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Resumen
“Propiedades ópticas no lineales y estructurales de
nuevos materiales cristal líquido tipo bent-core”
Las propiedades de los cristales líquidos los han convertido en el fundamento de
numerosas aplicaciones tecnológicas, en particular los ubicuos LCDs (Liquid Crystal
Displays). Por ello, el estudio de nuevos materiales cristal líquido ha llegado a ser un
campo de investigación de gran interés. Una labor esencial consiste en identificar la
relación entre la estructura molecular y las propiedades macroscópicas del material.
Esta tesis pretende ser una pequeña contribución a dicha tarea. En concreto, se centra
en el estudio de materiales formados por moléculas bent-core o banana, un tipo de
compuestos con propiedades mesomórficas muy en voga desde los años 90. El
trabajo realizado se basa en dos ejes fundamentales:
- el estudio del comportamiento electroóptico y óptico no lineal en
nuevos materiales cristal líquido tipo banana (bent-core liquid crystals)
específicamente diseñados para conseguir altas eficiencias en la
generación de segundo armónico u otras propiedades relevantes, como
por ejemplo el fotoalineamiento;
- el análisis estructural, mediante difracción de rayos X, de distintas
mesofases de interés que presentan texturas no convencionales.
En el primer capítulo se recoge una introducción general al tema, empezando por
la definición de cristal líquido para acabar con una descripción más extensa del
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estado del arte sobre compuestos tipo banana y las propiedades ópticas no lineales en
cristales líquidos. La óptica no lineal estudia los fenómenos derivados de la respuesta
no lineal del material a los campos eléctricos. Los materiales con alta respuesta no
lineal tienen interés tecnológico en la fabricación de moduladores electroópticos
ultrarrápidos. La respuesta electroóptica rápida necesaria en estos dispositivos es de
origen electrónico y, por lo tanto, a la hora de caracterizar su eficiencia, es necesario
separar las contribuciones electrónicas de las provenientes del movimiento
molecular. La manera más simple de estimarla es mediante medidas de generación de
segundo armónico (GSA). La GSA es un proceso no lineal por el cual dos fotones de
frecuencia ω son absorbidos y se emite un fotón de frecuencia 2ω. Este proceso está
íntimamente relacionado con el el efecto electroóptico rápido, por lo que los
materiales con buenas eficiencias en GSA tendrán a su vez importantes respuestas
electroópticas de carácter electrónico.
La eficiencia de este proceso depende de la composición y la estructura del
material. Los cristales líquidos feroeléctricos en particular presentan un orden polar
(no centrosimétrico) que hace posible la GSA. Además, tienen como ventajas una
gran versatilidad en cuanto a su diseño molecular y la posibilidad de formar
monodominios mediante la aplicación de campos eléctricos adecuados. Dentro de
este ámbito, frente a los tradicionales compuestos calamíticos, los cristales líquidos
bent-core poseen mejores posibilidades dada su geometría molecular: permiten
utilizar moléculas aquirales, adquieren un mayor orden polar y admiten grupos
donor-aceptor más grandes para aumentar su hiperpolarizabilidad y conseguir así una
mayor eficiencia no lineal. También ofrecen interés desde el punto de vista
fundamental, puesto que las moléculas aquirales de estos materiales son capaces de
formar estructuras quirales y muchas de las mesofases a las que dan lugar son
completamente nuevas. A día de hoy se han encontrado hasta ocho fases o familias
de fases tipo banana diferentes designadas con la notación B1 - B8.
El segundo capítulo está dedicado a describir la preparación de muestras y la
metodología experimental. Por un lado, una parte más extensa sobre las técnicas
ópticas, como son la microscopía óptica de polarización, para la observación de
texturas y del comportamiento electroóptico, y las medidas de GSA. Por otro, una
breve exposición de la difracción de rayos X aplicada a estos materiales.
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A continuación se recogen a lo largo de cinco capítulos los resultados
experimentales obtenidos durante los cuatro años de trabajo en el grupo de cristales
líquidos de la Universidad del País Vasco. Estos resultados ya han sido publicados o
aparecerán en breve en varias revistas científicas, tal y como se detalla en la lista de
publicaciones al final de la tesis.
Con respecto a los contenidos, estos cinco capítulos de resultados pueden
dividirse en dos partes. La primera (capítulos 3 a 5) abarca el estudio de nuevos
materiales bent-core sintetizados por el grupo de cristales líquidos de la Universidad
de Zaragoza con quienes colaboramos. La peculiaridad de los compuestos del
capítulo 3 es la presencia de enlaces azo y azoxy. Estos enlaces funcionan como
puentes entre los grupos donor y aceptor de la molécula y permiten una alta
movilidad electrónica, por lo que mantienen una buena eficiencia en la GSA, como
se comprobó experimentalmente. Al mismo tiempo, permiten la isomerización cistrans mediante la absorción de luz. Ya se habían utilizado para el fotoalineamiento
de cristales líquidos y existían referencias de efectos fotoinducidos en otros
materiales tipo banana. Los resultados a este respecto no fueron los esperados, pues
no se consiguió su fotoalineamiento con luz polarizada, aunque sí se observó una
transición isoterma a la fase superior de líquido isótropo durante la iluminación. Sin
embargo, se determinaron las mesofases así como sus respectivas estructuras en los
tres compuestos, siendo una de ellas columnar y las otras dos esmécticas. Para ello,
contrariamente al procedimiento habitual, además de los datos de la posición de las
reflexiones de Bragg en los diagramas de difracción de rayos X, también
aprovechamos los datos de las intensidades integradas de los picos para obtener los
mapas de densidad electrónica. Es la primera vez que se utiliza este método con esta
clase de materiales y constituye una herramienta extremadamente valiosa para
descubrir detalles adicionales de la organización molecular. Mediante el mismo
procedimiento, en el capítulo 5 determinamos las estructuras de dos de las mesofases
de una serie de tres compuestos con grupos tetratiafulvaleno (TTF). También
presentan una fase columnar y dos esmécticas. Estos resultados son especialmente
relevantes ya que algunas de estas mesofases son totalmente nuevas y la
determinación de la estructura de las mesofases en cristales líquidos tipo banana es
objeto de una intensa actividad investigadora.
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Por otro lado, los grupos TTF son excelentes donores de electrones y las medidas
cualitativas de GSA sugieren que la eficiencia de estos compuestos podría llegar a
ser el doble de los valores máximos medidos en compuestos tipo banana. Además, al
estar diseñados originalmente como materiales funcionales, también muestran
propiedades fotoinducidas. Uno de los compuestos es fotoconductor en todo el rango
de temperaturas y el efecto es especialmente notable dentro de la mesofase. Esta
propiedad podría ser de origen electrónico debido al solapamiento de orbitales π
entre grupos TTF adyacentes dado el alto grado de empaquetamiento molecular en
las mesofases esmécticas. La iluminación con luz ultravioleta cerca de la transición a
líquido isótropo también provoca un cambio irreversible tal que impide la formación
de dominios macroscópicos. En su lugar aparece una textura ópticamente isótropa,
pudiendo distinguirse con claridad el proceso de segregación de microdominios con
quiralidades opuestas (deracemización) al aplicar un campo eléctrico alterno.
Ambas series de compuestos muestran claramente la versatilidad de los
compuestos tipo banana para sintetizar mesógenos con propiedades específicas
mediante la introducción de grupos funcionales adecuados. En este caso la
fotoisomerización, paso previo al fotocontrol de la orientación molecular, y la
fotoconductividad. En cuanto a las propiedades ópticas no lineales, en el capítulo 4
se demuestra que es posible conseguir valores superiores para la hiperpolarizabilidad
siguiendo una estrategia de síntesis similar. De acuerdo con los datos y la teoría
disponibles, existen grupos donor y aceptor, así como grupos de enlace entre ellos,
diferentes a los empleados hasta ahora que permitirían mejorar la eficiencia de GSA.
Es más, no sólo su eficiencia es muy superior a la de los cristales líquidos
calamíticos tradicionales, también el orden polar. Como prueba de todo ello, en el
mismo capítulo se analiza un compuesto tipo bent-core cuyo tensor de
susceptibilidad dieléctrica no lineal presenta los coeficientes más altos obtenidos en
cristales líquidos. De hecho, llegan a sobrepasar el valor que nos planteábamos como
objetivo (50 pm/V) para su aplicación en moduladores electro-ópticos.
La segunda parte de la tesis (capítulos 6 y 7) está dedicada a dos cuestiones que
permanecen aún abiertas y que están directamente conectadas con aspectos
fundamentales de estos materiales (conformación molecular, quiralidad estructural).
En primer lugar, en el capítulo 6, la fase ópticamente isótropa o fase oscura es

