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From understanding structures in antiferro- ferri and ferroelelectric 

liquid crystals to an unusual electro-optic effect in a bent-core 

nematic; a celebration of innovative materials. 
 

Helen F. Gleeson and Mamatha Nagaraj 

School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT 

 

 

Abstract. 

The field of liquid crystals is truly multidisciplinary with numerous examples of 

virtuous circles of interaction between chemistry, physics, theory and engineering 

resulting in breakthroughs in both fundamental understanding and novel 

applications. This paper, written to mark John Goodby’s 65th birthday, offers a 

personal perspective of the synergy between chemistry and physics from a 

collaboration that has spanned three decades.  The first part of the paper reviews 

some of the physics insights that resulted from chiral liquid crystals fundamental to 

understanding structures in ferroelectric, ferrielectric and antiferroelectric systems. 

The second part of the paper describes some of the remarkable consequences of 

the anomalous elasticity and flexoelectricity found in the nematic phases of bent-core 

materials. In particular, we present unusual bowing of disclination lines in the 

nematic phase of a bent-core material in the presence of a field. Finally, the paper 

summarises some future prospects relating for bent-core materials. The paper by no 

means captures the amazing breadth of contribution that John’s chemistry has made 

to the subject, but aims to exemplify how his generous collaborative approach 

coupled with innovative chemistry and physical insight has led to paradigm changes 

in our subject.   
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Introduction. 

All liquid crystal scientists and engineers recognise the importance of clever material 

design coupled with excellent chemistry. This article aims to celebrate some of the 

contributions of John W Goodby FRS to the remarkable evolution of liquid crystal 

systems over the past decades1 , describing the way in which two families of 

materials that he designed, chiral and bent-core systems, allowed insight into the 

physics of a wide range of novel liquid crystal phases.  These systems are chosen 

as they allow a personal reflection of our group’s work with John, but undoubtedly 

this special volume will serve to demonstrate the enormous impact that he has had 

on the subject. The first part of the paper concentrates on chiral materials that exhibit 

liquid crystal phases in the ferroelectric family, detailing how clever molecular design 

allowed a deep insight into phase structures and stability. The inclusion of Selenium 

and Sulfur in the liquid crystal cores allowed a sophisticated suite of resonant x-ray 

scattering experiments to be undertaken, giving an unequivocal description of the 

structures of the antiferroelectric and intermediate phases. Importantly, the 

Selenium-based materials allowed resonant x-ray scattering experiments in the 

presence of a field, again offering an unambiguous understanding of the field-

dependence of ferro- ferri- and antiferro-electric phases. The second section of the 

paper moves onto bent core materials, a hot topic for the last 15 years or so, 

instigated by the anticipation of biaxial nematic phases. Although thermotropic biaxial 

nematic phases remain elusive, other exciting discoveries were made. This paper 

describes some of the extreme physical constants and the associated new 

observations in phases formed by achiral, bent core molecules.   

 

 

1. The ferroelectric and antiferroelectric family. 

Shortly after the discovery of the antiferroelectric (SmC*A) phase2,3, with its two-layer 

sub-structure, it was realised that many other phases with different layer periodicities 

could exist. This family of phases was found in chiral, tilted smectic systems and had 

ferroelectric, antiferroelectric or ferrielectric properties, properties depending on the 

layer periodicity. Determining which intermediate phases exist was a real challenge 

as a multitude was predicted theoretically 4  and most experimental techniques 

couldn’t provide unambiguous information about the layer structures. There is now 

unequivocal evidence for the existence of a ferrielectric 3-layer (SmC*Fi1) phase, an 



antiferroelectric 4-layer (SmC*Fi2) phase, a 6-layer (SmC*d6) phase and a highly 

chiral SmC*
α
 phase, all of which can exist between the SmC*A phase and the untilted 

SmA phase. The SmC*
α
 phase typically exists between the SmC* and SmA phases. 

Other phases with higher interlayer periodicities are still implicated, as will be 

discussed. 

 

The puzzle surrounding the layer structure in the family of intermediate phases 

occupied researchers from the early 1990s until around 2010. Early research 

showed that optical purity was a critical factor in the observation of the phases, 

providing a challenge for both chemists and physicists as materials that were 

superficially identical could exhibit very different phase sequences. Further, x-ray 

diffraction, normally a powerful probe of the layer structure in smectic liquid crystals, 

was insensitive to the subtle differences in layer structure in the intermediate phases. 

Three distinct models had been proposed for the intermediate phases: an Ising 

model; a Clock model;5,6,7 and a ‘distorted clock’ model8. It was realised in the late 

1990s that resonant x-ray scattering experiments could provide unambiguous 

information about the layer structures of the phases and that the distorted clock 

model was the most appropriate. 

 

In resonant x-ray scattering9, 10, the x-ray energy is tuned to the absorption edge of 

an atom, usually sulfur or selenium, in the rigid core of the molecule. The local 

environment modifies the scattering from the resonant atom so that polarization-

dependent ‘forbidden’ reflections are observed. Levelut and Pansu11 derived the 

equations predicting the positions and polarizations of the resonant peaks in smectic 

liquid crystals, equation 1, 

𝑞!

