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CHAPTER 1
INTRODUCTION
1.1

MOTIVATION AND OPENING REMARKS
In 1985 the first reported electrically induced mechanical vibrations from a liquid

crystal were observed.1 From this, the liquid crystal transducer was invented.2 The device
could turn electrical signals into sound forming an audio speaker. The first prototype
liquid crystal headphones were given to Alfred Saupe in 1994. Showing a wonderful
example of how the electromechanical effect could have macroscopic implications. This
leads to the question: in what other ways can the electromechanical effect of liquid
crystals be utilized?
The work contained in this dissertation hopes to give part of that answer. In addition
it hopes to show that the field of liquid crystals has broader implications than the majority
of the population realizes. For example, I and many others have been helping with the
tours and outreach at the Liquid Crystal Institute for over five years. We have taught
ages ranging from preschoolers to retirees, scientists, teachers and the general public.
Typically, when they think of liquid crystals, they think of the liquid crystal display.
They may not know anything about liquid crystals but they do know that their televisions,
monitors, calculators etc. have the letters LCD written on them somewhere. Rightly so,
volumes of research have been published showing ways to improve these technologies
which are dependent on the electro-optical properties of the liquid crystals. It is this
research that has made the liquid crystal a household name.
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Even the many undergraduate level physics students we have met on the tours
possess certain misconceptions of the field. They feel that a career in the field of liquid
crystals would limit them to display driven research. We promptly explain that this is
definitely not the case.
There are many fascinating areas of research involving liquid crystals. There are
colleagues studying elastomers, pattern formation in complex fluids, acousto-optical
responses, membranes, drug delivery, capacitors and solar cells and of course
electromechanical properties. This dissertation explores the electromechanical effects
flexoelectricity and piezoelectricity.
Hopefully this work will, in some small part, help the liquid crystal take its proper
place in the science textbooks. And, students will no longer learn that solid, liquid and
gases are the only phases of matter.
1.2

THERMOTROPIC LIQUID CRYSTAL PHASES OF CALAMITIC MOLECULES
Molecules that form liquid crystalline phases have shape anisotropy. The most

common shape is a rod-like (calamitic) molecule. See Figure 1.1. They have a rigid core
typically composed of benzene rings and flexible tails. Sometimes the rigid core is kinked
forming a banana shaped or bent-core molecule. Disc shaped molecules and other shapes
where there is a significant difference in at least one dimension can also form liquid
crystal phases.
The liquid crystal phase, as the name implies, is somewhere between solid and liquid
phases. As we learned from grammar school the liquid phase is at a higher temperature
than the solid. At some temperature between the solid and liquid there may exist a liquid
crystalline phase or phases.
http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36
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Figure 1.1: Illustration of p-pentyl-p'-Cyanobiphenyl (5CB). A popular calamitic shaped
liquid crystal. Cyanobiphenyls are commonly used in liquid crystal displays due to their
large dielectric and optical anisotropy.
The crystal phase has positional order. That is, the molecules will be arranged in
such a way that we can construct a lattice that represents the position of these molecules.
In this field it is probably best to redefine the liquid phase as the isotropic fluid phase (I).
Molecules in the isotropic phase have no positional order. That is, we can not construct a
lattice and therefore there is no way to tell where its neighboring molecules are located.
Another type of order is orientational order. This occurs when the molecules tend to
point or face in same direction. Calamitic and bent-core molecules would have their long

axis roughly parallel to the unit vector, n called the director. As a substance cools it

becomes more ordered. The specific phases that a substance can exhibit from highest
temperature to lowest temperature are as follows. See Figure 1.2 The isotropic phase has
no orientational order or positional order. The nematic phase (N) has orientational order
only. It is still is very fluid in appearance. The smectic A phase denoted SmA with Sm
implying smectic, have orientational order and positional order in one dimension. It

http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36
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Figure 1.2: Illustrations of the liquid crystal phases. The nematic, SmA and SmC all have
orientational order with the director pointing to the top of the page. The SmA and SmC
also have positional order. The molecules are free to move within their layer but cannot
move into other layers forming a 2D fluid.
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forms a layered structure. Smectic phases are very viscous greasy like materials. In fact
smectic means soap like. If the molecules tilt with respect to the layer normal a SmC
phase will result.
If the molecules are chiral, (having no reflection symmetry) then three different
phases will result. The cholesteric phase, denoted N* (N for nematic * for chiral), will
still only have orientational order. However, the director will rotate about an axis forming
a helical structure. In the chiral smectic C phase (SmC*) the molecular tilt will rotate
about an axis normal to the layers. The chiral smectic A phase (SmA*) can be considered
a SmC* phase with zero degrees tilt.
1.3

THERMOTROPIC

LIQUID

CRYSTAL

PHASES

OF

BENT-CORE

MOLECULES
Over a decade ago it was realized that not only rod-shape (calamitic) or discotic
molecules can form liquid crystals, but bent-core (bow-like or banana-shape) molecules
do, too.3 Although the first synthesis of bent-shaped liquid crystals has been reported
more than sixty years ago by Vorländer4, they have not attracted much interest until the
synthetic work of Matsunaga et al.5 in the early 1990s. The discovery of the mesogenic
properties of bent-core molecules has opened up a major new and exciting dimension in
the science of thermotropic liquid crystals. Seminal findings – having broad implications
for the general field of soft condensed matter – include the observation of ferroelectricity
and spontaneous breaking of chiral symmetry in smectic phases composed of molecules
that are not intrinsically chiral.6
We consider the molecules as bent rods and their packing and macroscopic phase
behavior will be described based on the illustrations presented in Figure 1.3- Figure 1.8
http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36
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Considering their packing we assume that they tend to fill the space as effectively as
possible. This steric requirement together with the bent-shape of the molecules
immediately implies two important features.
(i) When translating a molecule in the “sea” of the neighbor molecules it experiences a
periodic potential determined by the length l of the molecules. This means a translational
symmetry breaking along the long axis of the molecules (the average direction of the
hypothetical lines connecting to the ends of the molecules) and results in temporary
periodic (smectic-type) clusters. In this case the nematic order is allowed only in a length
scale that is much larger than that of the clusters as illustrated in Figure 1.3
(ii) The tendency for layering combined with the close packing requirement results in a
polar order along the kink direction. Provided that the molecules have a dipole moment
along the kink direction (if the molecules are symmetric, the other components of the
molecular dipoles average out anyway), this molecular dipole will not average out in a
length scale of uniform domains. This means that the macroscopic electric polarization
(volume density of the molecular dipoles) will not be zero in each uniform domain. This

G
polarization P is a direct result of molecular packing, and as such is different by nature
from that of the SmC* materials, where that molecular chirality and director tilt can result
in polar order as shown first by R.B. Meyer.7
Due to their shape bent-core molecules can be characterized by 3 orthogonal unit

 
 

vectors, n , m , and p : n is the unit vector along the long axis, m is normal to the
molecular plane, and
G
layer polarization P .
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Figure 1.3: Sketch of hypothetical nematic phase of bent-core molecules.



Figure 1.4 shows the situation when n is parallel to the smectic layer normal k .

This is similar to the SmA phase of calamitic liquid crystals, except that now the layers
are polar. This difference is designated by adding the letter P (for polar) to SmA. In this

G
case one can have two distinct situations, the layer polarization P can be either parallel
or antiparallel in the subsequent layers corresponding to ferroelectric (SmAPS) or
antiferroelectric (SmAPA) subphases. Here we will denote the same directions by the
subscript S for synchronous (synclinic) and the alternating directions (anticlinic) by
subscript A.
The situations when the molecular planes are tilted with respect to the layer normal,


i.e., when m is not perpendicular to k , are shown in the upper row of Figure 1.5. In the

G

plane determined by the polarization P and the layer normal k (polar plane) this tilt is
illustrated by a bar stuck to the end of the molecules which is closer to the observer.
Depending on whether the tilt directions are parallel or antiparallel we can speak about
synclinic and anticlinic situations. As mentioned above we will label them by the
http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36
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subscript S and A, respectively. Combining these different situations with the
ferroelectric and antiferroelectric packing possibilities we have 4 different subphases:
SmCSPS, SmCAPA, SmCSPA and SmCAPS. Such a notation with some variations was
introduced by Link et al. 8 and is widely used in the literature. Note that the SmCP layers


have only a two-fold symmetry axis around p (C2 symmetry), i.e. they have the same
symmetry as of chiral SmC* materials.7

In principle, we can also envision that only the director n is tilted with respect to the


layer normal k . Successive smectic layers can be either ferroelectric (with the same

direction of polar order) or antiferroelectric (with opposite directions).

Likewise,

successive layers can be either synclinic (with the same direction of molecular tilt) or
anticlinic (with opposite tilt directions). Those situations are illustrated in the bottom row
of Figure 1.5. To distinguish from the tilt of the molecular plane (which is denoted by the
symbol C to express “clinic”), the tilt of the long axis will be called “leaning” and will be
labeled with L. Just as in the SmCP cases we can have four distinct sub-phases SmLSPA ,

SmLAPS , SmLAPA and SmLSPS depending on the subsequent tilt and polarization direction
combinations. In such phases the polar axis is not parallel to the smectic layers and they
have Cs symmetry.

http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36
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Figure 1.4: Schematic structure of the ferroelectric SmAPS and antiferroelectric SmAPA
phases.
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Figure 1.5: Possible single tilted bent-core smectic structures. Top row: Illustration of the
fluid in plane order of the layer polarization, and 3 dimensional explanation of tilt.
Middle row: 2 dimensional illustration of the 4 possible situations when only the
molecular plane is tilted with respect to the layer normal; Bottom row: 2-dimensional
illustration of the 4 possible situations when only the long axis is tilted (leaned) with
respect to the layer normal.

On the same grounds one also can imagine that both tilt directions are possible
simultaneously.9 Those “ double – tilted” situations are labeled both with C and L, where
the tilt independently can be the parallel or antiparallel to each others. Taking into
account that the layer polarizations can either be parallel or antiparallel, we have
altogether eight different subphases as illustrated in Figure 1.6.
http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36
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Although in all situations the individual layer polarizations are not parallel to the
smectic layers, the out of layer components average out in case of the anti-leaning
structures, and their macroscopic symmetry would be the same as of the SmAP (for
anticlinic situations, such as SmCALAPA and SmCALAPS) or as of SmCP (for synclinic
situations, such as SmCSLAPA and SmCSLAPS ). It is important to note that the SmCLP
structures can be equivalently described by a tilt of the molecular plane (equally

described as a rotation of n by an angle θ about the y axis) and a rotation of the layer

G

polarization P about the long axis n by an angle φ. If φ=0 or π then we have the SmCP
case, φ=π/2 or 3π/2 correspond to the SmLP situations, otherwise we have the SmCLP
phase. Double – tilted layers have triclinic symmetry, i.e., they are symmetric only with

G
respect to a 360o rotation around the polar axis P (Schoenflis notation: C1). Such a
structure was theoretically predicted by de Gennes10 and was labeled as SmCG (“G”
stands for generalized) without specifying bent-core molecules.
So far we have considered only those cases where the center of masses of molecules
had periodicity only in one direction, i.e., when the material can be considered solid in 1
dimension and fluid in the other two directions. The theoretically possible 2-dimensional
solid structures are illustrated in Figure 1.7 and Figure 1.8. The situation shown in the
upper row of

Figure 1.7 assumes an intercalated layer structure. In this case the

hydrophobic hydrocarbon chains have to the in close proximity with the aromatic bentcores, which usually are not favored entropically, and lead to a nano-segregation as
shown in the bottom row of Figure 1.7.
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a

b

Figure 1.6: (a) Possible double - tilted bent-core smectic structures. Top row: Illustration
of the fluid in plane orders of the layer polarization (either uniform or modulated), and 3 dimensional explanation of tilt. Middle and bottom rows: 2 dimensional illustrations of
the eight possible situations; (b) Graphical explanation of the SmCLP structures in term
of two rotation angles θ and φ. Before the rotation operations begin
direction and p̂ is in the ŷ direction.
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Figure 1.7: Schematic representation of the intercalated layer structures.
Other two possibilities for two - dimensional solid structures are illustrated in Figure
1.8. In the first case we assume disc-shape aggregates of several molecules (four in the
drawing). To describe the orientations of the individual molecules in the aggregates we
  
shall characterize it by the triplet of p , n , m unit vectors. We can express the aggregate
G G
with four triplets with coordinates in the X,Y,Z lab system with unit vectors x , y and

G
G G G
G G G
G
G G G
G G
z , as follows {[ z , y , x ], [ - z , x , - y ], [ x , y , z ],[- x , y ,- z ]}. These aggregates then
G

form fluid stacks (columns) in the z direction and periodic structures in the XY plane.
The last possibility to form 2-dimensional structures is illustrated in the bottom row of
Figure 1.8. This corresponds to any local structures of SmAP, SmCP, SmLP or SMCLP
illustrated in Figure 1.4 - Figure 1.6, except that within each layers the polarization is
assumed to alternate. This alternation imposes an entropic restriction to position of the
center of molecules along the Y direction resulting in a rectangular periodicity in the YZ
plane. In the neighbor rectangles the polarizations can either be parallel or antiparallel to
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Figure 1.8: 2-dimensional periodic structures formed by local disc like aggregation of
bent-core molecules (a) or due to antiferroelectric in-plane ordering (b).
each other corresponding to the PS or PA situations of Figure 1.4 - Figure 1.6.
Theoretically this last situation alone may have 18 subphases.
Experimental observations of the smectic and columnar phases of bent-core liquid
crystal phases were pioneered by groups in Tokyo

11

, Boulder8, Berlin12, Halle13,

Budapest14, and several other places.15,16 In the last several years the research has quickly
broadened with very intensive experimental studies carried out all around the world.
Activities of this “banana mania” have been recently reviewed in several papers.17
In the first few years of experimental studies seven different ‘banana liquid
crystal’ textures have been observed and labeled as B1 thru B7 according to the
chronological order of their observations.18 The list of these phases, based on textural
observations and X-ray measurements, are summarized in Table 1.1
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Name