http://www.e-lc.org/dissertations/docs/2009_04_06_04_49_05

electronic-Liquid Crystal Dissertations - April 08, 2009

estudiada en un compuesto que presenta la particularidad de que el campo eléctrico,
según las condiciones bajo las cuales se aplique, induce dos versiones de la misma
(homoquiral y racémica). Si se aplica el campo sobre dicho material durante el
enfriamiento desde la fase de líquido isótropo, la fase oscura presenta dominios
macroscópicos de quiralidad definida. Por el contrario, estos dominios no aparecen si
se induce la fase oscura aplicando un campo idéntico dentro de la mesofase tras el
enfriamiento sin campo aplicado. De nuevo tiene lugar un proceso de
deracemización inducido por campo que podemos observar gracias a la actividad
óptica de los dominios quirales y la birrefringencia prácticamente nula de la textura.
Asimismo, las características estructurales de este tipo de mesofases constituyen otro
desafío. Todas las observaciones apuntan hacia alguna clase de organización
mesoscópica especial con una estructura microscópica puramente esméctica que
aparece reflejada en los diagramas de difracción. Nuestros resultados son
compatibles con el modelo tipo esponja en el cual los planos esmécticos se curvan
generando una intrincada estructura. Mediante el registro de la GSA, complementado
con medidas de transmisión óptica, se confirma el carácter antiferroeléctrico de la
mesofase. Este hecho desecha el escape de la polarización como origen de la
curvatura de los planos esmécticos. La quiralidad también queda descartada porque
en este material aparece una versión racémica de la fase oscura. Por tanto, de las tres
causas propuestas hasta ahora como responsables de la formación de esta clase de
mesofases tan peculiares, nuestros resultados determinan que la única posible se debe
a razones estéricas. Por otra parte, dejando a un lado el problema de las altas
temperaturas de funcionamiento, también se propone que estas mesofases podrían ser
utilizadas en LCDs dadas sus singulares características, en general más ventajosas
que otras propuestas existentes y comparables a las utilizadas en dispositivos reales:
rapidez de conmutación entre estados de transmisión máxima y mínima (tiempo de
respuesta del orden de 0.1 ms), alto contraste (300:1), escala continua de grises,
ángulo de visión amplio y todo ello sin necesidad de alinear el material.
Finalmente, en el último capítulo realizamos un estudio estructural de la fase
conocida como B4. Ésta se caracteriza también por una textura oscura, aunque en
general presenta un tono azulado, con domininios macroscópicos de quiralidades
opuestas. Genera señal de segundo armónico sin necesidad de aplicar campo
eléctrico y en las medidas de difracción de rayos X aparecen reflexiones propias de
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una estructura lamelar a bajo ángulo. La propuesta más plausible para explicar todas
estas peculiaridades parece ser una estructura helicoidal tipo TGB (Twist Grain
Boundary) de bloques esmécticos ferroeléctricos con la polarización dirigida en la
dirección del eje de la hélice. Sin embargo, de acuerdo con nuestros resultados, la
GSA es excesivamente débil en comparación con la que en teoría debería obtenerse
de una estructura así. Por otro lado, en la región de ángulos altos de los diagramas de
difracción de rayos X se registra una serie de picos en lugar de la reflexión difusa
característica de las mesofases. La indexación completa del diagrama de difracción,
que aparece por primera vez en esta tesis, nos permitió calcular la proyección de la
densidad electrónica sobre los planos esmécticos y proponer una disposición local
antiferroeléctrica de las moléculas dentro de los mismos. Este ordenamiento permite
la existencia de GSA y explicaría los bajos niveles de señal medidos en esta fase.
Nuevamente la GSA demuestra ser una técnica adecuada para el análisis de la
polaridad, con ventajas claras respecto a otros métodos (por ejemplo, las medidas de
corriente de polarización). En cualquier caso, queda demostrado igualmente que
sigue siendo necesario combinar varias técnicas para conseguir resultados fiables,
porque cada una tiene sus propias sutilezas, errores y desventajas.
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“I took physics because it was interesting, and it excited me,
not to buy myself a job…,
come on, there’s a world out there!
Let’s go look at it! Be something different”
Angus MacGyver,
MacGyver, episode #10, 1st season
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Foreword*
The combination of long range order and mobility in liquid crystals is a basic
requirement for the developement of living matter and provides the foundation for
numerous future technological applications: new photonic materials, organic
semiconductors, switchable nonlinear optical materials, optical switches and phase
modulators. Nowadays, the best known aspect of liquid crystals is their application in
displays. Liquid Crystal Displays (LCDs) can be found in a lot of common
instruments, from watches and calculators, first available in the 1970s, to flat screens
*

Image sources: bendable BiNem LCD by Nemoptic (at wwww.nemoptic.com/content.php?section=technology&id=3);
beetle by Bob Molil (at www.pbase.com/rcm1840/image/73240070); lasing LC cell from the Dept. of Engineering, University
of Cambridge (at www.eng.cam.ac.uk/news/stories/2006/materials_today); PetaComm (at www.peta-comm.com); LC light
shutter add from Balder (at www.balder.si); myelin microphotograph (at www.geocities.com/Omegaman_UK/lcd.html); LCD
glass and film from Prodisplay (at www.prodisplay.com); LC glass from Stanley Glass (at stanleyglass.trustpass.alibaba.com);
cell membrane from the blog Molecular Torch (link no longer available).
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Foreword

in laptops and TVs. Surely most of us were surprised the first time we touched one
and checked how something inside the screen seemed to flow like a liquid, even
colours appeared in the black and white display of our calculator. In fact, it was the
discovery of their technological potential at the beginning of the 1960s that raised the
interest in these materials. On the other hand, the liquid crystals employed in
displays, despite being organic materials, are not found in nature. Consequently, the
chemical synthesis of liquid crystals has become a field of research in its own right,
since all their physical and optical properties depend on the functional groups
included in the molecules. Therefore, an essential task consists in setting the
relationships between the molecular structure and the macroscopic properties of the
mesophases. This thesis is a small contribution to that challenge, focusing on the
structure of the phases, as well as on their electrooptic and nonlinear optical
properties. Actually, the study only covers compounds made up of bent-shape
molecules, also known as banana molecules, a fashionable field of research within
the liquid crystal world since the 1990s.
Throughout the first chapter, I will give an introduction to the subject from a
historical perspective, focusing on the facts most concerned with the development of
the compounds studied in this thesis. Thus, it will provide a better picture of the state
of the art nowadays and the necessary background to understand the results presented
afterwards. The next chapter describes the experimental techniques employed:
polarizing optical microscopy, second harmonic generation and X-ray diffraction.
Because they appear mentioned in the introduction, the reader is referred to this
second chapter for further explanations.
Then, the chapters devoted to the results that we have obtained for the last four
years in the liquid crystal group at the University of the Basque Country and in tight
collaboration with the group of chemists at the University of Zaragoza. These results
have already been published in scientific journals or are about to be published (see
the list of publications at the end). Although the text is adapted to the thesis format, it
is mostly extracted from these articles, including some minor additions and/or
changes. Chapters 3 and 5 summarize the characterization of two series of new bentcore materials. They were originally designed to enhance certain properties and test
the relationship between the molecular structure and the mesophase properties. The
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Foreword

3

first series of compounds contains azo or azoxy linking groups in their legs, whereas
the second series have tetrathiafulvalene units linking the bent-core and the terminal
units. Chapter 4 consists of a first part with a review on the second harmonic
generation capabilities of bent-core liquid crystals and a second part where a
compound specifically designed to enhance these properties is described. On the
other hand, chapter 6 deals with the dark phase in banana liquid crystals and its
application as an LCD mode. Finally, the last chapter proposes a new molecular
arrangement for the mesophase called B4 based on the indexation of the whole X-ray
diffraction diagram and the efficiency of second harmonic generation.
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1. Background and motivation

1.1. Liquid crystals
The word liquid crystal refers to an intermediate state of matter between solids
and liquids. Its properties also fall between those of a crystalline solid and an
isotropic liquid, so herein lies the origin of the name. By extension, the same term
usually refers to all those materials which show one or more of these mesomorphic
phases or mesophases1. A more exact definition must take into account their inner
structure; citing the classic book by P. G. de Gennes [2], they are systems whose
components keep “liquid order” in at least one direction in space and a certain degree
of anisotropy. In other words, the molecules or groups of molecules can flow freely
as if they were inside a liquid (there is no positional order or it only appears in one or
two dimensions), whereas there is long range orientational order. Actually, if you
have the rare opportunity to see a liquid crystal in a bottle, it is more or less liquidlike in appearance (see an example below in fig. 1.3). Only by studying it carefully
you will realize that some of their properties differ from those of a liquid, due to this
orientational order.

1

In fact, it would be more precise to use the terms mesomorphic phase or mesophase for the matter
state and mesogen for the material. The name liquid crystal was coined by the physicist Otto Lehman
at the beginning of the 20th century to describe the behaviour discovered by an Austrian botanist,
Friedrich Reinitzer, in compounds derivated from the cholesterol in carrots (I was tempted to entitle
this chapter “From carrots to bananas”). He thought of them as crystals that flow. However, as George
Friedel pointed out later, they are not crystals or crystalized substances, since their properties are
different, but they are not liquids either, in spite of flowing like them [1].
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The components or building blocks of these materials are organic molecules.
Their shape is an important precondition, since they must be anisotropic, that is, not
all directions alike. So they are wider (or narrower) in one direction than in the rest to
promote a preferred orientation. Although the induced orientational ordering is not
perfect, they group together pointing in average in a certain direction, which is
r
usually represented by a vector n called director. Still, the molecules are able to
slide along or between each other and this makes the material fluid. Traditionally,
liquid crystals have been divided into calamitics, when they are composed of
!
elongated or rod-shaped molecules, and discotics, when composed of disk-shaped
molecules (fig. 1.1). However, these geometries are not the only possible molecular
configurations to give rise to liquid crystals. The materials studied in this thesis are
an excellent example.
R
O

R
O
R

O

O

O

O

O

O

O

O
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O
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Figure 1.1 Examples of calamitic (left) and discotic (right) molecules, together with the
graphic representations of their geometry, which are usually employed in pictures of the
mesophase structures.

As they are intermediate states of matter between solids and liquids, many liquid
crystal phases appear by varying the temperature. The liquid crystal materials where
this happens are called thermotropics (figs. 1.2 and 1.3). Thus, when the liquid
crystal is heated above a certain temperature (clearing point), the molecules are even
more free to move, so they mess up and orientate randomly, and the material will
transform into a real liquid, named isotropic because now all directions are alike. On
the contrary, if the liquid crystal is cooled down below its melting point, the
molecules will stick to each other to form a crystal where their positions are fixed in
a certain pattern (lattice).
Thermotropics have been the most extensively studied up to now and used in a
wide variety of applications. Nevertheless, other kind of liquid crystal phases can be
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obtained, for instance, in polymers or by varying the solvent concentration in a
solution (lyotropics).