𝑞!
= 𝑙 +𝑚

1

𝜈
± 𝜀 ;  𝜀 =

𝑝
𝑑
.                                           (1) 

In equation 1, qz  and q0 are the scattering vectors of the resonant and Bragg peaks 

respectively, l is an integer, m can take values of 0, ±1 or ±2, p is the helicoidal pitch 

of the phase, d the layer spacing and 𝜈 is the number of layers in the superlattice 

(e.g. 𝜈 = 2 for the antiferroelectric SmCA* phase). The models could be distinguished 

because the polarization, the relative height of the peaks and, in some cases the 

peak separation, all depend on details of the structure.  

 



John’s work on antiferroelectric materials with novel structures and high degrees of 

chiral purity led to a family of materials that proved invaluable in understanding the 

intermediate phases. One of the most studied materials studied at the time was 

MHPOBC (4-(1-methylheptyloxylcarbonyl)phenyl 4’octylbiphenyl-4-carboxylate) 

which did not include a resonant atom suitable for experiments at the time (more 

recently, exiting resonant scattering experiments based on carbon have been carried 

out12). In a project aimed at understanding the role of the bend angle in the core of 

molecules that exhibited antiferroelectric phases, a family of heterocyclic esters was 

synthesised, Figure 1, which were ideal for resonant scattering experiments13. It is 

important to add a personal note at this point as John’s name does not appear in Ref 

13. On his return from Bell Labs, John helped Mike Hird and me to establish a 

collaboration around antiferroelectric liquid crystals and this family of materials came 

from a project that John helped us to get funded. It is typical of his generous nature 

that he wanted to support early career researchers (myself and Mike at the time) by 

taking a back seat to this work. However, his input to the project design was 

invaluable and it was he who realised that the thiophene and selenophene materials 

could be used for resonant scattering experiments. Indeed, John ensured that I met 

Ron Pindak who he had worked with at Bell labs at one of the British Liquid Crystal 

Conferences, who then included me in experiments that followed his team’s 

pioneering work14, 15. 

 

 

Figure 1. The heterocyclic esters synthesised originally to determine the influence of 
bend angle on the antiferroelectric behaviour, but later invaluable in resonant x-ray 
scattering experiments. X= S, Se and O, though the oxygen substituted material had 
no liquid crystalline behaviour. 
 

A particular novelty of the work that we collaborated on in the following years was 

based around selenophene materials. X-rays with energy at the sulphur edge (2.47 

keV) are easily absorbed by glass; indeed the experiments on free-standing films 

were undertaken in helium-filled ovens and it was impossible to carry out field-

dependent studies on such materials. However, 12.66 keV x-rays (selenium edge) 

are reasonably well transmitted by glass and we found that field-dependent 
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experiments in device geometries could be carried out. 16  Further, the suite of 

materials and hence intermediate phases that could be studied, was significantly 

extended. Features of what was a decade-long collaboration, detailing both the 

structures and field-induced phase transitions are summarised as follows: 

• The SmC*
α
 structure was shown to be a temperature-dependent super-lattice 

of periodicity incommensurate with the layer spacing and is strongly material 

dependent17 with periodicities typically between 5 and 10 layers. Although the 

SmA-SmC*
α
 -SmC* phase transitions are complex, experiments showed that 

the SmA-SmC
α
* transition is continuous with XY-like critical exponents while 

the SmC
α
*-SmC* transition is either 1st order or 2nd, depending on the 

material17,18.  

• The periodicities and structures of the 4-layer and 3-layer phases were 

determined. The biaxial model proposed by Lorman8 fits the resonant 

scattering data19,20,21 and the degree of biaxiality (also known as the distortion 

angle) can be determined from the intensity ratio of the split peaks obtained 

from resonant scattering. 

• Resonant x-ray scattering proved to be a powerful probe of the field-

temperature switching mechanisms and phase diagrams of intermediate 

phase systems.16, 22 Resonant x-ray scattering studies of devices allowed the 

field-temperature phase diagram to be deduced23,24,25, with one such form 

shown in Figure 2. At least one additional ferrielectric phase is induced 

between the SmC*Fi1 and SmC* phase. Although full details of its structure 

are still unclear, resonant x-ray scattering showed it to have a 3-layer 

periodicity. 

 

This work served to detail the structures of the intermediate phases and their 

field-induced transformations. Other groups have used resonant scattering 

experiments to continue this work and the existence of other phases has been 

confirmed. The 6-layer phase (predicted theoretically) was found in 2010 in 

binary mixtures of two chiral smectic mesogens via resonant x-ray scattering26. 

Further study27 revealed a large coexistence region comprising local SmC*d6 and 

SmC*Fi2 structures on a sub-micron scale. Recently, further field-dependent 

resonant x-ray experiments have been carried out on a selenium-containing 



material in a device geometry28. This work has revealed additional sub-phases; 

five-, six-, and seven-layer periodicities appeared in as a function of applied field. 