Structure

Polarity

Director tilt

B1

columnar

non-polar

non- tilted

B2 (SmCP)

smectic with no in-layer order

polar

tilted

B3(SmIP)

smectic with hexagonal in-layer polar?

tilted

order
B4

optically active solid

polar?

non-tilted

B5

highly viscous SmCP

polar

tilted

B6

interdigitated layers

non-polar

non-tilted

B7

columnar

polar

tilted

B7’

modulated layer structure

polar

tilted

(SmCP19 or SmCG

Table 1.1: List of different phases of bent-core molecules.
The B1 phase is a columnar, non-polar non-tilted phase corresponding to the structure
illustrated in Figure 1.7/b.
B2 is the most actively studied phase. It is identical to the SmCP structures shown in

Figure 1.5. These materials show a variety of textures, electro-optical and electric
polarization behavior, which we will detail later.
The B3 phase represents a non - switchable (probably not polar) non-tilted smectic
structure with in plane positional ordering. Due to the lack of the electro-optical response
it is only seldom studied. Some studies indicate second harmonic generation (SHG
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activity) and therefore polar structure20, however these measurements could not be
confirmed later.21
The nature of the B4 phase is a challenge of the current studies, although the first
description of chirality in the banana phases was on the B4 phase. It is a solid phase, but
it is currently not clear if this is some kind of crystal22 or hexatic twist grain boundary
(TGB) phase23, or something else. X-ray diffraction measurements indicate broader peaks
in the wide angle range than in the B3 phase that appears at higher temperatures. This
would indicate less ordered packing in the short range, or layered packing with short
range order. Freeze fracture electron microscopy studies suggest a structure similar to the
lyotropic sponge phase.24 Notably this structure is very similar to that proposed for an
optically isotropic ferroelectric phase consisting of random SmCAPS nanodomains.25
The B5 name was originally assigned to a switchable phase, which appeared below
the B2 phase and showed somewhat more complex X-ray profile26 than of B2. However,
investigations on freely suspended films showed that it has the same symmetry as of the
B218, so it seems that there is no need for a separate name.
The B6 phase is an intercalated smectic structure such as shown in Figure 1.7/a
without long range order in the YZ plane. In this phase the layer periodicity is smaller
than half length of the molecules. As we mentioned before, this packing makes contacts
between the aromatic rigid bent-core and the flexible tails, so it is not favored, explaining
that experimentally it is found only in short chain materials.18
The high temperature phase that appears directly below the isotropic phase showing
characteristic helical filamentary growth in cooling27 is denoted as B7. Later
measurements showed that similar helical structures may appear in materials with
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different structures, and they correspond to at least two distinct phases. The exact
structures of these phases are still under active debate, which we will detail later.
The polar smectic A (SmAP)28 phase and nematic structures29 were observed only
after the Bi (i=1,…7) nomenclature was introduced and they have not been assigned with
those symbols.
So far there is only one report28 on non-tilted SmAPA phase corresponding to Figure
1.4/b. This phase does not show electro-optical switching, nor birefringence change,
although polarization current measurements clearly show a large (almost 1000nC/cm2)
antiferroelectric polarization value.
Nematic phases exhibiting purely orientational order are rather uncommon in bentcore compounds probably due to the tendency of the periodic positional ordering we
mentioned above (see Figure 1.3). However, very recently, a number of new bent-core
compounds with nematic phases have been synthesized.29,30,31, and their physical
properties are currently being investigated.32,33,34 Light scattering studies in the uniaxial
nematic phase33, and recent NMR measurements in the isotropic phase35, reveal
drastically slower fluctuations in bent-core compounds than observed in typical
calamitics. This is because their viscosities are about 2 orders of magnitude larger than of
normal calamitic materials.36 This behavior is also consistent with the cluster concept
illustrated in Figure 1.3 and corroborated by recent NMR measurements.37
Simultaneously there has been a surge in theoretical studies15,38 ,39,40 predicting intriguing
new thermotropic nematic and isotropic structures. These including uniaxial behavior33,
field induced biaxiality34 and biaxial phases41.
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1.4

LYOTROPIC LIQUID CRYSTAL PHASES
Lyotropic liquid crystal phases occur with a mixture of amphiphilic molecules in a

solvent at a specific concentration. Amphiphilic molecules have polar head groups that
are hydrophilic (they like water). Typical head groups are O, S, P, N or alcohol, ether,
ester ,acid, sulfate, phosphate etc. 42 They also have hydrophobic (they dislike water) tail
groups typically a hydrocarbon chain.
At low concentrations of the amphiphilic molecules, they will form spherical
particles called micelles. The water loving heads point radially outward while the water
hating tails remain point inward. You can think of it like the head of the dandelion flower
after it has gone to seed. The micellar phase (L1 phase) occurs only after a certain
concentration is met called the critical micelle concentration (CMC).
At higher concentrations the micelles will form a face centered or body centered
cubic phase. Increasing the concentration even more, long cylinders will form and pack
hexagonally (H1 phase). Finally, the lamellar phase will occur. Typically the lamellar
phase is very much like a SmA phase in thermotropic liquid crystals. There is positional
order in one dimension which forms the layered structure. The molecules have no
positional order in the other two dimensions. This is denoted as the Lα phase. There is
also an intermediate phase at concentrations between the H1 and Lα phase which forms a
bicontinuous cubic phase. These are shown in Figure 1.9.
Lyotropic phases are also temperature dependent. Here we concentrate on the Lα
phase with respect to temperature since it is relevant to the experiments in upcoming
chapters. At very high temperatures an isotropic phase can occur. At lower temperatures
the hydrophobic tails stiffen causing a tilt of the molecules. This is the Lβ phase. If the
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tilt is not uniform which occurs often with phospholipid molecules the phase is then
called a ripple phase.43 Even lower temperatures will result in crystallization.

Figure 1.9: Illustration of typical structures formed by lyotropic liquid crystals. a)
micelles forming cubic structure. b) normal hexagonal structure. c) bicontinuous cubic
phase d) lamellar phase. 44
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ONWARD TO THE EXPERIMENTS
We are now ready to proceed to the experimental section of this dissertation. The
next five chapters describe work that resulted in four published papers and a US patent.
Chapter 2 documents the discovery of the giant flexoelectric effect. Chapter 3 supports
this result with a new experiment that utilizes the converse flexoelectric effect. Chapters
4-6 show that phospholipids that occur naturally in biological membranes are
piezoelectric and the piezoelectricity is caused by molecular chirality. This could have
major biological implications. For example, it could explain magnetoreception of homing
pigeons and other species.
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CHAPTER 2

GIANT FLEXOELECTRICITY OF BENT-CORE NEMATIC LIQUID CRYSTALS

Flexoelectricity is a linear coupling between orientational deformation and electric polarization; it is a unique property of orientationally ordered materials of which nematic liquid crystals (NLCs) are the best known example. We present a direct method for measuring the flexoelectric coefficients of liquid crystals via the electric current produced by
periodic mechanical flexing of the NLC’s bounding surfaces. This method is particularly
suitable for measuring the response of bent-core liquid crystals, which are expected to
demonstrate a much larger flexoelectric effect than traditional, calamitic (rod-shaped)
liquid crystals. Our results reveal that not only is the bend flexoelectric coefficient of
bent-core NLC’s gigantic (more than three orders of magnitude larger than in calamitics)
but also it is much larger than would be expected from microscopic models based on molecular geometry. Thus, bent-core nematic (BCN) materials can form the basis of a technological breakthrough for conversion between mechanical and electrical energy.

2.1

INTRODUCTION

In 1969 Robert Meyer proposed a relationship between the electric polarization and
elastic flexure in nematic liquid crystals1 by a dipolar mechanism illustrated in Figure 2.1
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Figure 2.1: Illustration of flexoelectricity based on dipole orientation model proposed by
R. Meyer. In a curved system, pear shaped molecules tend to splay and bent-core molecules tend to bend. Both will produce a flexoelectric polarization.

http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36

electronic-Liquid Crystal Dissertations - April 08, 2009

28
That is, a splay or bending distortion of the nematic director can produce a polarization.
Initially it was classified as a piezoelectric effect but this was confusing since pressure
had no effect on the nematic director. It was renamed the flexoelectric effect by P.G. De
Gennes around 1973.
The classic example for conceptualizing the flexoelectric effect is a system of molecules which posses a permanent dipole moment and a shape anisotropy sandwiched between two parallel substrates. In particular a homeotropically aligned pear shaped or planar aligned banana shaped liquid crystal. Initially there is no flexoelectric polarizaG
tion, Pf , since the dipoles tend to cancel each other. However, by bending the substrates
a polarization can arise since, in these cases, orientationally deformed structures having
G
nonzero Pf have both closer molecular packing and lower free energy than non-polar arrangements.
G
We see from Figure 2.1 that pear like molecules are more likely to produce a Pf with
a director splay and banana shaped molecules require a bend deformation. It is important
to point out that in Figure 2.1, which is based on DeGennes’ drawing, not all of the molecules align in a polar fashion only a fraction of a percent will do.
In general, even the classic rod shaped nematics have some shape anisotropy and are
G
subject to the flexoelectric effect too. In the continuum limit, Pf is proportional to the
G
first order spatial derivatives of n . Higher order derivatives are negligible when the de-
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formation length scale is small compared to the molecular size. The flexoelectric polarization of a standard uniaxial nematic can then be expressed in terms of two flexoelectric
coefficients1, e1 and e3, corresponding to splay and bend deformations, respectively:
G
G
G
G G
Pf = e1 n ( div n ) + e3 ( curln ) × n

2.1

A molecular statistical approach2,3 to estimate the flexoelectric coefficients predicts
that the bend flexoelectric constant e3 of a banana shaped molecule can be related to the
kink angle θο in the molecular core (Figure 2.2)

μ⊥ K 33

⎛b⎞
e3 =
θo ⎜ ⎟
2 k BT
⎝a⎠

2

3

N

1

3

2.2

In this expression μ⊥ is the molecular dipole perpendicular to the molecular long axis; a
and b are the length and width of a molecule ( Figure 2.2), T is the absolute temperature,
N is the number density of the molecules, and K33 is the bend elastic constant. This approach assumes that the molecules fluctuate independently. For rod-shaped molecules

θο<1o and the flexoelectric coefficients of such NLCs are estimated to be 1-10 pC/m, in
reasonable agreement with measured values. 4

,5

For typical banana-shaped molecules,

however, θο~60o thus one expects BCNs to have e3 about two orders of magnitude larger.
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2.2

MEASUREMENT OF FLEXOELECTRICITY

Most of the research dealing with flexoelectricity has, naturally, been on calamitic,
rod like, molecules. Due to their small shape anisotropy we would expect the flexoelectric coefficients to be small. They are, in fact, on the order of 1pC/m. As predicted by
DeGennes, ions tend to screen out this effect so even defects that can have large distortions do not become polarized. Measurements by directly flexing a a sample will also fall
prey to the screening ions unless samples are ultra pure. However, as we will see, by
making the periodicity of the flexing a few Hz, these measurements become possible.
The ions do not have enough time to screen out the flexoelectric polarization.
Most measurements of the flexoelectric coefficients actually measure the converse
flexoelectric effect. That is, an applied field will contribute to some type of director distortion which would be analyzed optically. Usually hybrid aligned cells are used, where
either the sum or difference (depending on the cell geometry) of the coefficients can be
obtained5. These methods require knowledge of various material parameters, (e.g. birefringence, dielectric and elastic constants, anchoring energies), which ideally should be
independently measured. For this reason, published data on flexoelectric coefficients
must be handled, however, with some care as various authors have obtained different
values from the same experimental data sets using different evaluation techniques. This
is perhaps unsurprising given how small the coefficients are for calamitic NLCs.
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Figure 2.2 Molecular structure of the bent-core material and its simplified geometrical
model. The molecule shown is 4-chloro-1,3-phenylene bis 4-[4'-(9-decenyloxy) benzoyloxy] benzoate (ClPbis10BB).
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2.3

EXPERIMENTAL SET-UP FOR DIRECT FLEXING TECHNIQUE

Our new method for measuring the flexoelectric coefficient is directly based on the
definition, Eq.(2.1). We induce an oscillatory bend deformation by periodically flexing a
thin layer of NLC contained between non-rigid conducting surfaces, and then measure
the induced electric current. The method is validated by obtaining literature values on a
standard calamitic material. Our experimental setup is sketched in Figure 2.3. The sample was placed in a temperature regulated box, which has a fixed bottom plate with two
vertical, cylindrical posts, and movable side walls having vertical slots. The LC is confined between flexible electrodes and this assembly is inserted between the slots and the
cylindrical posts as shown. Flexing is achieved by periodically translating the side walls
using an audio speaker cone driven by a Regent Home Theater System model HT-391
amplifier with an input signal from a Perkin Elmer 7265 lock-in amplifier. In order to
achieve smooth and uniform motion, the speaker’s position was critical and hence was
adjusted using two perpendicular micropositioners. With this arrangement, the walls of
the box oscillate and the NLC sample flexes at the same frequency and amplitude as the
speaker.
The electrodes of the liquid crystal cell are connected to the current input of the lockin amplifier. The precision with which the electric polarization current could be measured
using this technique was a few pA. The amplitude of the applied oscillatory deformation
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Figure 2.3: Schematics of the speaker driven experimental setup.
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was measured with 0.2mm precision either by mechanical detection, or by measuring the
intensity of a laser diode through a neutral optical gradient filter fixed to the moving rod
connecting the box to the speaker. The temperature of the box was regulated with
ΔT<1oC precision between room temperature and 160oC. The speaker setup is limited to
oscillation frequencies f = 1-10 Hz and amplitudes S = 0.2- 2 mm. This apparatus allows
measurement of the temperature, amplitude and frequency dependence of the current,
from which we directly determine the flexoelectric coefficient. Assuming strong planar
anchoring boundary conditions of the director at the cell substrates, the periodic flexing
of the cell results in a periodic bend distortion of the director, which allows us to measure
e3 .