Figure 1.2 Phase structure sequence of a thermotropic liquid crystal as the temperature
goes up from left to right. The mesophases are explained in the text. Source: Liquid
Crystal Group at TU Berlin, http://moebius.physik.tu-berlin.de/lc/lcs.html

Figure 1.3 Although all the liquid crystals do not look like cloudy liquids to the naked
eye, in the pictures this fact helps to distinguish how the material changes from the
nematic phase at room temperature (left) to the transparent isotropic liquid phase (right)
as it is heated with a hairdrier. Source: pictures from a movie by Martin Bates, now at
the York University Liquid Crystal Group, published by Tim Sluckin, Applied
Mathematics Group at the University of Southampton, available at http://www.personal.
soton.ac.uk/tim/lc.html

Ever since their discovery, two kinds of clearly different mesophases have been
identified: nematic (N) and smectic (Sm) phases. In nematic phases the molecules are
completely free to glide around in the sample as long as their orientation is ordered
(figs. 1.4 and 1.7). Although they adjust their orientation to that of their nearest
neighbours, they are not directly influenced by molecules further away. Therefore,
the director may vary its orientation over a long distance relative to the molecular
length, giving rise to defects where regions with different director orientations meet
(fig. 1.5). On the other hand, in smectic phases, molecules arrange themselves into
parallel layers (smectic layers or planes). These layers are more or less equally
spaced but not quite rigid. Regarding the molecular organization inside the layers,
there are several types of smectic phases (fig. 1.6). In the most widespread ones, rodlike molecules can move freely within the layers and orient themselves with their
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long axes parallel (SmA phase) or tilted an angle θt (SmC phase) with respect to the
layer normal. Appart from defects, smectic liquid crystals also form domains, areas
where the layers are stacked in a common fashion. Besides nematics and smectics, a
third group are the columnar phases (Col), which exhibit the highest level of
positional order in a liquid crystal as the molecules pile into columns (fig. 1.7).

Figure 1.4 Molecular arrangement of a calamitic liquid crystal in the nematic phase.
Source: Kevin Yager, Barrett Research Group, McGill University, http://barrettgroup.mcgill.ca

Figure 1.5 Left: Director field lines at nematic liquid crystal point defects (source: ref.
[3], picture available at http://www.tfe.gatech.edu/faculty/mohan/lcweb). Right: Texture
images of some nematic point defects: Schlieren texture of a nematic film (top left) and
wall defects (top right) by Oleg Lavrentovich, Liquid Crystal Institute, Kent State
University (available at http://www.lci.kent.edu/lcimages.html); nematic liquid crystal
confined to a transmission electron microscope grid (bottom) by Sarah Teren,
Department of Chemical and Biological Engineering, University of Wisconsin-Madison
(Image of Distinction, Nikon’s Small World Photomicrography Competition 2007,
available at http://www.nikonsmallworld.com)

http://www.e-lc.org/dissertations/docs/2009_04_06_04_49_05

electronic-Liquid Crystal Dissertations - April 08, 2009

1. Background and motivation

9

Figure 1.6 Left: Molecular arrangements in SmA and SmC phases (source: Kevin
Yager, Barrett Research Group, McGill University, available at http://barrettgroup.mcgill.ca). Right: Texture image of SmA domains (source: Oleg Lavrentovich,
Liquid
Crystal
Institute,
Kent
State
University,
available
at
http://www.lci.kent.edu/lcimages.html).

Figure 1.7 Molecular arrangements in the nematic (left) and columnar (right) phases of
discotic liquid crystals. Source: Kevin Yager, Barrett Research Group, McGill
University, http://barrett-group.mcgill.ca

Many compounds show more than one mesophase and they transform from one
phase into another at certain transition temperatures. The types of mesophases
observed in a compound depend greatly on the shape of their molecules2. Calamitics
mainly induce nematic and smectic phases, whereas discotics are responsible for
other nematic phases and most of the columnar phases.
1.1.1. Liquid crystals and light
As mentioned in the foreword, LCDs were the main reason for the rise of the
liquid crystal research. So their optical properties must be one of their important
features. In fact, the way light is affected when it goes through these materials is a
central subject in this whole work.

2

The molecular shape is only a necessary condition to obtain liquid crystal phases, but it is not
enough. Not all rod- or disk-shaped molecules give rise to mesophases.
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In isotropic media, the refractive index n is independent of the light direction. In
this case, if the light is polarized, its polarization is preserved. However, in
anisotropic media like liquid crystals, all directions are not alike. Consequently, the
light polarization may change after traversing the material. Indeed, light coming from
different directions will “see” the molecules from different angles. Therefore, the
material will show different refractive indices depending on the direction and
polarization of light. This is why anisotropic materials are called birefringent in
optics. The electric field of a linearly polarized light wave will generally split up in
two components polarized along perpendicular directions. These directions
correspond to the principal axes of the ellipse obtained when the index ellipsoid is
intersected by a plane perpendicular to the propagation direction. Each component
will “feel” a different refractive index. This fact will delay the oscillation of one
component with respect to the other depending on the difference Δn between both
indices, called birefringence, the wavelength λ of the light and the sample thickness
traversed by the light. Such a phase shift between the two components will alter the
polarization of the outgoing light wave.

Figure 1.8 Schematic pictures of the mesophase structures and the orientation of their
optical indicatrices. From left to right: N, SmA and SmC (based in a picture from ref.
[4]).

The index ellipsoid or optical indicatrix is closely related to the dielectric tensor
(since n = " ) and can be intuitively constructed in certain cases (fig. 1.8). In fact, in
calamitics, its orientation depends on how the director and the molecules are oriented

!

in the mesophase. For example, N and SmA phases, because of symmetry reasons
(see section 1.1.3.), are uniaxial, that is, they only have one optic axis. It goes along
the director and is one of the principal axes of the ellipsoid. This permits us to
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position the indicatrix. Or conversely, we could get to know the director orientation
if we study the birefringent properties.
In summary, liquid crystals behave like birefringent materials, the same as
crystals. However, the atoms and molecules within crystals are fixed and this makes
a great difference, because in liquid crystals they are able to move collectively.
Moreover, you can even control their orientation to change the optic axis and the
optical properties.
1.1.2. Liquid crystals and electric fields
In anisotropic materials, polarization depends on the strength as well as on the
direction of the electric field. Most calamitic compounds are easier to polarize along
the molecular long axis than perpendicular to it. This fact is given by the molecular
structure and can be deduced from the dielectric tensor of the material. It is this
difference in polarizability that allows controlling molecular orientation, since the
molecules will align with their long axes along the electric field. Thus, using proper
electric fields, you can change the material optic axis by changing or switching the
molecular orientation in an LCD, so the bright regions become dark, or vice versa.

Figure 1.9 Head-tail invariance arrangement according to de Gennes [2]. The molecules
are depicted as grey figures and the arrows represent the dipoles

Even in the absence of an electric field, although molecules are electrically
neutral, electrons can be distributed within them in such a way that one part of the
molecule is positive (the ‘head’) and another part negative (the ‘tail’). This is called a
dipole, and most liquid crystals are composed of dipolar molecules. If all the dipoles
point more or less in the same direction, there will be a region in the material with a
net positive charge and another region with a net negative charge, so a spontaneous
r ! pr
i
polarization is present ( P =
). However, in liquid crystals, despite the
volume
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orientational ordering, there is the same number of molecules with their head ‘up’ as
with their head ‘down’, and the polarization cancels out (fig 1.9). According to de
Gennes [2], if all dipoles were ‘up’, the phase would be unstable because the head
and the tail of each molecule are generally different in size and the whole structure
would deform. Or it might be due to the volume of the molecules, so that dipoledipole interaction is too weak to generate long-range polar order [5]. This property is
called “head-tail” invariance and is related to the symmetry of the material.
1.1.3. Liquid crystals and symmetry
In science symmetry is defined in mathematical terms. When we say that an
object is symmetric, we mean that it is invariant under any kind of transformation,
that is, its appearence or the object itself are unchanged by an operation such as a
rotation, a mirror reflection or an inversion. For example, head-tail invariance is one
of these symmetries and appears in all the thermotropic liquid crystals with rod-like
molecules as far as we know today. Actually, it can be understood as the invariance
with respect to a 180º rotation around an axis perpendicular to the director (twofold
axis).
Besides it, N and SmA phases also have a rotational symmetry around the
director: no matter how much the phase structure is rotated, it looks always the
same3. Although calamitic molecules in general do not have this rotational symmetry
because they are more like “boards” rather than “cylinders”, their short axes are not
oriented and each molecule is free to rotate around its long axis. So a phase can have
a certain symmetry still if they are made up of molecules without it.
In the SmC phase, the molecules in the layers are all tilted in the same direction
(synclinic arrangement) and their short axes become slightly ordered, with their flat
sides more or less oriented in a certain direction [6]. As a result, the rotational
symmetry around the director is lost. It is said that the symmetry is broken.
Nevertheless, it keeps the head-tail invariance and has, in addition, a plane of mirror
symmetry. This plane of symmetry coincides with the tilt plane, the one containing
3

Liquid crystals are not rigid Euclidean objects. Unlike crystalline solids, where atomic positions are
invariant in average, in liquids their molecules can move freely and change their state and
conformation. As for other geometrical concepts applied to liquid crystals, this symmetry is defined as
the operation leaving the time-averaged phase structure invariant.
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the layer normal and the director, and both sides of the plane look exactly the same.
Both the head-tail invariance and the plane of symmetry, together with the center of
inversion symmetry, which is the resulting operation of applying the former two
succesively, are all the symmetry elements found in the SmC phase. Using concepts
borrowed from crystallography, they form a symmetry group, denoted as C2h
(Schoenflies notation).

Figure 1.10 Left: Molecular structures of dextro- and levo- glucose. Both are mirror
images of each other due to the orientation of the chiral carbon atom in the molecule.
Right: A carbon atom in a molecule is said to be chiral when the four atoms or groups
linked to it are all different, because then there are two possible arrangements in space,
mirror image of each other like the left (levo) hand and the right (dextro) hands (source:
unknown, available at http://www.ehu.es/GSA/espanol/indexcast.htm).