This exciting work implies that the book is not yet closed on the family of phases 

that can appear in antiferroelectric and ferroelectric liquid crystals with both 

experimental and theoretical challenges to be solved. 

 

 

 

Figure 2. A cartoon of the field-temperature phase diagram reported in some 
antiferroelectric liquid crystals. The dashed lines indicate some of the possible field-
induced transitions. The possible field-dependent phase sequences observed in [26] 
are as follows. At TA, SmC*Fi2-SmC*; at TB, SmC*Fi2- SmC*Fi1- SmC*Fi1_2-SmC*; At 
TC, SmC*Fi1- SmC*Fi1_2-SmC*; and at TD, SmC*A- SmC*Fi1- SmC*Fi1_2-SmC*. 
Theories predict other periodicities that can be stable both in the ground state and as 
a function of fields with some recent reports of observations of such sub-phases. 
 

 

2. Unexpected behaviour in bent core liquid crystals. 

Liquid crystals formed from bent molecules have been of interest for over a century, 

but it is really only in the last couple of decades that some of their remarkable 

properties have been fully appreciated29, 30, 31. Two recent reviews describe some of 

the unusual aspects of bent-core systems in detail32, 33. Bent-core mesogens have a 

strong tendency to form smectic phases, which exhibit both a tilt of the major 

molecular director with respect to the layer normal and a spontaneous polar order 
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along the short molecular axis. Nematic phases are less common in bent-core 

systems, but a family of oxadiazole liquid crystals became hugely important in 2004 

following the first experimental observations that suggested a thermotropic biaxial 

nematic phase.34 Although there is still no absolute confirmation of such biaxiality, 

these fascinating and complex materials have stimulated considerable research, and 

there is no question that they have properties that are quite distinct from their 

calamitic analogues. These include anomalous elastic behaviour, relatively large 

flexoelectricity, spontaneous deracemization and unusual electro-convection, which 

are now well-known, but there are other unusual phenomena that can be observed 

that we report here.  

 

Our work on the oxadiazole materials came from a collaboration that produced a 

wide range of nematic systems35. In addition to understanding the influence of the 

bend-angle on the elastic constants36, we were able to determine the flexoelectric 

coefficients37 in the bent-core materials. It is to be expected that the anomalous 

values of these physical parameters found in bent-core nematics could lead us to 

make new observations. This section of the paper describes one such novel 

observation made in a twisted nematic geometry. 

 

2.1. Unusual behaviour in a twisted nematic device. 

 

Most of the experiments on the nematic phases of bent-core materials have been 

carried out in planar or homeotropic devices and the electro-optic response of such 

materials in a twisted nematic (TN) geometry has effectively been neglected. 

However, we found that in the TN geometry, otherwise linear disclination lines 

separating domains of opposite twist curve when an electric field is applied 

perpendicular to the substrates. Such behaviour is not seen in calamitic nematic 

liquid crystals studied under similar experimental conditions. After considering all 

possible mechanisms that could explain our observations, we suggested that the 

most likely explanation is the decrease in the free energy density of the system 

under applied electric field due to the flexoelectric term in the nematic free energy. 

 

In a TN device, the rubbing direction on the two surfaces has a relative angle 

𝛼 = 𝜋 2. On filling with a nematic liquid crystal, the degeneracy of the ±𝜋 2 twist 



can cause reverse twist domains to form38 where the director alignment between the 

domains half way through the device, at 𝑧 = 𝑑 2, has opposite orientations. For a 

liquid crystal with positive dielectric anisotropy, the opposite twist domains in a TN 

device can reorient in two directions when a field is applied, causing regions known 

as ‘reverse tilt’ domains 39  separated by linear disclination lines which can run 

between the spacer beads in the device or other small particles in the material. Most 

of these lines, however, are closed into loops and the energy per unit length of the 

line (or the line tension) is proportional to the average elastic constant, K of the 

material 40 . If the nematic material includes a chiral additive, opposite handed 

domains are still observed but the disclination lines are now bowed41; domains with 

the same handedness as the chiral additive grow at the cost of opposite handed 

domains. The radius of curvature of the disclination lines decreases as the 

concentration of the chiral additive increases and the twist energy per unit volume is 

𝐹 =
𝐾!!

2

𝛼
𝑑
−
2𝜋

𝑃

!

, 

where K22 is the twist elastic constant, α is the twist angle and P is the pitch. The 

difference in energy between the two twist domains is ∆𝐹 = !
!
!!!

!"
. The pitch of long 

pitch N* materials can be evaluated since the radius of curvature, R, of the bowed 

disclination line is proportional to the pitch (P = 2R). However, the bowing of the 

disclination lines in an achiral nematic material is unexpected and additionally 

exhibits a specific pattern that has not been seen before.  

 

We used both planar (𝛼 = 𝜋) and TN devices to fully investigate the phenomenon. 