Figure 2.4: Model of the sample geometry and deformation of the flexible cell during the
periodic vibration driven by the speaker. (a) The geometry of the cell in the xy plane (b)
The cell structure during the deformation.
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2.4

DETERMINATION OF THE BEND FLEXOELECTRIC COEFFICIENT
Our cell geometry is shown in Figure 2.4. The cell of total length Lx +2D and

width Ly is initially located in the x-y plane, the mechanical displacement occurs along z.
The cell is symmetric with respect to its center. The current is induced by the flexoelectric polarization in the whole active area (X×Y) of the cell. We can approximate current
produced by flexoelectricity using dimensional analysis. Note that the maximum current
produced is I= 2 I rms Therefore,

2 I rms =

e3 XYω
R

2.3

Where R is the radius of curvature and ω is the angular frequency of oscillation. R
can approximated with the following.
R=

L2x
8S0

2.4

Where Lx is distance between the inflection points of the bend and S0 is the amplitude of the periodic flexing, (S = S0 sin ωt). This approximation assumes
So << Lx .Now the bend flexoelectric coefficient can be determined by
| e3 |=

2.5

2 I rms L2x
8 XωS0 Y

2.5

EXPERIMENTAL RESULTS

As flexible substrates we first used transparent, 150µm thick polycarbonate sheets
with indium tin oxide (ITO) conductive coating sputtered onto their inner surfaces; these
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were then spin-coated with a polyimide layer and rubbed unidirectionally to achieve uniform planar alignment of the LC director. 20 μm thick samples of the recently characterized 6 , 7 bent-core NLC 4-chloro-1,3-phenylene bis 4-[4'-(9-decenyloxy) benzoyloxy]
benzoate (ClPbis10BB)8, whose molecular structure is shown in Figure 2.2, were loaded
into cells constructed from these substrates.
ClPbis10BB has a monotropic nematic phase during cooling between 78oC and
70oC, but it may be supercooled below 60oC before crystallization occurs. It has been observed that, in comparison to typical calamitics: the leading coefficient in a Landau – de
Gennes free energy is 30 times lower10 , the viscosity associated with nematic order fluctuations is 10 times higher7, the flow viscosity is 100 times higher9, and the conductivity
anisotropy is 100 times lower. It was synthesized at the Organic Synthesis Facility in
Kent State’s Liquid Crystal Institute using the procedure described in Refs. [10] and [11].
The two arms of the molecule are relatively flexible, because the outer benzene rings are
separated by ester groups.
A typical example of the displacement dependence (parameters: Lx = 32mm, Ly =
15mm) of the induced current for f = 5 Hz in a sample at 74oC, which initially exhibited
poor alignment, is shown in Figure 2.5/a. One observes that for S < 1.5mm the slope
(which determines the flexoelectric constant) is much smaller than for S > 1.5 mm. This
may indicate a possible improvement of the alignment as a result of flow occurring dur-
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ing periodic flexing (in analogy to flow induced orientation12). In this figure we have also
added a point (⊗), which shows the induced current in a well aligned sample. As the
dashed line indicates, the data from zero through this point extrapolates into agreement
with the initially poorly aligned sample at sufficiently large S (~ 3mm). The temperature
dependence of the flexoelectric constant |e3|, as calculated from equation 2.5 with S0 =
0.7mm and f = 5Hz on the well-aligned sample, is shown in Figure 2.5/b.
The temperature dependence of the flexoelectric response shows a sharp increase at
the transition to the nematic phase, having a maximum of 62nC/m at 70oC, before the
crystallization starts. This value is over 1000 times larger than usual for calamitic NLC’s,
and more than 10 times larger than is predicted from values based upon molecular shape2.
Although the polycarbonate cells yielded measurements of the flexoelectric current
in the bent-core NLC material, and also permitted optical inspection of the alignment before and after making measurements, the weak flexoelectric signal from a standard calamitic NLC (4-cyano-4’-n-pentyl-biphenyl or 5CB) 13 was not measurable due to a 100
pA background current, which we believe to be caused by electrostatic charging of the
plastic. Thus, a verification of the method’s accuracy using a standard calamitic liquid
crystal was not possible in the polycarbonate cell. Moreover, at the elevated temperatures
necessary for the bent-core NLC, the samples degraded (the material leaked out) after a
large number of flexing cycles.
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Figure 2.5: (a): Top Displacement dependence of flexoelectric current (in rms values) of
ClPbis10BB at 74oC; (b) Bottom The temperature dependence of |e3| of a well aligned
cell measured at 5Hz in 15mm x 15 mm active area plastic cells.
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For this reason we also encased the bent-core compound and 5CB between 0.1mm thick
brass plates with 25μm Mylar spacers interposed between them; the LC remained in a
1cm x 1cm area in the center of the plates. The inner surfaces of this cell were rubbed
uni-directionally to promote uniform alignment along the rubbing direction. With this
construction no NLC leaked out of the brass cell over repeated measurements, and the
sensitivity of the experiment in this case was great enough so that the flexoelectric current in a rod-shape control nematic material could be clearly measured. For the calamitic
nematic liquid crystal control material we chose 5CB, because of its stability (in contrast ,
say to MBBA), and because there are measurements for both e1 and e3

14,15

which are

found to be relatively large, and in the same order of magnitude, therefore the measured
flexoelectric signals are not sensitive to the alignment of the cell.
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Figure 2.6: Variation of the flexoelectric coefficient on a relative temperature scale T-TN-I
for the bent-core liquid crystal ClPbis10BB as well as for the calamitic liquid crystal 5CB
measured in cells of A=1cm2 active areas. The inset shows part of the figure (|e3| of 5CB)
at a magnified scale.
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The relative temperature dependences of the bend flexoelectric constants of both
ClPbis10BB and 5CB (measured with S0 = 2mm and f = 3.2Hz for ClPbis10BB, and S0 =
1.5mm and f = 5Hz for 5CB) are plotted in Figure 2.6. On the same overall scale, we see
that the flexoelectric constant of 5CB is practically zero compared to that of the BCN material ClPbis10BB, which on cooling attains a peak value of roughly 35 nC/m about
2.5°C below the isotropic-nematic transition. In the inset it is seen that the flexoelectric
coefficient e3 of 5CB is clearly larger than the measurement error, and increases from zero to about 40pC/m on cooling into the nematic phase. Available literature data for the
flexoelectric coefficients of 5CB, obtained by electro-optical techniques using hybrid
aligned cells14,15, give e1+e3 = 30 pC/m at 25oC.13 The reasonable agreement between the
magnitudes of the flexoelectric coefficient of 5CB measured electro-optically in previous
work and directly in the present work validates our new technique for flexoelectric measurements.
The peak value of |e3| for the bent-core material measured in the brass cell is
about half of that we have measured in the well-aligned plastic cell, but, as seen in Figure
2.5 and Figure 2.6, it exhibits the same temperature dependence. Thus, since the quality
of the alignment in the brass cell is not directly known, the measurements in Figure 2.6
represent a lower bound on e3. This is best demonstrated by Figure 2.5, in which the poorly aligned plastic cell showed a flexoelectric response roughly half that of the well
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aligned case. In short, this set of measurements unequivocally demonstrates that the bend
flexoelectric coefficient of ClPbis10BB is more than 1000 times larger than of typical
calamitic materials. This flexoelectric response is truly gigantic – not only compared to
calamitics, but it is also far beyond the maximum (~100-fold) enhancement expected
from the microscopic model (i.e. from Eq. 2.2). Furthermore, it should be noted that because ClPbis10BB is the first bent-core nematic whose flexoelectric coefficient has been
carefully measured, its structure has not been designed in any way to optimize the flexoelectric response. Rational molecular design aimed at such an optimization could well deliver substantially larger responses.

2.6

IMPROVED EXPERIMENTAL SET-UP

Although the speaker driven device gave reproducible data we wanted to improve
the design for several reasons. The current and induced magnetic field could possibly
produce noise since they are at the same frequency the lock-in amplifier is measuring.
The sample was surrounded by a large moving box that produced electrical noise. Increasing the frequency decreases the amplitude of the moving cone of the speaker. This
made frequency sweeps difficult since you needed to adjust the voltage to the speaker for
every change in frequency. Finally, the box that held the cell was quite large, a smaller
system would allow for better temperature control.
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A DC motor was used to power the new flexing device. It was attached to a planetary
gearbox (both from Micro-Mark), with a reduction ratio of 60:1. This is used to drive a
scotch yoke. The motor will still produce noise but the gearbox allows that noise to be at
a different frequency than the measured frequency. The motor allows the frequency to
change by changing the applied voltage.
A scotch yoke mechanism (see Figure 2.7) was used to resolve the frequency ramping issue. The scotch yoke is a mechanism for converting rotational motion into linear
motion or vice-versa. A pin offset from the axis of rotation is directly coupled to a sliding
yoke with a slot that engages a pin on the rotating cam. The amplitude of the
displacement is fixed and is equal to the offset of the pin. Various offset pins were
produced to allow for measurements as a function of amplitude. Amplitudes of 0.5mm to
5mm in 0.5mm increments were created. No sweeping of the amplitude is possible since
the pins need to be installed manually. One good feature of this device is that the motion
is a pure sine wave over time given a constant rotational speed.
In addition, the scotch yoke is fairly simple to make since it requires no pivoting
joints as compared to a crank mechanism such as used in the power wheel of a steam
locomotive. Besides, the crank mechanism only produces sinusoidal motion when the
connecting rod is about ten times larger than the radius of the wheel.
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Figure 2.7: A typical Scotch Yoke Mechanism. When the pin (which protrudes through
the slot) is rotated by the cam the shaft will move with reciprocal motion.
The cell was flexed by a U-shaped holder connected by a rod to the scotch yoke
mechanism. Unlike the speaker driven device only the rod moved and not the box (and
the heater contained in it). An illustration of the scotch yoke direct flexoelectric device is
shown in Figure 2.8.
As before, brass substrates were used with a 1cm x 1cm active area with 25μm Mylar
spacers and filled with ClPbis10BB. Flexing rate was 3.44Hz. S0 was 3mm. Lx was
3.5cm. We see in Figure 2.9, that the values for e3 are in the same ballpark as the earlier
speaker driven device. Since the device is smaller, the actual brass substrates were not as
long. This causes a smaller radius of curvature. In turn, this tighter bend could cause
better shear alignment of the molecules. In contrast, if the substrates were really long
(10cm) a 3mm deflection would produce not much curvature at all. In this case, any
chance for shear alignment would be lost.
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Figure 2.8: Schematics of the DC motor and yoke driven experimental setup.
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Figure 2.9 : Variation of the flexoelectric coefficient on a relative temperature scale T-TNI

for the bent-core liquid crystal ClPbis10BB measured from the Scotch yoke driven de-

vice. Horizontal arrows show magnitude of previous speaker driven device and the theoretically predicted value from equation 2.2.
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Also in Figure 2.9, we see a strange extra peak at the transition which the speaker
method did not resolve. This may be indication of a tetrahedratic phase which is above
the nematic but optically isotropic. The signal would be from piezoelectricity in this case.
This is discussed in more detail in section 7.6.
The Scotch yoke device, as we can see, greatly reduced the noise level. Comparing
Figure 2.5 with Figure 2.9, the speaker driven device had to have many measurements at
each temperature due to the high noise which is why we see just a few points. The
Scotch yoke device allowed for a continuous ramping of the temperature.
The frequency dependence of the flexoelectric coefficient was also studied in both a
calamitic and bent-core liquid crystal. A sample was filled with 5CB and frequency was
varied while amplitude and temperature were held constant. The temperature was 25.6oC.
Brass substrates were used with a 1cm x 1cm active area with 25μm Mylar spacers filled.
S0 was 3mm. Lx was 3.5cm We see in Figure 2.10 that e3 at least 10pC/m larger than
measured with the speaker system. This is probably due to the temperature which is 10
degrees cooler and again alignment will be somewhat better due to the smaller radius of
the bend. The linear behavior shows that the flexoelectric coefficient remains constant
in this frequency range.

All measurements were done with the same sample and they

were done consecutively. This shows the vast improvement in this new scotch yoke
system.
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Figure 2.10: Frequency dependence of 5CB as measured by the Scotch yoke driven device. A linear increase in current occurs with an increase in frequency which implies that
relaxation does not occur at these low frequencies. A 60pC/m average for e3 at 25.6oC is
the resulting value.
The frequency dependence of the flexoelectric current of the bent-core ClPbis10BB
was also studied. In Figure 2.11 we see that the effect can not keep up with the frequency
after 5Hz. Also in Figure 2.11 is a measurement of ClPbis10BB which was allowed to be
absorbed in a elastomer creating a swollen elastomer (see Chapter 7.2 ). The red and
black lines show the behavior of e3 as a function of frequency for the pure BCN and the
swollen elastomer BCN. We see that e3 is constant in a 4Hz range. It then begins to de-
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crease as viscosity of the material can not keep up with the high flexing rates, which at
about 10Hz relaxation occurs.
1.25
ClPbis10BB
ClPbis10BB with elastomer

I(a.u)
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Figure 2.11: Frequency dependence of flexoelectric current of ClPbis10BB in both a pure
sample and in a sample absorbed by an elastomer. Both show relaxation after a few Hertz.
Red line represents e3 as a function of frequency for the pure BCN. Black line represents
e3 as a function of frequency for the elastomer swollen with BCN.

