remnant polarization of 𝑃𝑟 60 mC/m2 and −8 pm/V in BTA-C8 with 𝑃𝑟  45 mC/m2.
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Considering the similar remnant polarization value of thioBTA-C8-S, the slightly reduced 

d33,LS can be related to either a higher mechanical stiffness as this chiral-tailed material is in its 

crystalline state below 90-95°C, or the reduced disorder discussed above. 

A steep strain overshoot is observed as upward pointing ‘ears’ in Fig. 3a, which matches the 

polarization switching current peak, see Fig. S10a black solid line. The effect remains present, 

irrespective of temperature or probing frequency, see Fig. S11a-d. We previously noticed this 

phenomenon in BTAs and explained it as a transient variation of material stiffness, or Young’s 

modulus, upon polarization switching, leading to a minimum in stiffness when the orientation 

of macrodipoles is randomized, that is, around the coercive field. 4 To reverse polarization, the 

H-bonded network of microdipoles must be broken and reestablished within the molecular

stacks, causing a change in mechanical properties of the entire macroscopic layer. We 

emphasize that this is a transient effect and after full polarization reversal, a purely linear 

piezostrictive behavior is observed with the strain being linearly proportional to the electric 

field 𝑆33 = 𝑑33𝐸. Also, the piezoelectric constant is related to other (electro)mechanical 

material properties via 𝑑33 = 2𝑄33𝜀𝜀0𝑃𝑟, where the electrostriction coefficient 𝑄33 = 𝛾33 𝑌33⁄

and thus d33 is inversely proportional to the Young’s modulus Y33. Very good fits of the strain-

field loops can be produced by including a Gaussian variation of the mechanical stiffness into 

the linear strain field dependence, see Fig. S11e. 

In the ferrielectric state above 90-95°C, the piezoelectric effect remains negative. However, 

double features are revealed in the strain-field loops that correspond to the two-step polarization 

switching explained earlier in the text. At lower frequencies, no reliable static longitudinal 

large-signal d33 constant can be extracted in this case due to depolarization-related artefacts, yet 

at 100 Hz probe frequency and 100°C, d33 = −5.7 pm/V can be extracted, see Fig. 3a, red line. 

Yet, owing to the mechanical softening effect, the dynamic transient longitudinal piezoelectric 

constant, obtained as the derivative of strain-field characteristics, can exceed ±400 pm/V, see 

Fig. S11f.  

Small-signal longitudinal piezoelectric response and small-signal capacitance were measured 

using DBLI by applying a staircase-like voltage signal with a superimposed high-frequency 

sinusoidal voltage signal. Archetypal negative piezoelectric d33,ss loops were obtained in the 

ferroelectric phase, that is at temperatures below 90-95°C, see Fig. 3b. Similar to the large-

signal case, a transition to an anomalous double-featured form occurs when entering the 

ferrielectric state. The shape of d33,ss reflects the characteristic stepped shape of 𝑃𝑟 due to the 

linear proportionality of 𝑑33 and 𝑃𝑟. As for the previously studied BTA homologues, the zero-
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field d33,ss is found to be smaller than under large-signal conditions and ranges from −1.9 pm/V 

at 70°C to −5.1 pm/V at 100°C, see Fig. S9. 

Figure 3. Converse piezoelectric response of thioBTA-C8-S capacitor devices at different 

temperature (a) under large-signal conditions and (b) under small-signal conditions. 

Conclusions 

We have investigated the effect of thioamide substitution in an archetypal C3-symmetry 

discotic molecule with linear achiral dodecyl (thioBTA-C12) and branched chiral left-handed 

3,7-dimethyloctyl (thioBTA-C8-S) peripheral tails. Thioamide-based materials were compared 

with their amide-based counterparts in terms of molecular packing properties, thermotropic 

behavior and phase transitions, as well as in terms of ferroelectric and piezoelectric 

characteristics in thin-film spin-coated crossbar Al/(thio)BTA/Al capacitor devices. 

ThioBTAs demonstrated textbook-like ferroelectric switching (similarly to BTAs) with up to 

30% higher remnant polarization due to the higher microdipole moment of thioamides (~5 D 

vs. ~3.5 D), as the molecular packing parameters are matching for corresponding thioBTA and 

BTA molecules. In contrast, the coercive field and polarization retention were found to be lower 

and with a weaker temperature dependence (that is, lower activation energy). 

The liquid-crystalline phase was found to be extended for thioBTAs both due to a higher 

melting point (or clearing, Curie temperature) and lower Cr-to-LC transition temperature. 

Interestingly, temperature-dependent polarization switching measurements revealed that in its 

liquid-crystalline state, the chiral thioBTA-C8-S demonstrates previously theoretically 

predicted (by DFT/MD simulations of amide-based systems) but never experimentally 

observed macrodipole switching mechanism via intermediate states. For the first time, a 
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pronounced helix-by-helix polarization reversal, manifesting itself as asymmetric double-

features in j-E, P-E, S-E and depolarization characteristics, was observed, indicating 

ferrielectric switching. Ferrielectric switching is only found in chiral-tailed thioBTA-C8-S and 

not the thioBTA-C12, which we attribute to the stabilization effects related to longer, less 

disordered self-assemblies of the former. 

Further, we found anomalous – negative – piezoelectricity in the ferroelectric as well as the 

ferrielectric phase of thioBTA-C8-S. The measured converse longitudinal piezoelectric 

constant reached d33 = −5-6 pm/V both under small- and large-signal conditions. This value is 

slightly lower than d33 = −8 pm/V previously found in BTA-C8 with a matching remnant 

polarization ~45 mC/m2. Similar to the BTA case, the proposed underlying mechanism of the 

negative piezoelectricity is the macroscopic dimensional effect. In line with previous work, we 

therefore explain this difference in d33 by reduced layer disorder and higher mechanical 

stiffness, both related to the chiral purity of the thioBTA-C8-S. In general, negative 

piezoelectricity is an exotic phenomenon limited to few materials systems, including the 

ferroelectric polymer P(VDF:TrFE), short-tailed BTA and now also thioBTA-C8-S. 

Based on the presented results, thioBTAs, and thioBTA-C8-S in particular, are an intriguing 

molecular system, carrying unique properties, including ferrielectricity and negative 

piezoelectricity, that arise from the high dipole moment (from thioamide) and the tail-governed 

chiral purity leading to highly cooperative supramolecular self-assembly and unusual collective 

polarization switching processes. 
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