Both the devices (nominally 5µm thick, with antiparallel-rubbed polyimide alignment 

stable at high temperatures) and the electro-optic observations (0.1K temperature 

stability provided by a Linkam hot stage, polarizing microscopy for observations of 

the textures) were standard and as described in many of our previous papers. The 

liquid crystal material was OC12-Ph-ODBP-Ph-C5, an oxadiazole-based, material 

with negative dielectric anisotropy throughout the nematic range. This material has 

been studied extensively and has been the topic of several reports:  

• Unusual EC behaviour was observed in the nematic phase with different 

characteristics in the higher and lower temperature nematic regimes36(a); 



• The splay (K11), twist (K22) and bend (K33) elastic constants have been 

measured across the entire nematic regime. K33, is much lower than in 

calamitic materials and is also considerably smaller than the splay constant, 

K11 (K33 < K11)
36(b); 

• The flexoelectric coefficients have been determined across the nematic phase 

range, with values approximately twice those of calamitic materials38. 

 

 

Figure. 3: Polarizing optical microscopy textures in a 5 µm twisted cell in the nematic phase 
at 175 oC. (a) is under crossed polarizers and (b) and (c) are under uncrossed polarizers. 
Opposite twist domains separated by linear disclination lines are seen. The black spots are 
spacer particles. 

 

The textures of OC12-Ph-ODBP-Ph-C5 in a TN geometry at T-TNI = 55 K are shown 

in Figures 3(a-c). The material clearly shows domains of opposite twist separated by 

disclination lines running between spacer particles; the disclination lines are linear, 

as expected. When a low amplitude AC electric field is applied perpendicular to the 

substrates, interesting behaviour of the disclination lines is observed. Most of the 

linear disclination lines start to bow under the applied field. This is unexpected; the 

material has negative dielectric anisotropy, the field direction is perpendicular to the 

substrates and the amplitude is below the threshold for electroconvection. The 

bowed disclination lines can be seen in Figure 4(a-f) as the applied voltage is 

increased (contrast has been enhanced for clarity). The radius of curvature of the 

lines decreases with increasing field up to ~0.6-0.7 V/µm. For fields between ~0.7-

0.8 V/µm, there is no change in the texture and higher amplitude fields lead to 

electro-convection. Similar behaviour is detected throughout the nematic phase 

range and at frequencies from 100 Hz to 5 kHz. There is no significant temperature 

dependence of the field at which bowing is initially observed (~0.3 to 0.4 V/µm). 

When the same experiment is carried out on cells including MBBA, a calamitic 

nematic with negative dielectric anisotropy, no such bowing is observed for fields up 



to ~2-3 V/µm. Again, application of higher fields leads to electro-convection. The 

bowing is clearly related to the nematic phase of the bent-core material, though the 

origins of such peculiar behaviour are not obvious.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4: Polarising microscopy textures in a 5µm TN cell as a function of increasing 

voltage (fields from 0 to 0.6 V/µm) applied in a direction normal to the substrates. The 

sample is held at T-TNI = 55 K. The majority of the disclination lines bow as the voltage is 

increased. (magnification 4x). 

 

In order to understand the physics behind the bowing phenomena it is helpful to 

consider the behaviour of the opposite twist domains in more detail. Figures 5(b) and 

5(c) are taken at T-TNI = 40 K under uncrossed polarizers for fields of magnitude 0 

and 0.55 V/µm respectively. Care was taken to align one of the rubbing directions of 

the cell parallel to the plane of polarization of the incoming light. At this temperature, 

the two opposite twist domains appear Green (G) and Orange (O) in colour. We 

assume that at 𝑧 = 𝑑/2, for an angle of 70o between the polarizer and the analyser, 

the O and G domains correspond to director orientations of +𝜋 4  and −𝜋 4 

respectively (fig. 4a).  As the line bows, the director near the disclination must 

reorient such that one domain grows over the other. We carefully analysed fig. 4c to 

examine whether there is any growth of only one type of domain over the other when 

the field is applied. In fact there are two perpendicular directions, (shown as D and D

′ in fig. 4d) so we can define four coordinates, which are symmetric with respect to 

(a) 0 (b) 0.12 (c) 0.24 

(d) 0.36 (e) 0.48 (f) 0.6 



the centre. The preference for the growth of O or G domains depends on the 

orientation of the disclination line with respect to D and D′ (or, equivalently, to 

which quadrant of the coordinate system they belong). For instance, if β is the angle 

between direction D and the orientation of the disclination line, for 0 < 𝛽 < 𝜋 2 and 

𝜋 < 𝛽 < −𝜋 2 (1st and 3rd quadrants respectively), the orange domains grow over 

the green ones and in the 2nd and 4th quadrants the green domains are preferred 

over the orange ones. It is interesting to note that no bowing is observed for the 

disclination lines parallel to D and D′. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. 5:  (a) Cartoons of director orientation at the middle of the device in opposite twisted 

domains, (b) and (c) POM textures of a twisted cell under uncrossed polarizers at T-TNI = 40 

K at 0 and 0.55 V/µm respectively. (d) Representation of the coordinate system formed by D 
and D’ and the preferred domain in each coordinate, (e) Director orientation in opposite twist 

domains around a disclination line in the first coordinate, γ and δ are the angles between the 

directors and the disclination line. 
 