2.7 CONCLUSIONS
In view of our results now it is understandable why all of our attempts to measure the
flexoelectric response of ClPbis10BB with the classical method in hybrid aligned cells
failed as the resulting alignment was almost planar even near the homeotropically aligned
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surface. In hybrid cells, flexoelectric polarization results in an internal DC electric voltage5 U e =

− (e1 + e3 ) ⎛ ε || ⎞
ln⎜⎜ ⎟⎟ . In calamitics |Ue| is in the order of a few V, however, for
2ε 0ε a
⎝ ε⊥ ⎠

BCNs it becomes a few kV, which due to the negative dielectric anisotropy of the material induces planar alignment in the vast majority of the volume.
Since molecular statistical considerations alone cannot account for the enormous
flexoelectric effect in the bent-core nematic, we propose that the arrangement of molecules with respect to each other on the nanoscopic scale must play a decisive role. We
estimate that an arrangement in which molecules are grouped together in polar “clusters”
containing a few tens of molecules would be sufficient to explain the results. In fact, the
results of a recent dynamic light scattering study7 of the nematic phase of ClPbis10BB
are consistent with local clustering or association of the molecules.
In summary, we have demonstrated a new, electromechanical method to detect
flexoelectric current in NLC’s. In principle, this technique is capable of measuring the
individual flexoelectric coefficients by selecting planar alignment for e3 and homeotropic
alignment for e1. We have applied the method to measure, for the first time, the flexoelectricity of bent-core liquid crystals, which was found to be three orders of magnitudes
larger than in a standard calamitics. Based on this giant flexoelectric effect, bent-core
nematic materials must be viewed as a highly promising platform for a new breakthrough
in technology for conversion of mechanical to electrical energy at the molecular scale.
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Now that it is established that the bent-core molecular shape can produce such a dramatic
effect, rational molecular architecture aimed at maximizing the flexoelectric coefficient
(e.g. strategic placement of moieties having large dipole moments), could conservatively
yield a further tenfold increase in response. Lastly, producing a bent-core NLC elastomer
by either functionalizing the NLC molecules or swelling an elastomer with existing bentcore NLC’s may also substantially improve the flexoelectric performance by restricting
molecular motion so that much more flexing energy is converted into storable electric
energy.
The size of the flexoelectric effect in traditional rod-shaped (or calamitic) NLCs has
invariably been too small to make applications viable. However, with the discovery of
Giant Flexoelectricity, this effect now has the potential to serve as the basis for a wide
variety of technologies relying on electromechanical coupling, including strain gauges,
actuators, and micropower generators.
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CHAPTER 3
CONVERSE FLEXOELECTRIC EFFECT IN A BENT-CORE NEMATIC LIQUID
CRYSTAL
This chapter explores the converse of the flexoelectric effect: an electric field applied
across a bent-core liquid crystal sandwiched between thin flexible substrates produces a
director distortion which is manifested as a polarity-dependent flexing of the substrates.
The flex magnitude is shown to be consistent with predictions based upon both the measured value of the bend flexoelectric constant and the elastic properties of the substrates.
Converse flexoelectricity makes possible a new class of micro-actuators with no internal
moving parts, which offers applications as diverse as optical beam-steering to artificial
muscles.
3.1

INTRODUCTION
Because flexoelectricity is a linear relation between polarization and gradients of n,

symmetry predicts that the inverse of the effect should also exist. Therefore, orientational
distortion or flexing of a film will be produced by an application of an electric field. Such
a “converse flexoelectric effect” so far has been detected only in solids such as barium
strontium titanates subjected to inhomogeneous electric fields1 and in black bilayer lipid
membranes, in which a 20m-1 spherical curvature 2,3,4 of the film was reportedly induced
under an applied field of 55V/μm. The latter measurement corresponds to a splay flexoelectric coefficient5 of e1~100pC/m, which is an order of magnitude larger than typical for
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calamitic thermotropic liquid crystals, but still two orders of magnitude smaller than the
bend flexoelectric coefficient e3~60nC/m observed in the BCN ClPbis10BB.6 The converse flexoelectricity of BCNs therefore not only offers a potentially larger effect than
that in the lipid membranes, but is also different in that it would produce a cylindrical
curvature of the film and would therefore not be as susceptible to rupture as the lipid
membranes. Moreover the single component BCNs are easily contained and aligned between flexible, compliant substrates, making them far more practical for applications
such as electro-mechanical actuators and beam steering devices. This chapter presents the
first measurement of converse flexoelectricity of a thermotropic bent-core nematic liquid
crystal (ClPbis10BB) by an observable flexing method, and demonstrates a substantial effect that is fully consistent with the previously measured flexoelectric coefficient discussed in chapter 2.
Other groups have now measured e3 using optical techniques that probe the director
structure of the nematic material. Kundu7 used an oblique incidence laser on a hybrid
aligned cell with two 20μm metal wires as electrodes to probe the director and obtain a
value for e3 for ClPbis10BB. Petrov8 estimated e3 by measuring the periodicity of stripe
patterns formed under a large electric field (see also Figure 3.5). The Takazoe9 group
used a homeotropic aligned cell technique used by Schmidt et al.10. All three groups
found e3 to be only 1-30 times larger than the value in typical calamitic materials, i.e. in
the range expected from Helfrich’s11 and Derzhansksy’s 12 statistical physical approach.
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3.2

EXPERIMENT SET UP

Sample cells were constructed from two 100µm thick flexible Mylar substrates with
ITO sputtered on the surfaces as conducting layers. Polyvinyl alcohol was spin coated
and rubbed as an alignment layer on top of the ITO. The substrates dimensions were
14mm x 21mm, while the electrode region was 12mm x 18mm. The cell gap was set to
25µm by glass fiber spacers sparsely distributed throughout the electrode region. The liquid crystal ClPbis10BB was capillary filled into the cells. The filled cells were then
placed on two 2mm diameter glass rods which were mounted in an Instec Hot stage HS
2000 regulated by an Instec Heat Controller. The electrical leads of the sample were connected to a BK Precision DC Power Supply and a voltage amplifier. Voltages applied
across the cell were measured with an HP 34401A multimeter. (See Figure 3.1).
A Leitz Mirau Interferometer mounted to the objective port of an Olympus BX51
Microscope (used in reflection mode) was employed to measure the upward or downward
deflections of the sample induced by the applied voltage. The interferometer was adjusted
such that 3 to 5 fringes were viewable on the video display. Video of the fringes were
recorded for every measurement at 30 frames per second.
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Figure 3.1: Illustration of the experiment apparatus. The interferometer will detect upward or downward motion of the flexing cell. Video of the fringes are recorded via a
camera (not shown) attached to the microscope.

http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36

electronic-Liquid Crystal Dissertations - April 08, 2009

58
When voltage was applied to the sample, the interference fringes were observed to shift
either to the left (corresponding to an upward displacement of the center of the cell) or to
the right (a downward displacement). The direction of the motion could be verified by using the fine adjustment of the microscope focus. Moving the sample stage slightly up
(down) yielded fringes that shifted left (right). A green filter (532nm) was used to improve the fringe resolution. The theoretical limit of the accuracy of the interferometer is 3
nm13; however, vibrations and thermal fluctuations in the set up extended this to about
5nm even when the microscope was mounted on a vibration damped optical table. This
error is still much smaller than the experimentally observed sample deflections, which
were typically in the 10nm to 200nm range for the relevant applied voltages.

Figure 3.2: Typically observed fringe shifts seen with the interferometer. Left is fringe
pattern with 0V applied. Right arrow denotes magnitude and direction of fringe shift with
an applied voltage.

In order to measure the fringe shift, selected frames of the recorded video had to be
converted to bitmaps using VirtualDub software. Bitmaps were created for frames where
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0V where applied and at 2s (roughly 60 frames) after voltage was applied. Note that the
voltage was still on when the 2nd bitmap was taken. The 2s wait time was needed since
the material showed some type of switching which seemed cease after 2s.
As seen in Figure 3.2, the relative shift of the fringes (m) was recorded. Using Microsoft Paint, the distance between fringes (Dfringe) was recorded (in pixels). A starting
position was recorded from the zero volt bitmap (Paint gives pixel location of the cursor
automatically). On the applied voltage bitmap, with the cursor at the previously measured
point from the 0V bitmap, a line was drawn to the shifted fringe. The pixel length of this
line (Dshift) was measured. Finally we get m=Dshift/Dfringe. The amplitude of the sample’s
maximum deflection, d, was determined from, d=mλ/2n, where λ =532nm is the wavelength, and n≈1 is the index of refraction of air. Deflections were measured under both
positive and negative potential differences, V, between the upper and lower electrodes as
a function of temperature, amplitude of the applied voltage or position on the substrate.

3.3

RESULTS AND DISCUSSION
Application of a voltage across the sample can result in two types of deflections, up

(closer to interferometer) or down (further from interferometer). Flexoelectric flexing
will induce an upward deflection for one voltage polarity and a downward deflection for
the opposite polarity. There will be a coulomb attraction between the top and bottom substrates that will lead to a downward deflection which is voltage polarity independent. Although it was not verified, the bottom substrate should also move up causing a squeezing
effect. Indeed, in Figure 3.3 a voltage polarity dependent curvature is produced.
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Figure 3.3: Vertical displacement across length of the flexing substrate with +/-40V applied at -4°C below TNI. Dashed line represents end of the electrode area.

At high temperatures, deep in the isotropic phase, only downward deflections of
the top substrate are seen under applied voltages of both signs. We assume that in the isotropic phase well above the nematic transition, there can be no converse flexoelectric effect, and the downward deflection is due to the Coulomb attraction between the conducting substrates; this attraction results from both the induced charge on the conducting
coatings at non-zero V, and static charge in the Mylar. The presence of static charge is indicated by a different value of downward deflection for different polarity of V. The
downward deflection due only to the induced charge is isolated by averaging the deflection at reversed polarities; the deflection due to the static charge is then half the differ-
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ence between the deflections at reversed polarities. The deflection due to static charges
was measured at a temperature well above the clearing and subtracted from all subsequent measurements as a temperature independent baseline correction.
After correcting for static charge, our raw data corresponds to measurements of the
voltage dependent deflection under both polarities: d+(V) and d-(V). Flexoelectricity,
which is a linear coupling must be polarity dependent, so we can define the deflection
under positive V as d+=dflex-dsq and the deflection under negative V as d-=-dflex-dsq. Since
the deflection caused by induced charge is an attraction between the two electrodes, we
denote this contribution to deflection as dsq (sq for “squeezing of the electrodes together).
These two equations allow us to obtain the displacement due to flexing and squeezing as

d flex (V ) =

d + (V ) − d − (V )
d (V ) + d − (V )
, d sq (V ) = +
2
2

3.1

Using equation 1, the temperature dependence of the displacements due to flexing (the
converse flexoelectric effect) and squeezing (due to cell capacitance) were obtained, Figure 3.4. In the temperature range well into the isotropic phase, the flexing with 90V applied is immeasurably small, but, at about 5°C above the clearing point it starts increasing, until a maximum of about 125 nm is reached between 5 and 7oC below the isotropic
– nematic transition. Beyond this, it decreases to zero at the crystallization temperature.
The magnitude of the squeezing is larger in the isotropic than in the nematic phase, and it
is zero in the crystal phase. The disappearance of the squeezing upon crystallization can
be attributed to the suppression of the flow of the material.
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Figure 3.4: Illustration of samples movement due to flexoelectricity (flexing) and capacitance (squeezing).

Displacements dflex (solid squares) and dsq (hollow circles) of the

sample at 11mm from edge and +/-90V applied.
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Figure 3.5: Voltage dependence of flexing and squeezing 4oC below TNI and 1mm from
the center of the cell, and the corresponding textures seen in polarizing microscope.

We examined the voltage dependence of the displacement at the cell position and the
temperature (approximately 4oC below TNI) where the flexing was measured to be large
and the squeezing is relatively small. The results are shown in Figure 3.5.
As shown in Figure 3.5, the voltage dependence of dflex due is acceptably linear
above a threshold of about 10V. On the other hand, dsq due to squeezing shows no threshold with a roughly quadratic increase at lower voltages, and returns to almost zero
above 60V. Optical observations reveal a gradual formation of a stripe pattern at about
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30V due to the onset of an electro hydrodynamic instability previously described by
Wiant et al.14 At increasing voltages the stripe spacing narrows and the texture becomes
chaotic at around 60V, where the squeezing effect starts to decrease. Although we do not
understand this decrease, we speculate that it maybe be caused by the suppression of flow
as the chaotic pattern emerges. Due to the strong planar anchoring of the LC the alignment is not disturbed at the surface, explaining why the polarization charges at the substrates due to flexoelectricity is not influenced so much by the electrohydrodynamic instability.
Figure 3.6 shows the spatial profiles of dflex and dsq as a function of the distance
measured along a line across the cell parallel to the rubbing direction and perpendicular
to the supporting rods. (Zero position corresponds to the position of one of the supporting
rods.) The data were taken at a temperature 4°C below TNI and for V=40V. They reveal
maximum flexing deflection in the middle of the cell as one would expect for a support
geometry in which the cell edges are supported at a fixed (zero) vertical displacement.
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Figure 3.6: The spatial dependence of the displacements due to flexing and squeezing as
measured at the distance from one of the edge along a line in the middle of the electrode
area. The liquid crystal is 4°C below TNI and the applied DC voltage was 40V. Dashed
line is a fit assuming the small displacement d(x) is on the arc of a semi circle with radius

(

)

R much larger than of the length of the film L, i.e., d = Lx − x 2 / 2 R .
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Profile experiments were also done along the orthogonal direction – i.e., when the
supporting rods of the cell were placed parallel to the rubbing direction (rotated 90 degrees from the original set up). In this case there was no observed bending showing that
in this geometry the supporting rods do not allow

bending. This establishes that the

flexing axis is perpendicular to the director i.e., the flexing is associated with a bend deformation of the director, corresponding to the involvement of the bend flexoelectric constant e3. From the profile in Figure 3.6 we can estimate the minimum of the cell curvature