Figure 1.11 A concentrated sugar solution between polarizers demonstrates optical
activity of the sugar molecules. The arrows indicate the polarizer orientation: aligned
(left), at 45º (middle) and crossed (right). Source: Loren Winters, Visuals Unlimited, at
www.visualsunlimited.com

Mirror symmetry leads us to another important concept: chirality. An object is
said to be chiral when it has no mirror symmetry. Our hands are an example of chiral
objects. They do not coincide when superimposed and the image of the right hand on
a mirror is equal to the left hand, and vice versa. Some chemicals, such as sugar
molecules, are also chiral. Instead of left and right hands (fig. 1.10), they show two
possible molecular structures with different atomic arrangements in space, mirror
images of each other, known as enantiomers. Each enantiomer have the capability to
turn the direction of light polarization in one sense, clockwise or counterclockwise.
This property, called optical activity, is independent of birefringence. A solution of
sugar in water, for instance, in spite of being isotropic, shows this phenomenon
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whilst there is an excess proportion of one enantiomer over the other (fig. 1.11). The
effect disappears when there are equal amounts of both enantiomers (racemic
mixture).
In liquid crystals, the optics is usually dominated by their birefringence.
Nevertheless, the phases described up to here were supposed to be made up of achiral
molecules, but chiral mesogens give rise to new mesophases. Now, some structure
variants are allowed since there is no mirror symmetry (fig. 1.12). In the chiral
version of the nematic phase, named cholesteric (N*), the director makes a screwlike turn in space, forming a helix, as if the material had been twisted around an axis
perpendicular to the director. Similarly, in the SmC* phase, a SmC phase composed
of chiral molecules, the tilt direction (or the tilt plane), is slightly turned around the
layer normal from layer to layer, and the director is again twisted into a helix. No
similar distortion is found in chiral SmA. A helix is a chiral structure, it is either
right-handed or left-handed. So the chiral molecules tend to induce chiral structures,
even as solvents in mixtures with achiral liquid crystals. Such helical structures also
show a strong power to rotate the direction of light polarization.

Figure 1.12 Left: A chiral liquid crystal molecule and its mirror image (see the
arrangement of the chiral carbon indicated by the red arrow). Right: Molecular helical
arrangements in the N* and SmC* phases. The rightmost picture shows a molecule
from each layer in the SmC* together with the tilt cone so that the helix they draw in
space appears more clearly (source: Kevin Yager, Barrett Research Group, McGill
University, http://barrett-group.mcgill.ca)

Not only is symmetry helpful to classify liquid crystal phases, but also an aid to
understand their properties. In fact, the symmetry elements of a phase impose
restrictions on its physical properties, because they must comply with the same
conditions. For example, regarding the optical properties of N and SmA phases, the
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index ellipsoid must be of revolution due to the rotational symmetry. Hence, they are
called uniaxial because there is only one optic axis, the axis of rotation, along which
light propagates with the same refractive index irrespective of its polarization. The
SmC phase lacks this rotational symmetry, so the three principal axes of the
indicatrix can be different and there are two optic axes (biaxial phase). These optic
axes do not correspond to any of the principal axes of the ellipsoid (fig. 1.8).
On the other hand, as mentioned above, the head-tail invariance precludes the
existence of a spontaneous polarization in the material along the director, despite of
the orientational ordering and the polar character of the molecules. Likewise, the
rotational symmetry in N and SmA phases and the mirror symmetry in SmC phases
imply that any component of polarization on the layer plane should also cancel out.
However, in SmC* phases only the head-tail invariance is present, so the polarization
can only be present along the twofold axis. This fact turned out to be a new milestone
in the history of liquid crystals.

1.2. Ferroelectric liquid crystals
Ferroelectric means, among other things, that the electric molecular dipoles are
ordered in one direction. In principle, there is no law in physics against the existence
of such polar arrangements in liquid crystals. However, the symmetry of most of the
phases prevented it and there was no experimental evidence of polar mesophases
until 1975.
In 1975, R. B. Meyer and coworkers suggested a way to create polar order in a
liquid crystal based on symmetry arguments, and published the synthesis of the first
liquid crystal showing spontaneous polarization [7]. Meyer´s idea pointed to the fact
that in the SmC* phase, due to the tilt and the molecular chirality, the rotational
symmetry around the director and the mirror symmetry are broken. As a consequence
thereof, spontaneous polarization is allowed to appear in the direction perpendicular
to the tilt plane if there is a component of the molecular dipole at a right angle to the
molecular long axis. This is actually the case: the twisted shape of chiral molecules
forces the dipole to have such a component and, although the head-tail invariance
remains, molecules keep these dipole components oriented in the same direction
within each smectic layer in such a way that the resulting spontaneous polarization is
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coupled to the tilt direction, P = P
(where P is the polarization, z the layer
sin # t
r
normal, n the director and θt the tilt angle; see fig. 1.13). Nevertheless, the lack of
mirror symmetry allows the polarization as well as the helix,! so the ferroelectric
!
order in SmC* phase exists only at a local scale. The tilt plane makes a small turn
!
around the layer normal as one goes from layer to layer. The polarization also makes
the same turn, along with the helix (fig. 1.14). Therefore, it averages to zero over one
turn of the helix and the macroscopic polarizarization cancels out. Strictly speaking
then, SmC* phase is not ferroelectric but helielectric. Still, it is usually labelled as a
ferroelectric phase because the helix can be unwound.

r

Figure 1.13 A chiral calamitic molecule in the SmC* phase. The components p of the
molecular dipoles are aligned in each layer at a right angle to the tilt plane defined by
r
the director n and the layer normal (z axis). When an electric field is applied, these
components tend to align parallel to the field and the molecules move on the surface
depicted in the figure (the tilt cone)

To start with, in achiral liquid crystals molecules can be reoriented by means of an
electric field because of the anisotropic polarizability. In polar materials the electric
field finds it easier to orient the dipoles collectively along the direction of the field. If
a liquid crystal in the SmC* phase is sandwiched between two electrodes with the
smectic layers perpendicular to the electrode surfaces, the electric field parallel to the
layers will be able to unwind the helix by reorienting the dipoles. As the field
strength is increased, the molecules in each layer will turn on a cone (tilt cone) to
align their dipoles with the field. This way the phase suffers a transition to a
ferroelectric state, where all the molecules are tilted in the same direction like in the
SmC phase, but the polarization is nonzero (fig. 1.14). If the direction of the field is

http://www.e-lc.org/dissertations/docs/2009_04_06_04_49_05

electronic-Liquid Crystal Dissertations - April 08, 2009

1. Background and motivation

17

reversed, the molecules will turn the other way round to form a ferroelectric state
with opposite polarization and tilt.

Figure 1.14 Top: A half pitch of the helix in the SmC* phase as seen from the side (left)
and from the top (right). The latter view shows the orientation of the dipoles in each
layer (red arrows). Bottom: The helix unwound due to the reorientation of the dipoles by
an electric field.

The field-induced states are not stable and the phase goes back to the ground state
with the helix wound once the field is removed. Real ferroelectric materials, on the
contrary, preserve the polar order when the field is off and show bistable switching.
However, there is another method to unwind the helix and stabilize the ferroelectric
states in the SmC* phase. Besides an electric field, a properly treated glass surface is
also able to control the orientation of liquid crystal molecules, at least near the
interface. Here, molecular alignment can be easily achieved with a thin film of
polyimide rubbed in the desired direction. When sandwiched in a cell between two
glasses equally treated, the molecules next to the surface will stay parallel to it by
accommodating themselves to the grooves in the polyimide, so that the smectic
layers are perpendicular to the glasses and the helix is untwisted at the surface. Clark
and Lagerwall [8] found that if the cell thickness is smaller than the helical pitch, the
helix is unwound in the bulk too. Therefore, the sample ground state is already
synclinic and ferroelectric. Provided there are also electrodes on the glass surfaces
under the polyimide coating, the electric field will switch the phase between two
really stable states (fig. 1.15). In fact, due to the constraints imposed by the cell,
these synclinic ferroelectric states are the only possible ones. The sample will jump
from one state to the other above a threshold value of the electric field. So under
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certain conditions, the SmC* phase becomes actually ferroelectric. More precisely, it
is named Surface Stabillized Ferroelectric Liquid Crystal (SSFLC).

Figure 1.15 Left: Schematic representation of the two possible synclinic states of a
SSFLC cell (source: ref. [9]). The cell can be switched between both states by applying
an electric field. Right: The polarization as a function of the applied field. The
hysteresis loop is typical of ferroelectric materials (source: ref. [10], available at
http://homepage.mac.com/jan_lagerwall/presentations.html)

Helielectric switching behaviour in the SmC* phase can be mistaken for its
counterpart, the SmCA* phase, discovered afterwards [11]. Its molecules also
describe a helix in the bulk, but with opposite tilt directions in adjacent layers - as if
we took two set of layers from the SmC* phase, shifted one relative to the other by
half the pitch along the helix axis, and intercalated them. The polarization also points
in opposite directions in adjacent layers because it is coupled to the tilt (fig. 1.16).
Hence, when an electric field parallel to the layers is applied to align the dipoles, the
molecules in a layer rotate collectively around the tilt cone in the opposite sense to
the molecules in the neighboring layers. So the SmCA* phase reaches the same
synclinic ferroelectric states as the SmC* phase under field and returns to the helical
ground state when the field is removed. However, if the helix is untwisted by surface
stabilization, the ground state is not synclinic ferroelectric as is the case for the
SmC* phase. Instead, the tilt remains oriented in opposite directions in adjacent
layers. This arrangement is accordingly termed anticlinic. The switching is tristable
(fig. 1.17): the phase jumps to the synclinic ferroelectric states above a threshold
electric field but the polarization vanishes in the anticlinic state as the field is
removed. The SmCA* phase is called antiferroelectric for this reason.
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Figure 1.16 A half pitch of the helix in the SmCA* phase with and without field. In
contrast to the SmC* phase, the tilt and the polarization in adjacent layers point in
opposite directions, even in a surface stabilized cell.

Figure 1.17 The polarization as a function of the applied electric field in a SmCA*
phase. When the field is off, the sample goes back to the anticlinic ground state where
the polarization is zero (source: ref. [10], available at http://homepage.mac.com/
jan_lagerwall/presentations.html)

Synclinic and anticlinic arrangements are optically different. In order to show it, I
shall introduce here some mathematics that will be also useful in the next chapters.
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The point is that it is possible to derive the optical indicatrix for these tilted phases
starting from the uniaxial SmA phase. The refractive index is not a tensor, but its
values are related to the eigenvalues of the dielectric tensor and the optical indicatrix
has the same set of principal axes. In the local frame of reference xyz of the SmA
phase defined by the layers and the director (the optic axis), where the z axis is
parallel to the latter (figs. 1.8 and 1.18), the dielectric tensor ε can be represented by
a 3×3 matrix:
x

y

z

%"$
'
" #' 0
'
&0

0
"$
0

0(
*
0*
*
"|| )

x
y

,

(1.1)

z

where ⊥ and || stand for perpendicular and parallel to the optic axis, respectively, so
the ordinary refractive!index n o2 = "# and the extraordinary refractive index n e2 = "|| .
However, for the synclinic structure (SmC or surface stabilized SmC*), if we
define a local frame
to the director
! of reference x´y´z´ where the z´ axis is parallel
!
and the y´ axis is perpendicular to the tilt plane:
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Now the three principal axes are different (ε1 ≠ ε2 ≠ ε3) because the rotational
symmetry around the
! director is missing. In the initial system of reference xyz (fig.
1.18 left):

"synclinic

&"1 cos2 $ t + "3 sin 2 $ t 0 ("3 % "1 )sin $ t cos$ t )
(
+
#(
0
"2
0
+,
( (" % " )sin $ cos$ 0 " sin 2 $ + " cos 2 $ +
' 3 1
t
t
1
t
3
t*

(1.3)

which is the result of rotating the matrix in the x´y´z´ system by the tilt angle θt
around
! the y´ axis. For the anticlinic arrangement, as the wavelength in the optical
range is much larger than the layer spacing, light will ‘see’ an average of two smectic
sets of synclinic layers with opposite tilt (fig. 1.18 middle):
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In particular, note that if θt = 45º, the structure becomes uniaxial with the optic axis
!

perpendicular to the tilt plane (fig. 1.18 right).