 

We first considered whether the presence of chirality could reasonably explain the 

bowing of the disclination lines as oxadiazoles are known to form chiral domains. 

The bowed lines could be explained if the electric field breaks the surface-induced 

symmetry and favours the formation of domains of opposite handedness.  This 

could, cause bowing via a similar mechanism to that described on the addition of a 



chiral additive. However, we do not see any physical mechanism that could lead to 

such symmetry breaking in the presence of electric field. 

 

In a field-free TN device, regions of opposite twist have equal free energy density. 

Thus, if bowing in the presence of an electric field is due to a physical phenomenon 

which contributes to the free energy, this must occur in such a way that the when the 

electric field is applied across the device, the two twist domains no longer have equal 

energy. The electric energy density of the system depends on the angle between the 

applied field and the mean direction of the director. Further, the existence of the 

disclination line is an energetically unfavourable situation. Consequently, when an 

field is applied, regions of lower energy grow at the expense of those with higher 

energy, giving an overall decrease in the free energy of the system. This could 

appear as bowing of disclination lines. The question is what physical phenomenon 

could be responsible for the origin of the energy difference between opposite twist 

domains when the field is applied.  

 

To analyse this, let us consider the free energy density of the system, which is given 
by   

 

𝐹 =
!
!
𝐾!! ∇ ∙ 𝒏 !

+ 𝐾!! 𝒏 ∙ ∇×𝒏 !
+ 𝐾!! 𝒏×∇×𝒏 !

. (1) 

 
Also the surface anchoring energy, Ws, which can be expressed in terms of n and v 

(where v is the outward unit normal at the liquid crystal-substrate interface) as  
 

𝑊! =
1
2
𝜏! 1+ 𝜔 𝒏 ∙ 𝒗

!  

 

where τ0 > 0 and ω > ‒1. As discussed above, we observe that, the preference for 

the growth of one domain over the other depends on the orientation of the 

disclination line. Even though this hints that there is an effective anchoring energy 

associated which is proportional to the angle between the disclination line and the 

director orientation close to the line, such an effective anchoring energy should be 

the same for both handed domains, so this term cannot produce the preferred 

motion of the disclination lines in one direction over the other. Similarly, when an 

electric field is applied, an additional term equivalent to −
!!∆!

!
𝑬 ∙ 𝒏 , must be 

included in equation (1), where, 𝜀! is the dielectric permittivity of free space and 



∆𝜀 = 𝜀∥ − 𝜀┴ is the dielectric anisotropy of the material. However, there is no physical 

mechanism where the ∆ε term could produce a difference in energy between 

opposite twist domains thus causing the motion of the disclination lines in the 

specific manner observed. 

 

The director distribution very close to the disclination lines must involve a splay-bend 

deformation which, in the presence of electric field, can give rise to a flexoelectric 

contribution to the nematic free energy through the term (EP). The associated 

energy of the electric field - nematic director interaction is: 

𝐹!"!#$% =
1

2
−
𝑬𝑫

4𝜋
− 2𝑬𝑷! 𝑑𝑉

!

, 

where the flexoelectric polarization (Pf) of the nematic liquid crystal induced by the 

director n is given by  

𝑷! = 𝑒!!𝒏 𝑑𝑖𝑣 𝒏+ 𝑒!! 𝑐𝑢𝑟𝑙 𝒏×𝒏      (2) 

and e11 and e33 are the flexoelectric coefficients37. Interestingly, the 2nd term in eq. (2) 

has opposite signs for right and left handed domains. Therefore, in the presence of 

electric field, the flexoelectric terms corresponding to the opposite twist domains 

have a different contribution to the free energy, creating an energy difference in the 

vicinity of disclination lines thus inducing the motion of the disclination lines when an 

electric field is applied across the device. This energy difference is independent of 

the sign of applied electric field as it is the curl of n term in eq. (2) that creates an 

opposite sign for the right and left domains. Further, as the orientation of a 

disclination line at an angle to the rubbing direction has more splay-bend on one side 

of the line than on the other side, the lines choose to bow in one direction over the 

other. This could explain the observations of the preference for the growth of O and 

G domains discussed in figure 5. 