(

)

radius R utilizing that for small displacements R = Lx − x 2 / 2d , where d is the displacement, L is the length of the substrate and x is the distance from the edge of the substrate. From the fit to flexing profile in Figure 3.6 we get R ~1300m.
Using the above measurements we can calculate the bend flexoelectric coefficient,
e3. We equate the converse flexoelectric energy Eflex with the bending energy Ebend of the
Mylar substrates. The energy of a cylindrically bending plate having thickness h and
Young modulus Y can be written as15

h /2

Ebend

AsubY
Asub
Yh3
2
z dz =
=
2
2
2
∫
2 R (1 − σ ) − h /2
12 2 R (1 − σ 2 )

3.2

where R is the radius of curvature, Asub=296mm2 is the area of the substrates, σ ~0.416 is
Poisson's ratio of Mylar, Y=3.3GPa17,18 and h=100μm. On the other hand, the flexoelectric energy for bend distortion of the director is:
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E flex =

e3
VALC ,
R

3.3

where e3 is the bend flexoelectric constant, V is the applied electric potential, and ALC
=216mm2 is the area of the liquid crystal in the electrode area. Equating equations 3.2
and 3.3 we can express e3 as,

e3 ≈

Asub
dYh3
ALC 12 Lx − x 2 1 − σ 2 V

(

)(

)

3.4

Then, from the temperature dependence of the flexing displacement (Figure 3.4) we get
the temperature dependence of e3 as shown in Figure 3.7. This is plotted together with the
temperature dependence of e3 obtained from our previous, direct flexoelectric measurements6,19 in ClPbis10BB. Here it is important to note that whereas from the direct measurements only the magnitude of the flexoelectric constant could be determined, from the
converse measurement we could determine that the sign of e3 is positive by noting the
sign of field and the direction of bending (as shown in Figure 3.1) and by comparing this
with the definition of the sign of flexoelectricity.20 This is consistent with the molecular
structure that has a dipole pointing along the bow axis from the bend of the molecule to
its widest part. From Figure 3.7 it can be seen that the flexoelectric coefficients measured
from the direct and converse effects have the same order of magnitude, although the coefficient measured from the converse effect is somewhat smaller. The difference could
easily be due to different conditions of sample alignment. Another important difference is
that during measurements of the converse effect the material crystallized at lower tem-
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peratures, because of much less mechanical disturbances than during the direct measurements. We note that the slope of 1.4nV/C obtained from the voltage dependence shown
in Figure 3.5 also gives e3≈40nC/m at 4 oC below TNI, in complete agreement with Figure 3.7. It is important to note that the bending modulus is cubic with thickness. Using
thinner substrates will drastically reduce the mechanical resistance to the converse flexoelectric effect and would substantially increase the amplitude of the bending.
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Figure 3.7: Comparison of the temperature dependences of the bend flexoelectric coefficient measured by the direct and converse flexoelectric effects.
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3.4

CONCLUSIONS

To summarize, we have presented the first direct electromechanical measurements of the
converse flexoelectric effect – a polar, field-induced mechanical flexure of a nematic film
– in thermotropic liquid crystals using a bent-core mesogen. The value of the flexoelectric coefficient e3 deduced from these measurements is in satisfactory agreement with direct measurements of the flexoelectric effect based on polarization current measurements
under applied curvature strain. The magnitude of the bend flexoelectric constant measured by our electro-mechanical technique therefore is much larger than found recently by
others7,8,9 using the conventional optical methods. We think the main reason for this discrepancy is that the optical techniques probes the director structure of the nematic matrix,
whereas we measure the deformation due to the presence of the ferroelectric clusters,
which have large interaction with electric field, but which cannot be detected by optical
techniques. Thus, the optical techniques do indeed probe the flexoelectric effect as it pertains to the nematic. Only the direct flexing technique described in Chapter 2 and the
converse technique described in this chapter show the giant electric contributions from
these clusters.
In addition our converse flexoelectric measurements showed the sign of the bend flexoelectric coefficient is positive. The converse effect could prove quite useful for low-cost,
highly proccessible electromechanical actuators and beam steering devices.
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CHAPTER 4
PIEZOELECTRICITY OF PHOSPHOLIPIDS
This chapter shows that phospholipids, which are the main constituents of cell membranes, are piezoelectric. The measurement of the piezoelectricity was done by periodically shearing and compressing films of hydrated L-α-Phosphatidylcholine, inducing tilt
of the molecules with respect to the bilayer’s normal which produced electric current
perpendicular to the tilt plane, corresponding to a polarization of about 300 nC/cm2 at 5
degrees of tilt.
4.1

INTRODUCTION
Lipids are important components in biological systems1,2,3 specifically when dealing

with the structure of cellular membranes. The cellular membrane fulfills the following
functions critical to cellular survival; it acts as a flexible, self-healing barrier between the
cell and its environment and it also acts as a structural unit for functional proteins.4,5,6
The membrane, however, does not have a purely passive role. There is now recognition
of the importance that lipid organization within the cell membranes plays in controlling
protein function,7 and many disease states have been associated with aberrations of these
lipid/protein interactions. A number of these interactions occur via electric signals. For
example some membranes swell8 or become birefringent9,10 in response to voltage
changes, which was interpreted as a converse piezoelectric11 or electroclinic effect12, respectively. Ion channels sensitive to membrane stretch have been observed in muscle
cells13 and piezoelectric models of the outer hair cell composite membranes have been
considered.14 These latter models, based on the flexoelectric properties of the lipid bilay-
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ers,15 relate the membrane curvature to polarization normal to the lipid bilayers as discussed extensively by Petrov.5
A stack of lipid bilayers can be considered as a SmA* phase Such a phase has D∞
symmetry with no net polar order in its unstressed configuration. However when one induces a director tilt by shear and/or layer compression, a SmC* phase forms which has
electrically polar C2 symmetry with the polar axis normal to the tilt plane.16 This means
that in the SmA* phase there is a linear coupling between electric charges and mechanical deformation, which is known as piezoelectricity, It is important to note that this symmetry argument is valid for any number of bilayers, including single or double lipid bilayers, which are the major components of cellular membranes.
Mathematically, piezoelectricity can be expressed as

Pi = P0i + ∑ di , jkT jk

4.1

jk

where Pi is the polarization, Poi is the spontaneous polarization (if it exists) and Tjk is
the stress tensor. The third rank tensor coefficients di,jk are called piezoelectric coefficients. The SmA* coefficients as well as from other liquid crystal phases16 are seen in
Figure 4.1
LC
Phase
N, SmA, Lα
N*, SmA*
SmAP,
SmC
SmC*
SmCP
SmCG

Molecular shape

Symmetry

Non-zero piezoelectric constants

Cylinder
Chiral cylinder
Bent shape
Cylinder
Chiral cylinder
Bent shape
Bent shape

D∞h
D∞
C2ν
C2h
C2
C2
C1

Not piezoelectric
d1,23 = - d2,13
d3,11; d3,22; d3,33, d1,13; d2,23
Not piezoelectric
d3,11; d3,22; d3,33, d1,13; d2,23; d1,23; d2,13; d3,12
d3,11; d3,22; d3,33, d1,13; d2,23; d1,23; d2,13; d3,12
all di,jk

Figure 4.1: Table of the piezoelectric constants of some liquid crystal phases.
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This

chapter

describes

piezoelectric

properties

of

the

phospholipid

L-α-

Phosphatidylcholine bilayers by direct mechanical deformations. After describing the experimental observations we will argue that piezoelectricity of phospholipids might explain previously observed ferroelectric-like interactions between lipid bilayers and ion
channels17 and may have consequences in various sensory mechanisms, such as in mechanoreception (organism’s ability to detect mechanical vibration) - or magnetoreceptions (organism’s ability to detect magnetic fields).
4.2

EXPERIMENT
We studied a phospholipid extract from dried egg yolk purchased from SIGMA,

(catalog number P5394, CAS number: 8002-43-5) without further chemical processing.
This mixture contains about 95% L-α-Phosphatidylcholine (see Figure 4.2). This phospholipid, forms a stable SmA* phase with the base layer structure illustrated in Figure 4.2
Phosphatidylcholines are a class of phospholipids which incorporate choline as a
headgroup. They are a major component of biological membranes and can be isolated
from either egg yolk or soy beans from which they are mechanically extracted or
chemically extracted using hexane. The clearing point for this mixture is above 100°C
and runs the risk of oxidizing the sample. For pure L-α-Phosphatidycholine the gel to Lα
phase transition18 is 40°C. Observations of the mixture used show Lα even at room
temperature.
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Figure 4.2: Illustration of the molecular structure of the phospholipid L-α –
Phosphatidylcholine. and of the piezoelectricity of a lipid bilayer. A tilt of the of the average molecular direction (director) with respect to the layer normal - induced by a mechanical shear and/or layer compression- leads to a SmC* configuration with polarization
normal to the tilt (shear) plane.
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For the piezoelectric measurements (Figure 4.3), the liquid crystal material is placed
between two tungsten electrodes (60µm ) which is sandwiched between two glass plates
(2 and 2’) that are firmly fixed to temperature stabilized heaters (1 and 1’). A pair of piezoelectric plates (3,4), sensitive to forces in the lateral directions, is attached to the bottom of the lower heated plate, which is connected to a rigid frame (6) via three layers of
piezo sensors (3,4,5) sensitive in orthogonal directions. The frame also holds a piezoelectric actuator (7) ((PSt 500/10/5 from Piezomechanik GmbH), which can shift the top plate
with maximum amplitude of 5μm. The actuator is driven by a high voltage amplifier (LE
430/015 from Piezomechanik GmbH). The sample holder is placed in a polarizing microscope (8), which enables textural observations of the sample during the measurements.
One can make controlled periodic shear deformations of a given frequency and detect the
induced corresponding current using a lock-in amplifier (7265 DSP from PerkinElmer).
The motion of the top plate is monitored by a piezoelectric accelerometer (BK 4375
from Bruel & Kjaer, sensitivity 0.1mm/s2). It allows acceleration measurements of the
top plates vertical and horizontal motion depending on its orientation. This can be converted to a maximum displacement since the frequency of oscillation is known.

4.3

EXPERIMENTAL RESULTS
As shown in Figure 4.4, an important feature of the vibration created by this setup is

that it is along the y direction only at frequencies below 200 Hz, and at higher frequencies there are number of resonances where the vertical vibration becomes generated with
basically similar amplitudes.
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Figure 4.3: Apparatus used to measure the current produce by shearing of the sample.
setup used for piezoelectric measurements. The upper part illustrates the sample holder
with the piezo-actuators and piezo-detectors. The lower part illustrates the alignment and
electrode arrangement compared to the smectic bilayers and mechanical deformation directions. The electrodes running in the y direction have diameters of 60μm (this determines the film thickness) and are separated by 2mm. The lateral dimension in y direction
is 1cm. This means that the area where the induced charge is collected is A=60μm x 1
cm= 0.6mm2.
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Comparing Figure 4.4 a and b, one can see that the peak positions measured in the
vibration of the top plate and of the induced currents correspond to each other (the correspondence is more evident at low frequencies f<400Hz). The frequency dependence of
the induced polarization (see Figure 4.4 b) shows that the response is decreasing toward
lower temperatures as the material becomes stiffer. The amplitude of the current measured at different runs increases after the initial frequency scans. Simultaneous textural
observations revealed improving homeotropic alignment during the vibration of the upper
plate Figure 4.5. This alignment dependence clearly shows that the measured currents are
related to piezoelectricity. Here we note that the phospholipid samples tend to degrade at
higher temperatures preventing verification that the piezoelectric signal vanishes in the
isotropic phase (unfortunately due to the lack of D-isomers, the racemic samples could
not be observed).
It is important to note that the induced polarization at low frequencies is much smaller than at the resonances, where in addition to the horizontal vibration, vertical motion
takes place, too. This implies that tilting of the layers requires a simultaneous compressing force while shearing. The change in layer spacing ∆l can be estimated. Assuming the
number of layers is constant, we get

d d − Δx
=
l
l − Δl

4.2

Where Δx is the measured total vertical displacement and d=60µm is the original film
thickness. Which yields Δl = l ⋅ Δx / d .

http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36

electronic-Liquid Crystal Dissertations - April 08, 2009

79

Dispalcement (μm)

1.2
vertical
horizontal

0.8

0.4

0

0

200

400

800

1000

800

1000

o

71 C
o
62 C
o
53 C
o
23 C

300
2

P (nC/cm )

400
600
Frequency (Hz)

200
100
0

0

200

400
600
Frequency (Hz)

Figure 4.4: (a) top: Frequency dependences of the amplitudes of the vibrations of the top
plate in vertical (x) and horizontal (y) directions. (b) bottom: The frequency dependence
of the induced electric polarization P calculated from the piezo-current I as P = I /( A ⋅ ω ) ,

where A~0.6mm2 is the area of the electrode and ω is the angular frequency
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Figure 4.5 Texture of 60μm film seen in polarizing microscope between crossed polarizers. (a): Before the first frequency scan. (b): After the third frequency scan. Uniform
dark texture indicates homeotropic alignment (lipid molecules perpendicular and smectic
layers parallel to the film substrates). Length of bar corresponds to 100μm.

Assuming rigid molecules the induced tilt angle θ is determined from the relation cos θ = 1 − Δl / l = 1 − Δx / d . Taking the largest Δx~0.5μm measured at 200Hz (see
Figure 4.4a) this provides θ~7o. However, the maximum contribution of the shear (horizontal vibration by Δy) to the induced tilt would be θy~Δy/d, which is 1.2μm/60μm=1/50
~1.1o. The actual director tilting effect of the shear along the layers probably is much
weaker, since in this case (at least at low frequencies) the bilayers can simply slide on
each other without causing director reorientation. However under layer compression the
director must tilt and the role of horizontal shear is only to uniformly direct the buckling
of the molecules induced by the vertical vibration.
The tilt angle dependence of the induced polarization at room temperature is plotted
in Figure 4.6.
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Figure 4.6 Tilt angle dependence of the induced polarization at room temperature and
200Hz.

It can be seen that there is a hysteresis, probably due to the fact that alignment is also
improving with increasing shear amplitude. In decreasing amplitudes the slope is almost
constant below 3 degrees showing that the homeotropic alignment basically stays unchanged. The saturation above 4 degrees tilt may indicate that in this range the polarization is not a linear function of the tilt angle anymore.