Figure 1.18 Optical indicatrices for the synclinic (left) and the anticlinic (right)
molecular arrangements. The latter can be interpreted as the average of two synclinic
states with opposite tilts (blue and red in the middle picture). Both are optically biaxial
in general (optic axes in yellow), except for the anticlinic state with a tilt angle of 45º
(based in a picture from ref. [4])

From these calculations, the most noticeable difference between both
arrangements, besides the degree of biaxility, is the orientation of the index ellipsoid,
so the electrooptic behaviour of the SmCA* phase differs from that of the SmC*
phase (fig. 1.19). For instance, in a surface stabilized cell, the crossed polarizers must
be oriented along the molecular director to get a dark state in the ferroelectric case so
that the light is polarized along one of the indicatrix principal axis. In the
antiferroelectric case, on the contrary, the indicatrix is oriented along the layer
normal and the dark state is achieved with the crossed polarizers parallel to the layer
and the layer normal. Nevertheless, the ferroelectric phase remains in the bright or
dark state when the field is turned off, whereas for the antiferroelectric phase it is
necessary to keep it on to preserve the bright state.
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Figure 1.19 Schematic representation of the electrooptic behaviour of the synclinic (B)
and the anticlinic (C) arrangements between crossed and properly oriented polarizers (P
and A) in a cell. The graphics at the bottom show the transmittance as a function of the
applied electric field. In the ferroelectric case, the state of zero transmission is obtained
by aligning one of the polarizers (P) with the molecular director, a principal axis of the
indicatrix, for a value of the electric field that stabilizes one of the two possible tilt
orientations. When the field is reversed and reaches a threshold value (Eth), the tilt
changes as the molecules rotate to orient their dipoles along the field direction. On the
other hand, in the antiferroelectric phase, the dark satate is obtained at zero field if one
of the polarizers is parallel to the layer normal. After applying an electric field of any
sign above Eth, a bright state is obtained (source: ref. [4])

On the other hand, mesophases with polar symmetry have technical advantages
over nonpolar ones. Since the electric field can couple to the molecular dipoles, the
speed of switching under an alternatig field is larger and the response times are
typically two orders of magnitude lower [8]. Consequently, ferroelectric (and
antiferroelectric) mesophases enable the fabrication of faster electro-optic devices.
There are other smectic phases with polar properties, but all of them require chiral
molecules to induce polar order.

1.3. Bent-core liquid crystals
After the work by Meyer et al., chirality and polarity in liquid crystals remained
linked and all of the ferroelectric liquid crystals (FLCs) were obtained from chiral
molecules. But other ferroelectric structures are also possible. From the theoretical
point of view, Prost in 1983 [12] and Petschek in 1987 [13] proposed that polar
phases could be obtained with molecules made up of different parts if these parts
were chemically or sterically incompatible to segregate themselves into different
types of layers (polyphilic molecules). The polar order would depend on the stacking
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pattern of the layers. A widely cited experimental work on this issue is that of
Tournilhac et al. in 1992 [14], where they reported the synthesis of FLCs from
achiral polyphilic molecules. These would assemble into longitudinal ferroelectric or
antiferroelectric smectic packings, where bulk polarization is parallel to the
molecular long axes. In spite of the first experimental results suggesting ferroelectric
properties, more precise measurements evidenced an antiferroelectric structure [15].
Nevertheless, the search for mesogens that favour side-by-side parallel instead of
antiparallel ordering is still open in order to develop polar nematics [16]. Their
advantage lies on the fluidity of nematic phases, which is higher than in smectics.

Figure 1.20 Left: Anticlinic bilayer stacks proposed in ref. [17] (as sketched in ref. [18],
available at http://walba.colorado.edu/Research.html). The bold arrows represent the
molecular dipoles (one arrow per molecule), whereas the remaining two indicate the
direction of the polarization. Middle: Watanabe´s main-chain polymers and their
frustrated smectic structure from ref. [19]. Right: Watanabe´s homologous dimers from
ref. [20] (as sketched in ref. [18], available at http://walba.colorado.edu/Research.html).
In all the cases there is a clear resemblance to the bent-core compounds to come.

Previously, Brand et al. [17] had showed the possibility of a ferroelectric structure
without chiral molecules based on symmetry reasons. Such structure consisted of
anticlinic bilayer stacks and they cited the liquid crystal main-chain polymers studied
by Watanabe et al. [19] as feasible candidates (fig. 1.20). These compounds comply
whith the conditions established by Prost and Petschek, although they display at best
a frustrated or intercalated smectic structure with an antiferroelectric arrangement of
the polarization, which the authors thought to be induced to avoid the strong
interaction of spontaneous polarization (escape of polarization). Similar results had
arisen in an earlier study with homologous dimers. [20]. However, both works
inspired later research. On the one hand, the discovery of antiferroelectric behaviour
in mesogenic mixtures of an achiral side-chain polymer and its monomers [21]. The
polymer ensured the head-tail order whereas the free monomers seemed to promote
the alternating tilt in the bilayered smectic structure, so in-plane polarization
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appeared (fig. 1.21). Since the in-plane polarization appeared in all cases as a
consequence of the alternating tilt, this was also achieved in single molecules with
bent geometry. It turned out to be a much more successful and appealing strategy.

Figure 1.21 Side chain polymers from ref. [21] (left) and their structure (right) with the
field off and on (as sketched in ref. [18], available at http://walba.colorado.edu/
Research.html).

Actually, bent-shaped mesogens had been reported early in the history of liquid
crystals (by D. Vörlander in 1929, see [22]), but it was not until recently that they
awoke interest in the liquid crystal community thanks to the pioneering work by the
Tokyo Tech group. In 1996 they made public what seemed to be a smectic
mesophase with spontaneous polarization in compounds of V-shaped achiral
molecules, eventually better known as bent-core or banana [23]. Even if it turned out
to be antiferroelectric afterwards, from the begining they became very popular due to
their unique mesogenic and electro-optical characteristics.
Strictly speaking, bent-shaped and bent-core molecules refer to different things,
because the former include, for instance, dimers with flexible spacers, whilst the
latter apply to “dimers” with rigid “spacers” only. More accurately, there are three
basic structures of bent-shaped molecules: dimers composed of two rod-like aromatic
cores connected by a bent but flexible noncyclic spacer unit; molecules with very
short bent linking units; and bent-core molecules in which the central bent unit is
rather rigid (typically a phenyl, biphenyl or naphthalene unit). The bent-core (fig.
1.22) is made up of the bent central unit, the calamitic wings or legs and the groups
linking them (ester groups in most cases). The bending angle is about 120º. Terminal
chains (usually alkyl or alkyloxy flexible chains) provide the molecules with
polyphilic features, that is, similar parts that can cluster together into separate regions
such as layers. A minor change in the molecular structure can lead to drastic changes
in the mesophase behaviour and its properties. They are even more sensitive than
calamitics to structural modifications. In particular, the introduction of lateral
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substituents in the aromatic rings can alter the thermal behaviour, the bending angle
or the polarization depending on their position, volume and electronic properties
(appart from refs. [24-26], see ref. [27] for a recent review about this matter). For
instance, the compounds in chapters 3 to 5 are examples intended to enhance certain
properties by means of special functional groups.

Figure 1.22 General structure of a bent-core molecule and its main constituents (source:
ref. [27])

Bent-shaped molecules are outstanding from the viewpoint of polarity and
chirality. Firstly, due to their molecular geometry, they cannot rotate freely around
their long molecular axis (otherwise the excluded volume would be too large as to
preserve the liquid crystalline order). In addition, taking into account the head-tail
invariance4, the dipole is directed on average along the bisector. As a result, they are
able to pack closely into columns or smectic layers where they align in the direction
of bending [23], which bring about completely new mesophases, many of them
showing greater polar order than calamitics. Hence, they do not need to be chiral in
order to be polar and exhibit ferro-, antiferro- or ferrielectric properties. On the other
hand, they are achiral molecules that develop chiral structures in the liquid crystal
state (fig. 1.23). Two molecular stacks where bent-shaped molecules tilt in opposite
directions become two unmatchable mirror images of each other. The origin of their
chiral properties remains still an open question though. Chiral domains appear even

4

Bent-shape liquid crystals do also show head-tail invariance. In their case, instead of the sides of the
dipole, the head and the tail refer to the wings or arms of the molecule.
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in some untilted mesophases (see section 1.3.4.) and achiral banana molecules are
able to enhance mesophase chirality in mixtures with chiral rod-like molecules [28].

Figure 1.23 Left: An achiral bent-core molecule and its mirror image are the same (at
r
least, in a planar conformation). The dipole p goes along the bisector of the average
molecule. Below, the typical sketch for this kind of molecules: front, side and back
views. Right: The molecular geometry promotes polar arrangements. Furthermore, a
tilted smectic layer of achiral bent-core molecules is a chiral structure, so it differs from
!
its mirror image (source: Kevin Yager,
Barrett Research Group, McGill University,
http://barrett-group.mcgill.ca). This fact is usually represented with diagrams of a
different colour for each chirality, as shown below.