 

It is noteworthy that the bowing phenomenon was not seen in a TN device filled with 

MBBA, studied as a control. There are three obvious differences between the bent-

core and the MBBA materials that would result in a different response; the elastic 

constants, the flexoelectric coefficients and the dielectric anisotropy; we suggest that 

all play a role allowing this unusual response at such a small electric field. In the 

bent-core material, K22 varies from 0.6 pN to 0.9 pN over the nematic phase range 

and K33 ~ 3 pN, i.e. both are much smaller than in MBBA where K22 ~ 4 pN and K33 ~ 



7.3 pN. K11 is almost of the same magnitude in both materials. Thus the elastic 

contribution to the free energy is relatively low in the bent-core system. Further, the 

flexoelectric coefficient in OC12-Ph-ODBP-Ph-C5 is approximately twice that of 

calamitics34. Finally, the normal force acting on a disclination is known to be 

proportional to the anisotropy of the medium, the magnitude of the electromagnetic 

field, the thickness of the medium and the angle between the field and the mean 

orientation of the director (∆𝜀 𝐸!
! 
𝑑 𝜑).  ∆ε is approximately –0.5 for MBBA and varies 

from –1.4 to –3.2 in OC12-Ph-ODBP-Ph-C5 and the higher value ∆𝜀 allows bowing 

of the disclination lines at a lower electric field in the bent-core liquid crystal as the 

line tension acting on the disclination line is proportional to the ∆ε. It is interesting to 

consider the possibility of deducing material parameters from detailed 

measurements of the bowed disclination lines as was done by Raynes et al. 

However, in this case, the radius of curvature depends on the orientation of the 

disclination lines, so a simple measurement of the curvature cannot lead to any 

meaningful parameter (though a complex analysis may). Further, because several 

physical parameters are implicated in the only physical explanation we can offer of 

the phenomenon, deducing meaningful quantitative values would not be 

straightforward.    

 

In summary, another unexpected behaviour is observed in a bent-core nematic 

material, namely bowing of reverse twist disclination lines in a TN device under an 

applied electric field. We attribute the phenomenon to flexoelectricity as that is the 

only asymmetric contribution to the free energy. It seems that the relatively small 

elastic contribution, the larger flexoelectric coefficients and the larger dielectric 

constant all play a part in allowing this bowing to be observed. As the orientation of a 

disclination line at an angle to the rubbing direction has more splay-bend on one side 

of the line than on the other side, the lines choose to bow in one direction over the 

other.  

 

Summary and conclusions. 

This paper has described two very different topics, differentiated by their chemistry. 

The first can be considered ‘mature’. The area of calamitic ferroelectric, ferrielectric 

and antiferroelectric liquid crystals is now reasonably well-understood as a 

consequence of strong collaborations between chemists and physicists, combining 



novel chemistry with novel experimentation. The second system, bent-core liquid 

crystals, is still giving surprises. In this paper, we have described a new observation 

in which the very different physical constants seen in bent core materials allows us to 

access new phenomena. In the case described, a new flexoelectric response in a 

twisted nematic geometry emerged.  However, there are many more exciting 

consequences of the anomalous physical properties in bent core liquid crystals that 

are just emerging. For example, the very low elastic constants are implicated in the 

formation of the dark-conglomerate (DC) phase42. As the DC phase is optically 

isotropic, it was somewhat neglected as a possible electro-optic system until it’s 

field-dependent refractive index was discovered43, the consequence of complex 

antiferroelectric and ferroelectric ordering 44
. Such an electro-optic effect has 

enormous potential for novel devices, such as switchable lenses45. Indeed, new 

kinds of ordering continue to be discovered, including some rather unexpected 

filaments reminiscent of self-assembling polymers46 which will ensure that the story 

continues for some time. 

 

Acknowledgements. 

The work described in this paper has been funded by the Engineering and Physical 

Sciences Research Council under the following grants: EP/L012111/1; 

EPG023093/1; EPD069793/1; GR/R46786/01;GR/R30310/01; GR/R19601/01 and 

GR/L76648/01. We are very grateful for the Council’s continued support. MN also 

acknowledges the support of the Royal Commission for the Exhibition of 1851 

through the Brunel Fellowship. The data associated with this paper (high resolution 

figure) can be found at https://doi.org/10.5518/231  

 

 

																																																								
1 Goodby JW, Mandle RJ, Davis EJ, Zhong T, Cowling SJ. What makes a liquid 

crystal? The effect of free volume on soft matter. 2015;42(5-6):593-622 
2 Chandani ADL, Gorecka E, Ouchi Y, Takezoe H, Fukuda A. Antiferroelectric chiral 
smectic phases responsible for the tristable switching in MHPOBC. Jpn. J. Appl. 
Phys. 1989;28:1265. 
3 Galerne Y, Liebert L. Smectic-O films. Phys. Rev. Lett. 1990;64:906-909 
4 ‘The Handbook of Liquid Crystals’, Wiley VCH Germany, Editors: J W Goodby, P J 
Collings, T Kato, C Tschierske, H F Gleeson and P Raynes (2014) 
5 Cepic M and Zeks B. Influence of competing interlayer interactions on the structure 