4.4

SUMMARY
We have unambiguously demonstrated the piezoelectricity of the SmA* phase of the

phospholipid L-α–Phosphatidylcholine when the director tilt was caused by direct mechanical vibrations

http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36

electronic-Liquid Crystal Dissertations - April 08, 2009

82
Although the piezoelectric effect in single lipid bilayers has not been measured,
the simple symmetry arguments shown in Figure 4.2 dictate that single bilayers are also
piezoelectric. Since phospholipids are the major components of the biological cell membranes, it is possible that the cell membranes are also piezoelectric. Electric charges may
be generated along the membrane when the lipids become tilted due to mechanical stimuli. As opposed to the flexoelectric polarization, here the tilt-induced polarization occurs
within the insulating chains of the bilayers and therefore cannot be screened by free ions
of the surrounding aqueous plasma. Therefore, cell membrane piezoelectricity might have
numerous applications in biological processes and maybe utilized in mechano receptors
(which is explored in the next chapter).
Understanding piezoelectric properties in biology may shed light on a number of biophysical processes involving signaling within the cell membranes. Although detecting
piezoelectric signals within real biological cell membranes requires much more sophisticated techniques than what was used here, the results clearly show how important those
studies could be. The main aim of this project is to stimulate future studies of piezoelectricity of biological cell membranes.
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CHAPTER 5
MAGNETO-ELECTRICITY MEDIATED BY FERROFLUIDS DISPERSED IN
PIEZOELECTRIC PHOSPHOLIPIDS
The previous chapter’s measurements suggest that real biological membranes maybe
piezoelectric, and electric charges are generated along the membrane plate when the lipids become tilted due to mechanical stimuli. Piezoelectricity of cell membranes may
have numerous applications in biological processes. For example, it can explain communication between sensory proteins embedded in cell membranes, or can be used by night
navigating animals, such as homing pigeons1. This chapter proposes that the rotation of
magnetic particles embedded in the beaks and heads of such animals can induce electric
signals that can trigger firing of nerve cells, thus allowing navigation based on magnetic
information2. To demonstrate this hypothesis, measurements of electric current generated
in phospholipids doped with 0.5wt% of ferrofluid of magnetite (Fe3O4) nanoparticles
when 100G magnetic field was applied periodically on the material where preformed.
Results show clear electric signals related to the piezoelectric effect.
5.1

INTRODUCTION

In the field of biology many animals have shown the ability to travel long distances without landmarks and arrive at their destinations with very high accuracy. The salmon, having spent most of its life in the ocean will one day return to its place of birth in a mountain stream far away. The arctic tern will travel 20,000km one way from Antarctica
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to its breeding grounds in the Arctic. Many scientists believe that this could be a result of
a sense that can detect changes in the Earth’s magnetic field. This sense is called magnetoreception3. Magnetoreception can provide an animal with orientational and positional
information.
In the study of magnetoreception there are two main explanations. There is evidence
that supports the magnetoreception by a chemical compass based on the production of
direction sensitive interactions of radical pairs4. This process requires the absorption of a
photon to produce the radical pair. Hence, navigation without a light source does not occur. This was shown in amphibians and some birds. The alignment of radical pairs5 in a
magnetic field would only provide direction information for the animal.
However, magnetite (Fe3O4) is found in many animals6. Some birds contain these
particles in the orbital and nasal cavities. The magnetite theory of magnetoreception proposes that these magnetic domains can provide a torque on some sensor cell yielding positional information for the animal (from the intensity of the magnetic field)4. Note the
term sensor cell is a generic term since the actual mechanism is not known. However,
evidence shows that magnetite plays an important role in some animals’ ability to navigate using the Earth’s magnetic field (magnetoreception).7,8,9 Removal of magnetite from
animals leaves them literally, lost.
This experiment explores the possibility that magnetite can produce enough distortion on a SmA* system (our model cell membrane) to produce a piezoelectric signal. It
was a collaborative project with a high school student Cody Notz in 2006. In addition to
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publishing this work in the typical scientific journals, Cody used it as a science fair
project and achieved numerous awards at the state and national level.

5.2

EXPERIMENTAL SET UP
The phospholipid L-α –Phosphatidylcholine (see Figure 4.2) was doped with ferrof-

luid which contain magnetite (Fe3O4) nanoparticles in oleic acid surfactant solution, and
the generation of electric currents has been measured by periodically varying the magnetic fields (see setup in Figure 5.1). The role of the surfactant is to prevent aggregation by
steric repulsion10. In spite of this, it is known that ferrofluids in lyotropic systems, especially in the presence of magnetic fields, show particle aggregations11, and we have tested
the uniformity before and after measurements. Above 1wt% ferrofluid concentrations we
indeed observed aggregates in polarizing microscope textures when the sample was
cooled from elevated temperature in the presence of stronger than 500G fields. For this
reason in our measurements we have set the concentration to 0.5wt%, and limited the
magnetic field up to 100G. In this low concentrations and small fields the texture appeared to be homogeneous and could be aligned similarly to the undoped lipid.
Two tungsten shims and the mixture were sandwiched between two glass microscope
slides. The tungsten acts as both 25µm spacers and as the electrodes. This forms a cell
with and effective area of 2cm x 25µm (0.5mm2). Other mixtures were also made with
100% ferrofluid, undoped phospholipids or were empty to act as a control group.
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Figure 5.1: Schematics of experimental setup to detect magnetic field induced electric
signals in L-α -Phosphatidylcholine doped with 0.5wt% ferrofluid. The magnetic field,
shear direction and the electrode wires are all parallel to each other. The top wire from
the temperature controller is a thermistor.

The circle in the center of the magnet

represents the bottom heating element (the top heating element is not shown).
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A set up had to be constructed that simultaneously heats the phospholipid while it was in
an alternating magnetic field. In addition, the set up had to allow shearing of the cell. To
do this, an electromagnet was made by reworking a 110V to 220V transformer. Its iron
core was removed and the primary and secondary coils were rewired to act as one large
coil.

The dimensions of the opening of the electromagnet were 4.5cm wide x 3cm

high x 4cm deep. A Teflon spacer was added inside of the electromagnet since the cell
needed to be in the center of the electromagnet. These heating elements were controlled
by an Omega CN8500 temperature controller.
The electromagnet was driven by Regent Home Theater System model HT-391 amplifier
allowing up to 100G field. Current measurements were done with a Model 7265 DSP
Lock-in Amplifier from PerkinElmer.

5.3

EXPERIMENTAL RESULTS
The main results of the magnetic measurements are summarized in Figure 5.2, where

the magnetic field dependence of the induced currents are shown for the shear aligned
and non-sheared phospholipid doped with 0.5wt% ferrofluid in comparison with the control groups. One sees the effect is largest for the aligned mixture and is much smaller for
the control group. All the phospholipid containing samples have a constant background
of about 3pA which is most likely due to thermally driven director fluctuations. Not surprisingly, the response is independent of the magnetic field in the pure phospholipids and
increases with the magnetic field in the mixtures doped with ferrofluid. Note that the
slight linear increase for the pure ferrofluid up to about 2 pA at 100G is probably due to
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magnetic induction. The response in the aligned mixture is about 1 order of magnitude
larger than the background and it can be related to the magnetic particles - induced director realignment, which was optically detected. The director tilt induces the electric current by the same piezoelectric mechanism we have illustrated in Figure 5.2.

20
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pure phospholipid
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Figure 5.2: Electric current induced by 1.1Hz periodic magnetic field that causes reorientation of the director in the plane along the electrode wires. (a): Magnetic field dependence of the phospholipid – 0.5wt% ferrofluid mixtures in different alignments and of
the control groups
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Figure 5.3: The temperature dependence of the current of the aligned phospholipid –
0.5wt% ferrofluid mixture at 100G.

The temperature dependence of the induced electric signal is shown in Figure 5.3.
Similar to the piezoelectric observations on the pure phospholipids (see Figure 4.4), the
response decreases at lower temperatures, indicating that the material becomes more and
more rigid against mechanical deformations. It is important to note that living cells do not
operate at such a high temperature. However, the cell membranes are bilayers of phospholipids surrounded by fluid and this sample is thousands of tightly packed layers.
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5.4

SUMMARY
This work shows that it is in principal possible for magnetite to tilt the phospholipid

layers creating a piezoelectric signal while in a magnetic field. Indeed, these are very tiny
signals even in magnetic fields that are two hundred times larger than Earth’s magnetic
field, so they might actually not be utilized in magnetoreception, However, it is important
to emphasize that real receptor cells may be easier to deform since they are a single bilayer, This may result in stronger localized signals. In addition the current appears within
the insulating hydrocarbon chains along the membrane, so they are normally not screened
out by ions surrounding the membrane; therefore the lateral background noise level is
lower as indeed found on the control phospholipid samples.
What is important here is that magnetite can interact with the phospholipids in a
magnetic field producing piezoelectric signals. Studying the piezoelectricity of the cell
membrane is a worthwhile endeavor that may (or may not) shed light on a number of biophysical processes.
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CHAPTER 6

CHIRALITY OF LIPIDS MAKES FLUID LAMELLAR PHASES PIEZOELECTRIC

The role of chirality in membrane-forming lipids is not well appreciated at
present. This chapter demonstrates that the chirality of phospholipids makes fluid lipid
bilayers piezoelectric. By periodically shearing and compressing nonaqueous lamellar
phases of left (L-alpha-Phosphatidylcholine), right (D-alpha-Phosphatidylcholine) and
racemic (DL-alpha-Phosphatidylcholine) lipids, we induced a tilt of the molecules with
respect to the bilayer’s normal and produced electric current perpendicular to the tilt
plane, with the chiral lipids only. This effect is due to the SmA* phase liquid crystal
structure of the bilayers, which under molecular tilt becomes a ferroelectric SmC* phase,
where the polarization is normal to the tilt plane.

6.1

INTRODUCTION
Chirality of membrane-forming lipids, and phospholipids in general, is usually re-

garded as weak and insignificant. Phase transition studies fail to reveal any significant
difference between left and right lipid enantiomers. Although lipids do exist in vivo in a
left form only, the far-reaching consequences of this enantiomorphic purity are still not
appreciated in membrane biophysics. On the contrary, liquid crystal physics traditionally
pays a close attention to mesogens’ chirality. Therefore, the application of the liquid crys-
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tal approach to living matter physics calls for an elucidation of the chirality effects in
membranes.
The symmetry principles of liquid crystal ferroelectricity1 or strictly speaking, helielectricity,2 can be validated with lyotropics3,4 by taking just a common membraneforming phospholipid, lecithin, that is weakly chiral. The synthetic lecithins exist in the
form of left or right enantiomers, or racemates, all of them are commercially available
(Sigma). The low temperature gel phase Lβ' that is tilted, will be helielectric, just like a
SmC* thermotropic. The high temperature fluid phase Lα then will be analogous to
SmA*. Both these phases should display a piezoelectric response under viscous shear
stress. The gel phase is expected to be piezoelectric because of distorting the rotational
symmetry of the polarization helix (see references [5] and [6] for thermotropic case). The
fluid phase is expected to be piezoelectric because of the director tilting. Tilting combined with chirality may lead to a macroscopic polarization normal to the tilt plane provided the molecules have non-zero dipole moments.7,8
A long-standing problem of polarization measurements with lipid-water lyotropics is their high ionic conductivity. To reduce the conductivity, i.e., the screening of the
spontaneous polarization, a non-aqueous lamellar phase could be prepared by replacing
water with another hydrophilic solvent, e.g., ethylene glycol.9,10,11 The first observations
of piezoelectricity of non-aqueous, cholesterol-containing lyotropic phases were performed by Petrov in 1988 by using the oscillation drop method12. Cholesterol was employed because of its marked chirality and a substantial molecular dipole. Subsequently,
these measurements were carried out with hydrated lecithin gel phases containing choles-
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terol13,3. There was also some earlier evidence for shear-induced electric signals in a
shear cell with an oscillating top electrode filled up by a lecithin-water lamellar phase,
without cholesterol14.
The first detailed observation of shear piezoelectricity of the fluid Lα phase was
published only very recently15 and described in chapter 4. By periodically shearing and
compressing films of hydrated L-α-phosphatidylcholine in a cell with oscillating top
electrode a tilt of the molecules with respect to the bilayers’ normal was induced, which
produced an electric current perpendicular to the tilt plane. This corresponded to a polarization of about 300 nC/cm2 at 5° of tilt. Due to the lack of D-α-phosphatidylcholine and
their racemates, however it has not been proven that the signal is due to chirality. To
prove it undoubtedly one needs to show that the direction of the induced polarization is
opposite on the materials with opposite handedness, and disappears in the racemic mixtures. This chapter shows that the shear induced electric current in the Lα phase of lipids
is indeed due to their chirality.

6.2

EXPERIMENTAL APPROACH
The synthetic right enantiomer 2,3–Dihexadecanoyl-sn-glycero-1-phosphocholine (D-

DPPC)

and

the

synthetic

left

enantiomer

1,2-Dihexadecanoyl-sn-glycero-3-

phosphocholine (L-DPPC), Figure 6.1, were purchased from Sigma, and used as received. We also prepared their 50:50 mixtures (DL-DPPC) to serve as the racemate control material. Nonaqueous phases were prepared by adding 30 or 50 % wt ethylene glycol
(EG, Aldrich, 99.9% purity) to the dry lipids in screw cap vials. The samples were then
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stirred, heated and centrifuged a few times at 5000 rpm for equilibration. The final EG
concentration in the cell however maybe slightly below due to evaporation of EG during
preparation of the experimental cells, although this should be much smaller than for
aqueous solutions due the higher (196°C) boiling point of EG.

Figure 6.1 Illustration of the left handed L-DPPC. By switching the hydrogen with
one of the chain positions D-DPPC will be formed.