Nowadays at least eight banana-type mesophases have been identified, all of
which are different from the conventional liquid crystal phases in calamitics. They
have been oficially named by using a special nomenclature (from B1 to B8). This
classification follows the chronological order of discovery of each phase according to
their texture characteristics. However, in many cases this notation actually refers to
families of phases. At this point, it is common use to make a lengthy description of
each family, but I find it unnecessary for this work. Instead, I will only comment
briefly on the B1, B2, B4 and B7 phases, which are the most relevant and will arise
throughout the next chapters. For further details there are several reviews that have
already been published [24-26, 29].
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1.3.1. The B2 family: SmCP phases
In the first bent-core family compounds synthesized by the Tokyo Tech group,
four banana phases were described [23], now termed B1, B2, B3 and B4. The B2
phase is the most widely studied because of its electrooptic response, which indicates
some kind of polar structure. According to the X-ray diffraction patterns, which are
characterized by a reflection peak and a few of its harmonics at small angles, and a
broad diffuse reflection at high angles, in this mesophase molecules group together in
smectic layers. This is due to the tendency of the aromatic cores to segregate
themselves from the aliphatic terminal chains [30]. Initially it was thought to have
helical structure and ferroelectric-like switching [23], but Link et al. demonstrated
that [31]:
-

the ground state was actually antiferroelectric;

-

although molecules are achiral, the layers become chiral because the
molecules tilt within the layers, so chirality is structural;

-

these chiral layers pile into racemic or homogeneously chiral (homochiral)
domains, that is, the chirality alternates or stays the same between
neighboring layers;

-

in homochiral phases, macroscopic domains of opposite handedness coexist
and maintain their handedness during electro-optic switching.

Consequently, there are three spontaneously broken symmetries in the transition
from the isotropic to the B2 phase, giving rise to smectic layering, clinicity and polar
order. This fact is reminiscent of the situation in superconductors [32], a new
connection between both fields after the contribution by de Gennes [33].
Thanks to their bent shape, they pack more easily in such a way that the dipoles
stay aligned parallel to the layer, so there is a nonzero polarization in each one. In
oppsosition to chiral smectic phases in calamitics, polarization and tilt are not
v r
r
z "n
correlated ( P = ± P
, see fig. 1.23). As a change in the tilt or the polarization
sin ! t
direction implies a change in the layer chirality, racemic layer stackings are possible
and homochiral domains of opposite handedness can be present with equal
probability. There are four possible structures of this kind according to the interlayer
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correlations of polarization and tilt directions (fig. 1.24). Using the notation by Link
et al. [31], these are: SmCSPF, synclinic ferroelectric, SmCAPA, anticlinic
antiferroelectric, SmCSPA, synclinic antiferroelectric, and SmCAPF, anticlinic
ferroelectric. The former two have an even chirality and the latter two are racemic.

Figure 1.24 From left to right: SmCSPA, SmCAPF, SmCAPA and SmCSPF states (source:
ref. [31]). The first two are racemic (consist of layers with opposite chirality). As
indicated below, an electric field above a threshold value Eth can switch the phase
between both of them. The same as for the last two homochiral states.

Figure 1.25 The ground state in B2 phases might be generally antiferroelectric because
then the legs of the molecules in adjacent layers are parallel and such an arrangement
would allow out-of-layer fluctuations. In ferroelectric states, the anticlinic arrangement
of the legs hinders this movement. Source: ref. [38]

Most compounds showing SmCP mesophases are antiferroelectric in their ground
state. One hypothesis states that this is so because then the end chains in adjacent
layers are parallel and permit out-of-layer fluctuations ([34]; see fig. 1.25). By
applying an electric field, molecules reorient their dipoles in the direction of the field
following the tilt cone, like calamitics. This means that the phases may switch
between the SmCAPA and SmCSPF homochiral states or the SmCSPA and SmCAPF
racemic states. In these cases, domain chirality remains unchanged, as in SmC* and
SmCA* phases. Nevertheless, chirality is not an inherent molecular property in
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banana mesophases and can be flipped by means of an electric field [35]. In this
process, molecules rotate around their long axis (fig. 1.26), switching the layer
chirality as well as the polarization [35,36]. Such a swithcing occurs only under
particular conditions (high field, low frequency and high temperature) as a
consequence of temperature dependent viscosities [37].

Figure 1.26 Left: Chirality switching under field by molecular rotation around the long
axis. Right: The more common molecular switching around the tilt cone, which
preserves the chirality. Source: ref. [26]

Not until 2000 was a B2 mesophase unambiguously identified as ferroelectric in a
bent-core material [39], although the molecule was actually chiral. Despite this,
ferroelectricity is not caused by molecular chirality because the mesophase structure
is actually racemic (SmCAPF). It was later found that the interlayer interactions play
an important role. On the one hand, Dantlegraber et al. [40] reported the first
nonchiral molecules forming a ferroelectrical switchable fluid smectic phase, more
precisely a SmCSPF phase. They were bent-core molecules with a bulky
oligosiloxane unit at one end of the terminal chains. The siloxane units are
segregated in sublayers, which decouple the layer interfaces and allow a ferroelectric
order more easily (fig. 1.27). On the other hand, in a mixture, the longest terminal
chains govern the interlayer nolecular order [41]. Moreover, in homologous series of
chiral banana molecules, if the number of carbons in the terminal chain is even, the
compound show ferroelectric mesophases, whereas the phases are antiferroelectric if
the number of carbons is odd [42]. The authors suggest that, since the chiral carbons
are always located at the same position from the ends of the terminal chain, then the
orientations of the methyl groups connected to them must be responsible for the
molecular arrangement (fig. 1.28).
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Figure 1.27 Molecules with a bulky
oligosiloxane unit. As they consist
of three different parts, these arrange
themselves in sublayers. This way
the oligosiloxane sublayers hinder
out-of-layer fluctuations and permit
ferroelectric order. Source: ref. [26].

Figure 1.28 Optimized modeling of two banana
molecules with a chiral carbon in one of their
terminal chains: (a) at the position 7 and (b) at the
position 8. The orientation of the methyl groups
connected to them changes and this fact would be the
reason for the odd-even behaviour. Source: ref. [42].

One of the most remarkable phenomena in the physics of achiral bent-core liquid
crystals is the spontaneous segregation of macroscopic chiral domains in the
mesophase (spontaneous desymmetrization). As mentioned above, chiral domains of
different handedness can coexist in the same sample in the B2 phase. An especially
important case happens when the mesophase is optically isotropic. In this situation
the opposite optical rotation in the two types of domains is evident, so that the
desymmetrization is easily observable. Although the X-ray diffraction measurements
show unambiguously their lamellar character, the structure of these dark phases is
not fully clarified yet. The first structural models considered these phases as normal
SmCP structures with very small domains oriented at random ([43]; see fig 1.29).
However, currently it is believed that the disordered disposition of the domains is not
extrinsic but inherent to the nature of the phases themselves. Recently it has been
proposed [44] that they are the thermotropic counterparts of the lyotropic sponge
phase L3 [45]. It seems that they could be a disordered version of the kind of
structures proposed for the smectic blue phase by DiDonna and Kamien ([46]; see
fig. 1.29). According to these models, in these phases the smectic planes are strongly
folded and the resulting structure is stabilized by a high negative value of the saddlesplay elastic constant. The optical isotropy is explained as due to the small size of the
flat smectic regions (smaller that the optical wavelength). Chapter 6 is devoted to this
issue.
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Figure 1.29 Two models for the dark conglomerate phase. Left: smectic clusters or
microdomains oriented at random (source: ref. [43]). Right: Folded structure model for
the smectic layers by analogy with the L3 lyotropic phase (Source: ref. [38])

Another phenomenon related also to the dark phases is the high optical activity
found in many chiral domains of banana smectic phases (typically 0.05º/µm [43]). In
order to explain it, several models have been proposed. Ortega et al. [43] modeled
the dielectric tensor of the local SmCAPA structure as a helix with a two-layer pitch,
which is formed by the molecular wings from two adjacent layers. By averaging the
resulting tensor over a microscopic random distribution of domains, they
successfully explained the optical activity typically observed in the dark phase.
Therefore, the origin of the optical rotatory power was set to be the layer chirality,
since the helix is just a shortcut to simplify the calculations. Jakli et al. pointed
towards a twist of the optic axis through the sample [47]. However, this model
implied a macroscopically oriented structure for the dark phase that has been shown
not to be the case. Later, Hough et al. [48] calculated the optical activity for the four
possible structures of the B2 phase. As in the case of Ortega et al., the layer chirality
was established to be the origin of the rotatory power. In this work the authors
claimed that the optical activity of the B2 phase could be up to 100 times higher than
that predicted by Ortega et al.. Recently this controversy has been clarified and the
results obtained by Hough et al. have been corrected, reaching to an agreement with
those previously reported by Ortega et al. [49].
1.3.2. The B7 family: USmCP phases
Among the mesogens formed by bent-core molecules, the phase called B7 is
special due to the spectacular textures it presents, which are remarkable even for the
liquid crystals standards. On cooling from the isotropic phase, it nucleates as spiral
domains, oval domains with stripes, telephone wires, checker board textures, etc (see
section 2.2).
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In one of the most famous articles on bent-core liquid crystals [50], the Boulder
group proposed a polarization modulated-layer undulated structure (U(m)SmCP) for
this mesophase (fig. 1.30). The origin of this kind of structures seems to be the
tendency of smectic phases to minimize their energy by escaping from macroscopic
polarization. One mechanism consists in the splay of the polarization. The rigid cores
pack more efficiently or the flexible terminal chains need more space to fluctuate
(fig. 1.31). As a consequence, the orientation of the molecular dipoles appear
modulated along the layer. The modulated distribution of dipoles within the layer
results in defect lines where the molecular tilt decreases so that the layer thickness
increases at these lines. In order to correct such an unfavourable packing, the smectic
planes become undulated to fit the molecules with different tilt angles into the layers
(fig. 1.32). For more recent accounts about the theoretical model, see refs. [51] and
[52].