of the SmC
α
 phase Mol Cryst. Liq. Cryst. 1995;263:61-67  



																																																																																																																																																																												
6 Pikin SA, Hiller S, Haase W. Short-pitch modes approach to the problem of 
antiferroelectricity in liquid crystals. Mol Cryst. Liq. Cryst. 1995;262:425-435  
7 Roy A, Madhusudana NV, A simple model for phase transitions in antiferroelectric 
liquid crystals. Europhys. Letts., 1996;36:221-226 
8 Lorman VL. Ferrielectric smectic phases: Liquid crystal structure and macroscopic 
fluctuations. Liq. Cryst. 1996;20:267-276 
9 Gleeson HF, Hirst LS. Resonant x-ray scattering: a tool for structure elucidation in 
liquid crystals ChemPhysChem. 2006;7:321-328 
10 Barois P, Pindak R, Huang CC, Gleeson H. Application of x-ray resonant 
diffraction to structural studies of liquid crystals European Physical Journal Special 
Topics, 2012;208:333-350  
11 Levelut AM, Pansu B. Tensorial x-ray structure factor in smectic liquid crystals. 
Phys. Rev. E, 1999;60:6803-6815 
12 Zhu CH, Tuchband MR, Young A, Shuai M, Scarborough A, Walba DM, 
Maclennan JE, Wang C, Hexemer A, Clark NA. Resonant carbon k-edge soft x-ray 
scattering from lattice-free heliconical molecular ordering: soft dilative elasticity of the 
twist-bend liquid crystal phase Phys. Rev. Letts., 2016;116(14):147803  
13 Mills JT, Miller RJ, Gleeson HF, Seed AJ, Hird M, Styring P. The physical 
properties of a series of antiferroelectric heterocyclic esters. Mol. Cryst. Liq.Cryst. 
1997;303:145-152  
14 Mach P, Pindak R, Levelut AM, Barois P, Nguyen HT, Huang CC, Furenlind L. 
Structural characterization of various chiral smectic-C phases by resonant x-ray 
scattering. Phys. Rev. Lett. 1998; 81;1015-1018  
15 Mach P, Pindak R, Levelut AM, Barois P, Nguyen HT, Baltes H, Hird M, Toyne K, 
Seed A, Goodby JW, Huang CC, Furenlid L. Structures of chiral smectic-C 
mesophases revealed by polarization-analyzed resonant x-ray scattering. Phys. Rev. 
E. 1999;60:6793-6802 
16 Matkin LS, Gleeson HF, Mach P, Huang CC, Pindak R, Srajer G, Pollmann J, 
Goodby JW, Hird M, Seed A. Resonant X-ray Scattering at the Se Edge in Liquid 
Crystal Free Standing Films and Devices Applied Physics Letters, 
2000;76(14):1863-1865  
17 Hirst LS, Watson SJ, Gleeson HF, Cluzeau P, Pindak R, Pitney J, Cady 
A,Johnson P, Huang CC, Levelut A-M, Barois P, Srajer G, Pollmann J, Caleibe W, 
Seed A, Herbert MR, Goodby JW, Hird M. The interlayer structures of the chiral 
smectic liquid crystal phases revealed by resonant x-ray scattering Phys. Rev. E. 
2002;65:041705  
18 Sasaki Y, Aihara K, Ema K, Yao H, Huang CC. Critical behaviour at the SmC 
alpha*-SmC* phase transition Ferroelectrics 2010;395:60-65  
19 Cady A, Pitney JA, Pindak R, Matkin LS, Watson SJ, Gleeson HF, Cluzeau P, 
Barois P, Levelut A-M, Caliebe W, Goodby J W, Hird M, Huang CC. Orientational 
ordering in the chiral SmC*FI2 liquid crystal phase determined by resonant polarised 
x-ray diffraction. Phys. Rev. E., Rapid Communications, 2001;64:050702(R)  
20 Roberts N, Jaradat S, Thurlow M, Hirst L, Wang Y, Wang S T, Lui Z, Huang CC, 
Jaiming B, Pindak R, Gleeson HF. Biaxiality and the temperature dependence of 3- 
and 4-layer intermediate smectic phase structures as revealed by resonant x-ray 
scattering Eurphys Letts 2005;72(6):976-982  
21 Brimicombe P, Jaradat S, Roberts N, Southern C, Pindak R, Wang ST, Huang 
CC, Gleeson HF. Deduction of the temperature-dependent structure of the four-layer 
smectic phase using resonant X-ray scattering. Euro Phys J E. 2007:23(3):281-287 