Resistance of experimental cells of 100 μm after filling was measured to be typically
about 50 MΩ or higher at room temperature (22°C) and about 1 MΩ at 80°C. Brief application (1 min) of 10-20 VDC to the cell electrodes was able to increase this resistance 510 times higher than before by sweeping out ions.
To investigate the effect of chirality on the tilt-induced electric polarization (piezoelectric effect), we have studied two types of sample geometries, which we will refer to as
capacitance and depression cell designs, (see Figure 6.2 ). The capacitance cell design
comprised of two transparent conductive ITO electrodes and an attached plastic pipeline.
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Figure 6.2: Illustration of the two experimental set-ups used. Top: Capacitance cell design; Middle: Depression cell design. Bottom: 3D rendering of Depression cell left and
Capacitance cell right. Medium grey illustrates the electrode areas.
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The earlier design of these cells was perfected here by using glass spacers of 100 μm
thickness and patterned ITO electrodes. In this way the UV cured NOA 71 adhesive holding the substrates and spacers never touched the electrodes. All these ensured the absence
of any artificial piezo-signal from polymer spacers or from the adhesive. Cells were
placed in an Instec Hot stage HS 2000 regulated by an Instec Heat Controller. Oscillations of the lyotropic liquid crystal material with respect to the electrodes were excited by
a compression loudspeaker fed by the lock-in internal oscillator. The oscillation frequency (80 Hz) was chosen near the broad resonant frequency of the pipeline/loudspeaker (65
Hz) measured by a piezo-crystal sensor fixed at the end of the pipeline. In addition, the
relative phase of the 80 Hz oscillating air pressure at the end of pipeline with respect to
the internal oscillator providing speaker driving voltage, was set to 0°, which is convenient for comparison of the phases. Piezoelectric response (amplitude and phase) was
measured by a computer-interfaced lock-in amplifier (7265 DSP from PerkinElmer) in a
current mode. To induce a director tilt, the pressure of the air in contact with the liquid
crystal was oscillated by a loudspeaker through a flat glass capillary of typically 3 mm
width and 100 μm thickness. This “oscillating drop method12,13” relies on an asymmetry
of the induced tilt along the planes of the electrode substrates, and requires at least partially bookshelf alignment (layers are not parallel to the substrates). The alignment was
predominantly planar and the tilt was never averaged to zero because of some dissymmetry between upper and lower half of the 100 μm layer. Although the results are only qualitative and do not provide the magnitude of the piezoelectric constant, the sample holder
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does not have moving parts, so the signals are stable and well reproducible, thus enabling
to compare materials with different chirality.
To obtain a good estimate of the magnitude of the piezoelectric response, we have
constructed the depression cell design (see lower part of Figure 6.2) as well. Here the top
plate is movable and consist of an air chamber connecting to a rectangular capillary
where the air is pumped in periodically by a loudspeaker. The top and three side walls of
the chamber is constructed from rigid glass plates, whereas the bottom is a relatively flexible Mylar sheet. This design assures a simultaneous horizontal and vertical motion of the
upper substrate. Such a motion is basically the same as used in reference 15 and chapter 4
and provides periodic tilting of the lipid layers in homeotropically aligned stacks of bilayers by silanized top and bottom substrates. In this geometry and in the Lα phase, the
shear along the layers alone would not necessarily provide tilt, but the synchronous shear
and compression is needed: the compression facilitates the tilt and the uniform shear
makes the tilt direction uniform. (We note that in the Lβ phase the compression is probably not needed, because there the director is already tilted and the shear just unwinds the
helix. The 100 μm thick side walls of the liquid crystal containing cells are coated with
Ni electrodes, thus serving both as spacers and the electrodes normal to the tilt plane and
the induced electric polarization. Piezoelectric signals (amplitude and phase) are measured by a computer-interfaced lock-in amplifier (7265 DSP from PerkinElmer). Although
this arrangement allows quantitative measurement of the induced polarization, the complex movement of the top substrate leads to pumping out of the material. For this reason,
the signals usually decrease in time and we had to fill multiple cells and average over the
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signals to get reliable estimates of the induced polarization. The magnitude of the induced director tilt was estimated as described in chapter 4 after measuring the vertical
depression of the top substrate. For this a Leitz Mirau Interferometer mounted to the objective port of an Olympus BX51 Microscope (used in reflection mode) was employed to
measure the upward or downward deflections of the sample induced by the air flow within the air chamber of the top plate. A green filter (532nm) was used to improve the fringe
resolution. The theoretical limit of the accuracy of the interferometer is 3 nm [16]; however, vibrations and thermal fluctuations in the set up extended this to about 5nm even
when the microscope was mounted on a vibration damped optical table. This error is still
much smaller than the experimentally observed sample deflections, which were typically
in the 20nm to 100nm range depending on the voltage applied on the speaker.
Textural observations and registration of the intensity of transmitted light between
crossed polarizers were done by a polarizing microscope (Olympus BX51) equipped with
a CCD camera and a photodiode. This set-up was used for detection of phase transitions
according to a method described earlier by Petrov. 17
6.3

RESULTS AND DISCUSSION
The temperature dependence of the transmitted optical signal reveal a transition

between a fluid and gel phases at around 40-45oC depending on the lipid-water composition and the direction and magnitude of temperature variation. At 1 deg/min heating and
cooling rates there is a 2 °C hysteresis between the phase transitions, which is quite normal for liquid crystals. No sign of the pretransition at 37 °C, typical for DPPC/water
phases, could be seen on both traces.
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a

b

Figure 6.3: Polarizing microscopy textures of 100μm thick D-DPPC/EG (50/50 wt%). (a)
In the fluid phase at 61.3 °C after cooling from the isotropic phase (above 100 °C). (b) In
the gel phase at 35.5 °C after cooling from the fluid phase. Note that the focal conic domains are decorated by a fine striation pattern due to chirality.

Typical textures of 100μm thick films between crossed polarizers are shown in Figure 6.3. Figure 6.3/a shows the fluid phase (61.3 °C) after cooling from the isotropic
phase (above 100 °C), and Figure 6.3/b illustrates the texture in the gel phase (35.5 °C)
after further cooling from the fluid phase. One can see periodic striped texture very similar to helical smectic C* type textures7,8 demonstrating that, although in Lβ phase the bilayers are separated by isotropic fluid EG layers, the direction of the tilt is correlated in
mesoscopic range, and lipid structure is chiral even without cholesterol12. The helical
structure does not appear in the fluid Lα phase, because there the director is not tilted with
respect to the layer normal.
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Figure 6.4: Temperature dependences of the piezoelectric signals measured at 80Hz mechanical excitations in heating for the left (L-DPPC/EG), right (D-DPPC/EG/ (50/50
wt%)) and racemic mixtures. (a) The amplitude of the signal; (b) The phase of the signal.
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Figure 6.4 shows the amplitude and phase of the piezoelectric current vs. temperature in heating for L, D and LD-DPPC/EG (50/50 wt%) in a capacitance cell. In the gel
phase the piezoelectric response is smaller in the L-DPPC than in the D-DPPC, probably
due to the difference in alignment. The amplitudes of the responses increase upon the
melting to the Lα phase, then decrease slowly at further increasing temperatures. This is
probably related to the decrease of the order parameter. This behavior excludes a possible
origin of the response related to electrokinetic effects (streaming potentials). Streaming
potentials in capacitance cell may, in principle, arise if an electric dissymmetry between
the top and bottom electrode/lyotropic interfaces is present. Although the signal of the
racemic mixture is not zero, it is an order of magnitude noisier than in the enantiomers. In
control measurements with pure EG in the capacitance cell, the current response was similar to that of the racemic DPPC mixture: very noisy and notably exponentially increasing
with the temperature (not shown). The disappearance of the piezo signal in the racemic
mixture is more evident from the temperature dependences of the phases. For the enantiomers the phases measured in the D and L components are stable and have opposite
signs both in the gel and fluid phases, clearly showing that they must compensate each
other in the racemic mixture. We note here that the phase shift we plotted in Figure 6.4b
is between the voltage driving the speaker and the induced electric current. The strain
has a phase shift φ with respect to the driving voltage (depending on the electronics of the
speaker, the frequency and the length of the air column between the speaker and the sample), and the current has a phase shift of ±90o with respect the induced charge depending
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on the sign of the chirality. For this reason the measured phase shift is ±(90o-φ), which is
symmetric with respect to zero, just as we observe.
As mentioned above, the measurements in the depression cells in principle can provide the magnitude of the polarization, but the measurements had to be repeated several
times and averaged to decrease the error below 20%. The average signals under about 50
nm maximum deflections are shown in Figure 6.5 in cooling at 80Hz.
It is clearly seen that the signals in the racemic phase are much smaller than in the
enantiomers. From the measured 50nm depression, we estimate that the induced tilt in
the center of the film is up to θ ≈ cos −1 ( (100 μ m − 0.05μ m ) /100μ m ) ~ 2o . From the
about 0.5nA current induced on 0.1mm x 5mm area at 80Hz we estimate that the maximum polarization is about 1nC/cm2. This corresponds to about an order of magnitude
smaller polarization per unit tilt than measured for the neat phospholipid, probably related to alignment and screening ion issues.
The small signal near the phase transition to the gel phase in the racemic sample
shown in Figure 6.5, can be caused by several factors that will deserve separate studies in
the future. One possibility is the increase of the induced tilt near the transition, where the
director tilt softens just as near the SmA-SmC* transitions8. This would then magnify the
effect of even small enantiomeric excess. Although the measurement error of the concentration of the D and L DPPC is only about 1%, the helical twisting powers of the different
enantiomers may not be exactly the same. We note that in de Vries type SmA* materials
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Figure 6.5: Temperature dependences of the average signals in the L, D and LDDPPC/EG systems as measured in the depression cells.

http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36

electronic-Liquid Crystal Dissertations - April 08, 2009

107

it was shown by Walba et al.18 that the electroclinic effect (which is basically the inverse
of the piezoelectric effect) is very sensitive to detect small enantiomeric excess.

6.4

CONCLUSIONS
This chapter unambiguously shows that chiral lipids display piezo-responses

while their racemic mixture does not. It demonstrates an important role played by lipid
chirality in lyotropic phases and in membranes: it makes lamellar lyotropic phases piezoelectric. Strongly note that the symmetry arguments we borrowed from thermotropic
liquid crystal physics1 used are robust, and valid even if the fine structures of the Lα and
Lβ phases are different from the SmA* and SmC*, respectively. Concerning the specific
microscopic mechanism, we suggest that the tilt of the tails lead to a co-coordinated
changing of the conformation of polar head, thus causing the transversal polarization.
Biological membranes are based on bilayers of chiral lipids. Besides, they contain
substantial amounts of cholesterol. In living conditions membranes typically are in the
fluid state and the molecules are normal to the bilayers. This is because the chains are
flexible and occupy about the same area as of the heads. When the chains freeze, they
occupy smaller area, thus leading to tilt. However, a coordinated tilt of lipid molecules
could be induced even in the fluid phase by external agents such as shear deformation,
electric or magnetic torque, steric field by embedded proteins, etc. Thus, these findings
suggest the existence of some piezoelectric phenomena in biomembranes, with a vector
of the spontaneous polarization p a r a l l e l to the membrane plane, not normal to it. If
this is the case, ion transport processes, especially proton transport along the membrane
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surface19,20,21,22 and related phenomena like ATP-synthesis20,23 should be interpreted by
paying attention to the membrane piezoelectricity.
Furthermore, the capabilities of piezoelectric/nanoparticle membrane composites
as sensors of weak magnetic fields have already been demonstrated12. The involvement
of lipid tilting as a further mechanical degree of freedom in membranes, and its inherent
piezo-coupling to the electrical degree of freedom due to chirality will further enrich the
concept and the understanding of membranes as soft mechano-electrical machines24,25.
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CHAPTER 7
SUMMARY AND FUTURE OUTLOOK
This work on the electromechanical coupling of liquid crystals has been a difficult
yet fulfilling road. New techniques were developed to measure flexoelectricity by directly
flexing a cell filled with liquid crystals. This technique was used to discover the Giant
Flexoelectric Effect in bent core nematic liquid crystal ClPbis10BB. The bend flexoelectric coefficient was found to be 70nC/m which is about two orders of magnitude larger
than predicted by Helfrich’s theory1. By applying a field to a BCN sandwiched between
two flexible substrates, the converse effect could also be measured. This effect produced
a measurable bend of the substrates and was the first time that this was seen in a fluid
thermotropic liquid crystal.
Lyotropic liquid crystals, namely phospholipids, were discovered to have electromechanical couplings too. By periodically shearing these SmA* like materials in to a SmC*
phase, polarization formed by piezoelectricity caused electric currents to flow within the
layers. This could have major implications in the field of biology. Scientist have long
studied the electrical effects across a cell membrane (which contains phospholipids). But,
signals within the membrane itself have never been realized. Phospholipids were also
doped with magnetite. It was found that the magnetite particles could also be used to produce a tilt causing a piezoelectric signal. This supports the magnetite theory of mechanoreception, a sixth sense in some animals which allows them to use the earth’s magnetic
field for navigation.
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The source of this shear induced electric current was shown to be the result of the
chiral nature of the phospholipid molecules. Signals were produced by the left handed
phospholipid ((L-alpha-Phosphatidylcholine) and also by its right handed counter part
((D-alpha-Phosphatidylcholine). However, mixtures of both yielded much smaller signals. This showed once and for all that phospholipids are piezoelectric and that the chirality of them is the source.
7.1