Figure 1.30 Smectic structure proposed by the Boulder group for the B7 mesophase. (a)
Top view of a layer showing the polarization splay. (b) Molecular arragement inside the
undulated layers. The tilt (and hence the chirality) reverses at the undulation crests (grey
stripes) and the polarization at the troughs (pink stripes). Green dotted line delimits the
equivalent to a crystallographic unit cell (molecules with opposite polarization are
undistinguishable in non-resonant X-ray diffraction measurements). Source: ref. [26]

Figure 1.31 Origin of the polarization splay (top view): close packing of the cores (left)
or increased volume occupied by the tails (right). Source: ref. [51]
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Figure 1.32 Origin of the layer undulation in the B7 phase. Top: Defect lines due to
splay polarization (source: ref. [58]). Bottom: The thickness inhomogeneities at the
defect lines would imply an energetically unfavourable packing of the layers. Therefore,
the smectic planes find it easier to undulate in order to fill all the space. This way, the
local width dn (along nˆ , the local layer normal) can vary while the section thickness ds
(along sˆ , the average layer normal) remains the same along the layer (source: ref. [59]).

However, not! all the phases classified as B7 according to their textures have the
! structure, because their X-ray diffraction diagrams are qualitatively different
same

([53]; see fig. 1.33). On the one hand, undulated variants are usually switchable
under an electric field and it can even induce a transition to a SmCSPF where the
smectic layers are flat [54]. The undulated mesophases appearing in chapters 3 and 5
belong to this group. On the other hand, there is another group of compounds, like
the mesogen for which the B7 phase was originally proposed [55]. Its mesophase is
non-switchable and the structure turned out to be a two-dimensional oblique lattice in
fact [56]. So they are closer to the B1 mesophase (fig. 1.34). Finally, there also exist
materials that show B7-like textures but whose structures are B2-like instead [57]. In
their X-ray diffraction diagrams, there are only sharp peaks corresponding to first
and higher order layer reflections at small angles, whilst B7 family phases exhibit
additional peaks of lower intensity at small and medium angles, which point towards
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two-dimensional periodicities. Given the number of different structures, B7
nomenclature is being substituted by the more proper notation USmCP.

Figure 1.33 X-ray diffraction diagrams reported for phases classified as B7 according
to their texture characteristics. Note the remarkable differences, especially between the
last two diagrams (graph (a) belongs to the compound where the B7 phase was first
identified, see fig. 1.34) and the others (graph (g) belongs to the compound studied by
the Boulder group). Source: ref. [53]

Figure 1.34 2D oblique lattice composed of columns of tilted and splayed molecules, as
proposed in [56] for the compound where the B7 phase was first identified (source: ref.
[56]). The centered unit cell determined from the nonresonant x-ray experiment is
shadowed. It is not the true unit cell, but the cell of the lattice of columns with liquid
disorder inside. The true crystallographic cell and the symmetry elements are also
indicated. The molecular tilt decreases as we approach the edge of the columns. This
effect induces a molecular leaning to maintain constant the smectic layer thickness. For
simplicity at the edge of the columns the molecules have been drawn contained on the
plane of the figure.

1.3.3. The B1 family: columnar phases
Appart from polar effects, the mismatch of the area required by the rigid cores and
the alkyl chains at aromatic-aliphatic interfaces can also lead to the frustration of the
layer organization with formation of undulated or modulated layers and columnar
phases [26]. Indeed, the smectic layers can break into independent ribbons and shift
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along the layer normal. The resulting structure is a two-dimensional arrangement of
layer fragments or columns with opposite polarizations. These kind of phases are
termed B1 and their origin is similar to the B7 phases, but with a larger degree of
layer frustration [51,52].

Figure 1.35 From left to right: B1, B1rev or Colrec, and B1revtilt or Colob structures.
Source: ref. [59].

From the beginning, the X-ray diffraction peaks at small angles were clearly
interpreted as a two-dimensional centered lattice. Watanabe et al. [60] proposed that
the molecular planes were parallel to the lattice plane (fig. 1.35 left). Later results
suggested and confirmed [61-63] other possible arrangements where the molecules
orientate themselves with their two-fold symmetry axes along the columns (reversed
B1 or B1rev, see fig. 1.35). Moreover, besides a rectangular lattice of columns with
tilted or untilted molecules, another structure with an oblique lattice was also found,
like the columnar structures proposed for the materials in chapters 3 and 5. Because
they are columnar phases, it seems more appropriate to use the notation Colrec and
Colob, respectively [64].
The columns are not rigid arragements of molecules like crystals, but the
molecules are still free to move inside them, as for the smectic phases. In fact,
molecular switching under an electric field has been observed in B1rev variants where
the columnar structure is preserved during the polarization reorientation [61,65]. In
the orthogonal phase, the switching takes place around the molecular long axes,
whereas in the tilted phases molecules can rotate either around their long axes or the
tilt-cone. Gorecka et al. [66] suggested that the type of switching depends on the
column cross section, that is, the length of the ribbons.
These phases may also undergo a field-induced transition to a SmCP phase under
strong electric fields. In some cases, in compounds that exhibit both B1 and B2
phases [67]. However, the B1-B2 transition is very unusual. Folcia et al. [68]
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performed a structural study in one compound with this phase sequence and found
that the molecular dipoles were splayed inside the columns, in a similar way to B7
phases [56]. This splay does not imply a turn of 180º in the azimuthal angle, as
usually depicted in figures of broken layer phases. According to a recently published
model [69], the splay is lower, about 20º.
1.3.4. The B4 phase
The last banana phase of interest for this work is the one called B4 and the last
chapter includes some new results about it. In this case, there is no other alternative
nomenclature, nor any reported variants hidden under the same name. Actually, it is
still a matter of disagreement if this phase is a novel liquid crystal or just a crystal,
because X-ray diffraction measurements show sharp peaks at wide angles, where the
SmCP phases present a diffuse scattering region due to liquid-like order inside the
layers. On the other hand, the small-angle peaks indicate a lamellar structure formed
by non-tilted molecules [70]. No precise quantitative analysis of the diffraction
diagram has been published up to now.

Figure 1.36 Pictures of the B4 phase texture with the polarizers uncrossed in opposite
directions as indicated by the arrows. Two different domains with opposite sign of
optical rotation can be observed (source: ref. [71])

Another important characteristic is an isotropic texture of blueish colour with
large chiral domains of opposite handedness in equal proportions (fig. 1.36). The
Tokyo Tech group originally suggested that the optical activity was due to selective
reflection and proposed a version of the twist-grain boundary (TGB) structure in
which ferroelectric blocks of smectic layers form a helix whose axis was
perpendicular to the polarization [70]. Although the X-ray diffraction diagrams show
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narrow peaks in the wide angle region (in-plane long-range order), layer reflections
in the small angle region are still much broader than in crystalline phases [24], which
agrees with the assumption that layers form blocks of short range coherence length
[72]. The escape from macroscopic polarization would be the origin of the helix
according to this model. The existence of a TGB structure in the B4 phase was also
supported by freeze-fracture electronic microscopy [44]. However, Ortega et al. [73]
ruled out the possibility of having well aligned TGB helices perpendicular to the
sample surface, because the wavelength corresponding to the reflected light does not
shift according to the Bragg law when modifying the incidence angle. In fact the
wavelength does not shift at all, suggesting a random orientation of the helices.

Figure 1.37 TGB-like structure for the B4 phase according to Araoka et al. [61]

More recently, Araoka et al. [74] unambiguously established the existence of
second harmonic generation in this phase under no electric field (this phase is not
switchable under electric field). According to the authors, this fact would imply
ferroelectric order with the polarization parallel to the TGB helix axis (fig. 1.37).
This conclusion rules out the escape of the polarization to be in the origin of the helix
formation in this phase. In this respect, the origin of the chiral structure is still object
of debate. The absence of molecular tilt inside the smectic layers discards the
structural chirality as the promoter of the TGB structure as is the case in the SmCP
phases. Alternatively, it has been pointed out that the helical formation is driven by
the molecular conformational chirality. Even if the molecules are achiral, some
evidence suggests that they adopt a chiral conformation in the mesophase [75]. The
ester linking groups seem to be twisted with respect to the phenyl ring and then the
bent-core molecules acquire a twisted or propeller-like shape (fig. 1.38). Moreover,
major conformations in the bulk might change in each mesophase due to the
variation of the environment surrounding the molecules [76]. The persistence in time
of molecular chirality is intimately related to the crystalline character of the phase.
However, the B4 phase presents an important disorder relative to the conventional
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crystalline phases. A plausible structural model compatible with both apparently
opposite ideas was proposed by Walba et al. [75e]. According to these authors, the
B4 phase would be an unusual crystalline solid in which the molecular cores are
arranged with positional order inside the smectic layer and the tails are melted in a
liquid. On the other hand, it has also been reported a correlation between the chiral
domain distribution in the SmCP and the B4 phases when passing through the phase
transition [77]. This fact implies necessarily a common chiral source in both phases
and the twisted molecular conformation constitutes a feasible mechanism for the
chirality transfer between them.
Because many questions still remain open, chapter 7 contains a detailed study on
the B4 phase local structure.

Figure 1.38 The twisted conformation of ester groups (left; source: ref. [71]) gives rise
to a propeller-like molecular shape (right; source: ref. [26]).

1.4. Nonlinear optical properties in liquid crystals
The optical properties in a material depend on its polarization, as mentioned in a
previous section. At the microscopic level, the dipolar moment induced by light in a
molecule can be given by the expression:

pi = #" ije j + # $ ijke jek + ...,
j

(1.5)

j ,k

where ei is the i-th component of the microscopic electric field, α is the polarizability
tensor and β is the!hyperpolarizability tensor. The first tensor is responsible for the
linear optical properties and the second one for the second order nonlinear optical
properties [78]. The nonlinear optical properties, however, arise with high intensities
of light from sources such as lasers. The nonlinear medium is then able to divide up
the energy of the incident light into several frequencies. Up to second order, for
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instance, it can double the light frequency (second harmonic generation, see fig.
1.39) or mix up the frequencies of two light waves.
Materials with good nonlinear response are interesting for technological
applications as ultrafast electro-optic modulators. The fast response needed in these
devices is of electronic origin. Thus electronic contributions must be distinguished
from the molecular motion in order to characterize their efficiency. Nevertheless, the
way to do it is not a trivial thing. The easiest procedure consists in second harmonic
generation (SHG) measurements, because the SHG and the electrooptic effect are
intimately related: high SHG efficiencies would imply good elelctrooptic responses
of electronic origin. These are given by the hyperpolarizability tensor components, so
good nonlinear optical efficiencies require molecules with high hyperpolarizabilities.