																																																																																																																																																																												
22 Matkin LS, Gleeson HF, Watson SJ, Pindak R, Pitney J, Johnson PM, Huang CC, 
Barois P, Levelut AM, Srajer G, Pollman J, Goodby JW, Hird M, Resonant X-ray 
scattering study of the antiferroelectric and ferrielectric phases in liquid crystal 
devices. Phys. Rev. E, 2001;64:021705  
23 Jaradat S, Brimicombe P, Southern C, Siemianowski S, Pindak R, DiMasi E, 
Osipov M, Gleeson HF, Unexpected field-induced phase transitions between 
ferrielectric and antiferroelectric LC structures Physical Review E, Rapid 
Communications, 2008;77:010701(R)  
24 Jaradat S, Osipov M, Pindak R, Gleeson HF. A field-induced ferrielectric liquid 
crystal phase. Applied Physics Letters 2011;98:043501. 
25 Gleeson HF, Jaradat S, Labeeb A, Osipov M. Field-induced transitions between 
antiferroelectric and ferrielectric phases Ferroelectrics, 2012;431:40-47 
26 Wang S, Pan L, Pindak R, Liu ZQ, Nguyen HT, Huang CC.  Discovery of a novel 
smectic-C* liquid crystal phase with six-layer periodicity. Phys. Rev. Lett. 
2010;104:027801  
27 Pan LD, Barois P, Pindak R, Liu ZQ, McCoy BK, Huang CC. Resonant x-ray 
diffraction study of an unusually large phase coexistence in smectic liquid crystal 
films. Phys. Rev. Letts, 2012;108:037801 
28 Iida A, Takanishi Y, Fukuda A, Vij JK. Transitional subphases near the electric-
field-induced phase transition to the ferroelectric phase in Se-containing chiral 
smectic liquid crystals observed by resonant x-ray scattering. Phys. Rev. E. 
2016;94(5):052703  
29 Ros MB, Serrano JL, de la Fuente MR, Folcia CL. Banana-shaped liquid crystals: 
a new field to explore. J Mater Chem.2005:15:5093-5098 
30 Takezoe H, Takanishi Y. Bent-core liquid crystals: their mysterious and attractive 
world. Jpn J Appl Phys., 2006;45:597-625 
31 Tschierske C, Photinos DJ,  Biaxial nematic phases. Journal of Materials 
Chemistry. 2010;20:4263-4294 
32	Kaur S., Liq Cryst. Elastic properties of bent-core nematic liquid crystals: the role 

of the bend angle. 2016;43(13-15):2277-2284	
33	Nagaraj M. Dark conglomerate phases of bent-core liquid crystals. Liquid Crystals. 

2016;43(13-15):2244-2253	
34 Madsen LA, Dingemans TJ, Nakata M, Samulski E. Thermotropic biaxial liquid 
crystals. Phys. Rev. Lett., 2004;92:145505; Acharya BR, Primak A, Kumar S. Biaxial 
nematic phase in bent-core thermotropic mesogens Phys. Rev. Lett,. 
2004;92:145506 
35 Gleeson HF, Kaur S, Belaissaoui A, Görtz V, Cowling S,  Goodby JW. The 
nematic phases of bent-core liquid crystals. ChemPhysChem, 2014;15:1251-1260 
36 (a) Kaur S, Addis J, Greco C, Ferrarini A, Gortz V, Goodby JW, Gleeson HF. 
Understanding the distinctive elastic constants in an oxadiazole bent-core nematic 
liquid crystal Phys. Rev. E. 2012;86:041703 (b) Kaur S, Liu H, Addis J, Greco C, 
Ferrarini A, Gortz V, Goodby JW, Gleeson HF. The influence of structure on the 
elastic, optical and dielectric properties of nematic phases formed from bent-core 
molecules J Mat Chem C, 2013;1(40):6667-6676 
37 Kaur S, Panov VP, Greco C, Ferrarini A, Görtz V, Goodby JW, Gleeson HF. 
Flexoelectricity in an oxadiazole bent-core nematic liquid crystal Appl. Phys. Letts., 
2014;105:223505 
38 Raynes EP.Twisted nematic liquid crystal electrooptic devices with areas of 
reverse twist. Electron. Lett. 1973:9:101-102  



																																																																																																																																																																												
39 Raynes EP. Improved contrast uniformity in twisted nematic liquid crystal 
electrooptic display devices. Electron. Lett. 1974;10:141-142 
40 deGennes PG. Physics of Liquid Crystals (Oxford University Press, London) 1974. 
41 Raynes EP. The use of bowed reverse twist disclination lines for the measurement 
of long pitch lengths in chiral nematic liquid crystals. Liq. Cryst. 2006;33:1215-1218 
42 Nagaraj M, Usami K, Zhang Z, Görtz V, Goodby JW, Gleeson HF. Unusual 
electric-field-induced transformations in the dark conglomerate phase of a bent-core 
liquid crystal. Liquid Crystals. 2014;41:800-811 
43 Nagaraj M, Görtz V, Goodby JW, Gleeson HF. Electrically tunable refractive index 
in the dark conglomerate phase of a bent core liquid crystalAppl. Phys. Letts. 
2014;104(2):021903. 
44 Nagaraj M, Jones JC, Panov V, Liu H, Görtz V, Goodby JW, Gleeson HF. 
Understanding the unusual reorganisation of the structure of a dark conglomerate 
phase. Physical Review E  2015:91(4):042504 
45 Milton HE, Nagaraj M, Kaur S, Jones JC, Morgan PB, Gleeson HF. Field-induced 
refractive index variation in the dark congrlomerate phase for polarization-
independent switchable liquid crystal lenses. Applied Optics, 2014;53(31): 7278-
7284 
46 Liu H, Elastic properties and phases of bent-core liquid crystals. PhD Thesis, 
University of Manchester 2017. 