GIANT

FLEXOELECTRICITY

OF

BENT-CORE

NEMATIC

LIQUID

CRYSTALS
It was once thought that measuring the flexoelectric coefficient of a BCN should be a
simple thing. Just use the techniques that have always worked for the calamitic liquid
crystals. Of course, a new material would have to have many other measurements to get
this far since the standard techniques required knowledge of other material properties
(elastic constants, dielectric constants, birefringence etc). Once these were known, make,
for example, a hybrid aligned cell and let the measurement proceed. However, as past
researchers have found to their dismay2, the BCN ClPbis10BB refuses to align hybrid and
prefers to align planar. Which we now see is due to flexoelectricity3.
This complication led to motivation for a direct flexing technique that needs no
knowledge of material properties. As shown in chapter 2 and published in Physical Review Letters3, by periodically flexing a BCN filled cell and measuring the current produced at that frequency we were able to measure the bend flexoelectric coefficient of a
liquid crystal yielding 70nC/m for ClPbis10BB and 40pC/m for 5CB. This alone is fascinating since the direct flexing method has never been used before even though this is
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Figure 7.1 Temperature dependence of the bend flexoelectric coefficient of ClPbis10BB.
The improved setup consisting of a DC motor coupled to a scotch yoke was used to flex
the sample. The grey arrows show the original speaker driven yet high noise device and
the predicted value as determined from chapter 2. In the isotropic region note that the
noise is two orders of magnitude lower than the signal in the nematic phase.
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what has been predicted by Meyer almost forty years ago. Almost all prior techniques
actually probe the converse effect. That is, apply a field and measure the director distortion.
The speaker driven device showed the same giant flexoelectric effect but the electric
noise was comparable to the signal generated (see Figure 7.1). The second device which
utilized a DC motor coupled to a scotch yoke allowed the noise to be 100 times smaller
than the signal. Also, using a rod to flex the sample from the center instead of a box that
flexed the sample from the ends aided in noise reduction.
This project not only pioneers a new technique for the measurement of flexoelectric
coefficients. The discovery of giant flexoelectricity could make energy producing devices
utilizing this effect a possibility. Both ideas were included in the patent.4

7.2

CONVERSE FLEXOELECTRIC EFFECT IN A BENT-CORE NEMATIC
LIQUID CRYSTAL
The discovery of giant flexoelectricity made it possible for observations of a con-

verse flexoelectric effect. In chapter 3 and published in Physical Review E5, a voltage
was applied to a flexible Mylar substrate cell filled with ClPbis10BB and the resulting
flexing of the substrates was measured. This was a first for fluid thermotropic liquid crystals. Other techniques utilizing the converse effect for example, measured changes in intensity of light as it passed through a cell, and flexing of the substrates has not been observed.
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Now that the experiment is finished it makes sense. Even with 100µm Mylar substrates, our measured deflections yielded a radius of curvature of R≈1300m. For a calamitic molecule whose flexoelectric coefficients are 1000 times smaller, the resulting
radius of curvature would be 1000km. In other words a calamitic would deflect the substrate by one atomic length (or we could just say there is no deflection).
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Figure 7.2: Illustration of samples movement due to flexoelectricity (flexing) and capacitance (squeezing) as a function of temperature.

Displacements dflex (solid squares) and

dsq (hollow circles) of the sample at 11mm from edge and +/-90V applied
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The deflection of the substrate near its center was measured as a function of temperature.
See Figure 7.2. As expected, only attraction of the substrates, due to capacitance was observed in the isotropic phase. In the nematic phase, capacitance effects were suppressed
due to the increased viscosity of the nematic phase. However, a voltage polarity dependent flexing of the sample was seen. One polarity produced a positive curving of the substrate while the opposite produced a negative curving of the substrate.
The deflection was also measured as a function of voltage. The magnitude of the deflection increased linearly with the applied voltage up to about 60V. The deflection across
the sample at constant voltage (+40V and -40V) and temperature showed a polarity dependent cylindrical curvature.
Another important thing to reiterate, the amount of energy required to bend a substrate increases with the cube of the substrates thickness. If a 10µm substrate was used
the radius of curvature would now become 1.3m which would easily be seen with the
naked eye. This opens up the possibility for flexoelectric driven actuators, beam steering
devices and even elastomers.

7.3

ONGOING WORK WITH THE DIRECT FLEXING TECHNIQUE
Investigations using different BCN materials are ongoing. Currently, four other ma-

terials show the bend flexoelectric coefficient to be in the giant range ~100nC/m. When
mixed with rod shaped molecules we find that e3 goes down as the concentration of rod
shaped molecules increases.
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Figure 7.3: Illustration of the frequency dependence of the bend flexoelectric coefficient
of a typical bent core nematic absorbed in an elastomer (i.e. a swollen elastomer). I/f is
the normalized current divided by the frequency. We see that the bend flexoelectric coefficient is relatively constant in the 2 to 4Hz range but soon relaxes. Data courtesy of M.
Chambers.

An elastomer material will slowly absorb a BCN causing it to increase its size. This
forms a swollen elastomer6. It too will be a flexoelectric material which could be measured by the direct flexing technique. Figure 7.3 shows a typical swollen elastomer6 system measured by Martin Chambers from the Jakli group. One advantage of using a swollen elastomer is the BCN material doesn’t leak out from between the substrates like pure
BCN.
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7.4

PIEZOELECTRICITY OF PHOSPHOLIPIDS
Chapters 4, 5 and 6 is the sum of four different experiments that study the piezoelec-

tricity of phospholipids, which are the main constituents of cell membranes. It has been
known (at least by liquid crystal scientists) for some time that the cell membrane was an
ordered 2D fluid7 namely a SmA*. Besides exhibiting the well studied flexoelectric effect8, we wondered what other electromechanical effects could a cell membrane produce.
As discussed in chapter 4 and published in the journal Liquid Crystals9, by periodically
shearing and compressing films of hydrated L-α-Phosphatidylcholine,

representing

many membrane layers, tilting of the molecules was induced a symmetry breaking SmC*
phase. The tilt of the molecules with respect to the bilayer’s normal, produced electric
current perpendicular to the tilt plane, corresponding to a polarization of about 300
nC/cm2 at 5 degrees of tilt.
If many layers of phospholipid are piezoelectric, the same argument should hold for
one layer since the phenomena is not layer number dependent assuming that the physics
does not change down to a few layers width. Another interesting result is the fact that the
signal produced is within the bilayer. Therefore, it can not be easily screened out by the
many ions that contained in the plasma inside and outside of the cell.
In chapter 5 we showed that a mixture of hydrated L-α-Phosphatidylcholine doped
with 0.5wt% of ferrofluid of magnetite (Fe3O4) nanoparticles placed in a 100G magnetic
field oscillating at 1.1Hz could produce a piezoelectric response. Here the magnetite was
used to tilt the layers. We hypothesize from this result that the cell membranes themselves could be used as sensors for magnetoreception. If magnetite is present in some of
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an animal’s cells, it may distort the cell membrane producing a piezoelectric signal within
the cell membrane while the animal is traveling through the magnetic field of the earth.
Chapter 6 was work published in Physical Review E10 showing that the chirality of
lipids makes them piezoelectric. The synthetic right enantiomer 2,3–Dihexadecanoyl-snglycero-1-phosphocholine

(D-DPPC)

and

the

synthetic

left

enantiomer

1,2-

Dihexadecanoyl-sn-glycero-3-phosphocholine (L-DPPC) and a racemic mixture was studied.
The first part of the experiment of chapter 6, a capacitance cell (see Figure 6.2) was
used. From this we saw quite nicely that the phase shift between the left and right enantiomers were opposite in sign. This is what we would expect for a piezoelectric signal.
We also note that the racemic mixture just gave noise.
The second part (see Figure 6.2) used a set up which exploited the fact that simultaneously compressing the layers while shearing will produce tilt. See Figure 6.1. The experiment showed that D-DPPC and L-DPPC give similar signals yet the racemic mixture
yields next to nothing. Again these are expected results which support the fact that phospholipids are piezoelectric and therefore cell membranes may also be piezoelectric.
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Figure 7.4 The phase of the piezoelectric signal in the capacitance cell of both L-DPPC
and D-DPPC and their racemic mixture. Note both Lβ and Lα phase show opposite sign
for corresponding opposite handedness while the racemic shows just noise.

7.5

FUTURE PROBE OF PIEZOELECTRICITY IN MODEL AND REAL CELL
MEMBRANES
Our work on the piezoelectricity of phospholipids indicates that cell membranes are

also piezoelectric. A natural progression to this project is to perform the experiment on
lipid bilayers and even real cell membranes. Currently work is in progress that would
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allow the forming of a membrane over a rectangular frame with the two long sides acting
as contacts to measure the induced current. This will also be done in an aqueous environment with the hope that ionic screening does not occur because, as said before, the
signal is within the layer of the membrane.
Real cell membranes will also be used. The membrane of a frog’s egg is very similar
to a typical cell membrane and large enough in size to make measurements practical. Also, the membrane that surrounds the yolk (the vitelline membrane) of an egg will be
measured as a control since it is composed of only 3% phospholipid11. Eventually, the
patch clamp technique could be used if one figures out how to deposit two electrodes at
the point of membrane contact.

7.6

PIEZOELECTRICITY OF A TETRAHEDRATIC PHASE
Wiant et. al. 12 reported measurements of optical birefringence induced by high mag-

netic fields and dynamic light scattering have been performed on ClPbis10BB bent-core
liquid crystal at temperatures above its clearing point. The results of these measurements
provide evidence of a phase transition between two different isotropic phases above the
nematic phase which is consistent with the development of a novel ``tetrahedratic" form
of orientational order. Here we note that the direct flex experiment also picked up a
strong signal just before the N-I transition on cooling. (See Figure 7.1) We propose that
this signal comes from this tetrahedratic phase which theoretically predicted by Brand,
Pleiner and Cladis13 gives a piezoelectric signal.
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Figure 7.5 Illustration of piezoelectric response of the believed to be tetrahedratic13 phase,
which is above the nematic transition. Both the nematic phase and the isotropic fluid
phase show the background noise.

The same experimental set up used for the study of piezoelectricity of phospholipids
measurements (see Figure 4.3) was used to measure the piezoelectricity of this tetrahedratic phase. Although, some promising data was recorded, reproducibility was not satisfactory. Figure 7.5 shows a noticeable peak that is consistent in width and temperature
range of the tetrahedratic phase for on ClPbis10BB. Unfortunately the background noise
is comparable to the signal. Simultaneous microscope observations show the transition to
the nematic phase to be at 70.7°C proving that the signal occurs above this temperature.
We note that although this study is in line with the theme of this dissertation, more
evidence needs to be gathered. At its present level the project is only deserving of a brief

http://www.e-lc.org/dissertations/docs/2009_04_08_18_22_36

electronic-Liquid Crystal Dissertations - April 08, 2009

123
mention in the conclusion rather than a dedicated chapter. We have plans to create another device which would give a much larger shear amplitude instead of the maximum 5µm
shear that this device allowed, thus, will produce signals well above the noise level.

7.7

BIO-INSPIRED LIGHT-HARVESTING LIQUID CRYSTALLINE
PORPHYRINS FOR ORGANIC NANOSTRUCTURED PHOTOVOLTAICS

Finally we briefly describe an almost one year of work which was published in Liquid
Crystals14 and resulted in one US patent15 and an international patent. The work is
somewhat distant from the main theme of this dissertation, although it still falls in the
energy generation in liquid crystals.
A new class of porphyrins were developed to have liquid crystalline properties by
researchers at the Liquid Crystal Institute in Quan Li’s group16. Their basic structure is
inspired by naturally occurring light-harvesting materials (a porphyrin core). Attached to
the core are long chains which causes the porphyrin to form a discotic hexagonal columnar phase as shown in Figure 7.6. This project used a 12 carbon chain (P12 for porphyrin
with 12 carbon). These materials can be homeotropically aligned into a highly ordered
nanostructure in which the columns formed are perpendicular to the film substrate. Simple capillary filled cells with ITO as one conductor and gold as the other were constructed. It was found that the alignment was dependent on the cooling rate. The initial
compound studied had a very narrow temperature range in the columnar phase which will
homeotropically align on untreated ITO and gold.
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Figure 7.6 Typical structure of patented porphyrin and photographs of how cooling rate
effects the alignment of porphyrin liquid crystals. Top shows the molecular structure of
P12. Left shows simultaneous existence of isotropic phase (red) columnar phase (dark
red) and the unaligned crystal bayonets which will eventually consume the entire view
area resulting in poor alignment. Right shows beautiful homeotropic alignment with a
few defects which appear in cooling by quenching.
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This phase was not visible by polarizing microscope, naturally, but there was enough index of refraction difference between this and the isotropic phase that it could be seen
without using the polarizers. We found by cooling quickly via removing the cell from the
heater and placing on the lab table top, that the columnar phase would freeze and the typical crystalline bayonets would not form as shown in the right half of Figure 7.6.
The homeotropic alignment, now confirmed by synchrotron X-ray diffraction16, is extremely important for photovoltaic applications since this is the most favorable molecular
arrangement that can provide the most efficient path for electrons and holes along the columnar axis, and the light-harvesting molecules are arranged with the largest area toward
the coming light. The aligned cells were illuminated with the 2mW/mm2 white light
which is the equivalent of 2 suns. Even these simply constructed 2µm cells produced
30mV of voltage. However, their GΩ range of resistance which is the result of the abundant hydrocarbon chains resulted in low efficiency.
However, efforts to make a proper photovoltaic cell were very positive. 0.7% efficiency14 was produced when C60 and P12 were mixed with a 1:1 weight ratio as measured by Sun and Dai who were collaborators from the University of Dayton.
This work shows the essence of nanotechnology in which the core issue is selfassembly due in large part of combining porphyrin together with the unique properties of
liquid crystals. The results provide some insight on the development of organic photovoltaics by using homeotropically aligned liquid crystal thin films.
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7.8

FINAL WORDS
The field of liquid crystals has been dominated by studies of the electro-optical

coupling. This is due in no small part from consumer demand generated by the display
industry. It is still a young field of study. As we learn more and more about liquid crystals we find other effects that can be utilized to do some good in this world. In the future,
the electro-mechanical properties could be used to make power generators, actuators and
even artificial muscles. The study of the electro-mechanical properties can provide deeper
insight into field of biology since life itself is dependent on liquid crystalline material.
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