Figure 1.39 Second harmonic generation: the red laser light coming from the right is
transformed into blue light by the crystal. Source: P. S. Halasyamani, Dept. of
Chemistry, Universitty of Houston, available at http://www.chem.uh.edu/Faculty/
Halasyamani

At the macroscopic level, nonlinear optical properties are reflected on the
polarization:
r
P=

r

"p
volume

# Pi = "$0 % ij E j + " % (ijk2) E j E k + ...,
j

(1.6)

j ,k

where Ei is the i-th component of the macroscopic electric field, χ(2) is the second
order dielectric
susceptibility tensor. This tensor is proportional to the statistical
!
average of the hyperpolarizability, which takes into account the degree of molecular
order in the material. Consequently, besides a high hyperpolarizability, molecular
order must be appropriate to achieve high second order dielectric susceptibility, that
is, high nonlinear optical efficiency in the bulk material.
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From the macroscopic point of view, ferroelectric liquid crystals are adequate
materials for nonlinear optics, although the degree of order is lower than in crystals.
First, their polar structure lacks the center of inversion symmetry that precludes
second order effects. Second, in contrast with the inorganic crystals usually
employed in nonlinear optics, organic materials like liquid crystals are easier to
design and synthesize, so it is simpler to modify their molecular structure and
improve their nonlinear properties. Lastly, the combination of fluidity and
ferroelectricity enables the molecular alignment under proper electric fields, which is
an advantage over other organic crystals.
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Figure 1.40 Nonlinear response of a donor (D) – acceptor (A) group under a sinusoidal
electric field. Source: ref. [59].

Remember that the molecular dipoles are due to the different number of atomic
charges in the constituent elements of the molecules. Some regions have an excess of
positive charges (δ+), whereas others have an excess of negative charges (δ-).
Nonlinear effects occur when, in response to the electromagnetic field of the light
wave, an asymmetric charge transference between these regions takes place (fig.
1.40). In order to get large hyperpolarizabilities, the best solution is to insert electron
donor (D, high δ+) and acceptor (A, high δ-) groups interconnected by a conjugated
electronic bridge and aromatic rings (π orbitals) to facilitate the charge transference
[79]. On the other hand, the donor and acceptor groups must be placed in such a way

http://www.e-lc.org/dissertations/docs/2009_04_06_04_49_05

electronic-Liquid Crystal Dissertations - April 08, 2009

1. Background and motivation

41

that the symmetry of the mesophase allows an asymmetric charge transfer.
Therefore, in the case of chiral calamitics, the D-A group must be oriented along the
polarization (fig. 1.41 left), that is, at right angles to the tilt plane (along the director,
the D-A system is ineffective due to the head-tail invariance). However, long D-A
groups would reduce molecular anisotropy and, consequently, mesogenic
capabilities. Since β increases, roughly, as the square (or a higher power) of the
distance between the donor and acceptor moieties, short D-A systems usually give
rise to low hyperpolarizabilities [78,79], limiting the potentiality of this geometry for
nonlinear optics.

Figure 1.41 Left: The D-A group in a calamitic molecule must go along the
polarization. This fact limits the possibilities to enhance the nonlinear properties by
means of larger groups because the shape anisotropy has to be preserved to guarantee
the mesogenic capabilities. Right: In bent-shape molecules, the D-A groups can be
much larger, increasing the contribution to the second harmonic signal along the
polarization. The asymmetric response of the induced polarization has been depicted in
the figure for one of the D-A groups. Source: ref. [59].

Conversely, in bent-core (and bent-shape) molecules, their packing conditions and
geometry permit us to get nonlinear optical efficiencies ten times higher5. Some
banana mesophases are polar, with more than 50% of the molecular dipoles oriented
5

Because of the difficulties in the measurements and the variety of methods employed, the results
obtained by different teams are quite dissimilar [25]. However, in the most efficient calamitic
compounds the second order susceptibility components are typically about 0.2 pm/V [80], whereas in
bent-core mesogens the best results are in the order of 10 pm/V.

http://www.e-lc.org/dissertations/docs/2009_04_06_04_49_05

electronic-Liquid Crystal Dissertations - April 08, 2009

42

1. Background and motivation

along the polar axis, whereas this proportionn decreases to a few per cent in optical
polimers or calamitic ferroelectric liquid crystals (see section 4.1). Furthermore,
bent-core molecules may incorporate long and bulky D-A systems at their legs
without critically damaging its mesogenic character (fig. 1.41 right). Hence, there is
always a component of the hyperpolarizability along the macroscopic polar axis and
its value is expected to be larger than for calamitics [81].
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2. Experimental techniques

2.1. Sample preparation
For the study of their optical properties, liquid crystal samples are usually
sandwiched in a cell between two glass slides. Unlike calamitics, though, the
treatment of the inner glass surfaces is generally useless for bent-core mesophases
because the standard methods (surfactants and rubbing) fail in obtaining well-aligned
samples. The lack of alignment hampers quantitative measurements, especially in
second harmonic generation, and the data are not so reliable and reproducible. The
only readily available way to achieve uniformly aligned samples is by means of an
electric field parallel to the cell surfaces [1-4].
Nevertheless some authors reported favourable results with other techniques in
some compounds. For example, almost uniform homeotropic textures have been
observed within the B2 phase after shearing of the glass substrates [5,6]. Similar
effects in thin films for resonant X-ray scattering measuremnts are claimed by other
authors [7,8]. On the other hand, in a SmA phase, Shimbo et al. [9] employed a
silane coupling agent for homeotropic alignment and rubbed polyimide for planar
alignment, although the authors also apply electric fields in the direction of
alignment and comment nothing on the outcome. In order to align a nematic phase
appearing above 250ºC, where polyimide films show a poor thermal stability, Choi et
al. fabricated diamond-like carbon (DLC) films with low-energy ion beams
impinging at a glancing angle [10]. However, all these methods are rarely used
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systematically. Since they seem to work only in certain special cases, their efficacy
to align banana-type mesophases is doubtful in general. Actually, some procedures to
obtain oriented or partially oriented samples of the mesophases for X-ray diffraction
are more widely employed: slow cooling (less than 1ºC/min) from the isotropic
liquid of a drop of the material on a glass plate [6,11] or slow cooling of the sample
inside a capillary under a high magnetic field (∼1 T) [12].
Regarding our group, we prefer the most valid method and use homemade
homeotropic cells for in-plane electric field alignment (fig. 2.1). These are assembled
using two pieces of glass. One of the pieces has a conductive layer of ITO (Indium
Tin Oxide) on which we have previously engraved a micrometric gap by a standard
photolithographic technique. In this way the electric field inside the gap is parallel to
the glass slide and the smectic layers arrange themselves parallel to it (homeotropic
alignment). Then we spread a solution of 2, 5 or 10 µm spheres and toluene on its
surface by spin-coating. Once the toluene evaporates, the microspheres act as
spacers. On top we use a piece of microscope slide as a cover. Finally, we employ
UV curable adhesive to hold both slides together1. The quality of the alignment
inside the gap can be checked under the polarizing microscope. When the extinction
is fairly uniform, we consider it as a monodomain where reliable measurements of
the second harmonic generation efficiency can be performed.
On the other hand, we also employ commercially available cells (LinkamTM and
EHCTM), most of them with 5 µm of nominal thickness, for texture observation and
electrooptic measurements. The inner surfaces of the glass slides have a special
coating (rubbed polyimide) in order to align the molecules in such a way that the
smectic layers are perpendicular to the glass slides (homogeneous or planar
alignment). Although this kind of treatment is useful for calamitics, it is usually
ineffective for bent-shaped molecules, as mentioned before. At the same time, under
this coating, the glass surfaces are also covered with a conductive layer of ITO to
apply an electric field perpendicular to the glass slides.

1

We used to employ other method, holding them with a piece of teflon screwed on an aluminium
sheet, but it had several disadvantages, such as heterogeneous cell thicknees at the gap, which
favoured bubble formation, narrow angle of view and dangerous electric contacts. All of them were
overcome thanks to the new technique.
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In order to put the material into the cells, we heat them up to the isotropic liquid
state so that it can enter into the space between the two glass slides by capillary
action. We use heating stages (LinkamTM and INSTECTM) to control the sample
temperature.

Figure 2.1 Left: Sketch of our homeotropic homemade cells showing the molecular
orientation when the field is applied in the gap. Right: Photographs of a liquid crystal in
the gap between crossed polarizers with the field on. The quality of extinction (top)
reveals the degree of alignment.

2.2. Polarization optical microscopy
Anisotropic optical properties reflect the mesophase symmetry and permit us to
visualize the molecular orientation in liquid crystals. Indeed, the optical indicatrix is
tightly linked with the geometry and arrangement of the molecules (see previous
chapter). Several sections of this ellipsoid are determined if we know both the
principal directions for the light polarization and the birefringence for several angles
of incidence. Herein lies the interest of preparing samples with different alignments.
Furthermore, when the molecules change their orientation under an electric field, for
instance, the indicatrix itself will change simultaneously, so we can follow their
movement in many cases by studying how these optical properties vary.
However, we need to know the way the sample alters the polarization of light in
order to find out about its birefringent properties. For polarization optical
microscopy, the sample is normally placed between crossed polarizers. The
transmitted intensity is given by the equation:

I " = I sin 2 2# sin 2

!
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where ϕ is the angle between the fast axis of the sample and the first polarizer, L and

Δn are the thickness and the birefringence of the sample, respectively, and λ is the
light wavelength. According to this equation, isotropic phases appear dark between
crossed polarizers, as well as the regions in anisotropic phases where the light travels
along the optic axis (Δn = 0) or the indicatrix principal axes are oriented along the
polarizers (ϕ = 0 or

"
). We will see darker and brighter regions in the sample
2

depending on the thickness, the birefringence and the orientation of the principal
axes at each point. In addition, if we use white light, bright regions appear coloured
!
as a function of the same parameters (remember the colours in an LCD when you
pushed on it) because the phase lag is wavelength-dependent and the amount of light
transmitted for each wavelength is different (fig.2.2).

Figure 2.2 Relative transmission of light as a function of wavelength for different
values of the retardation (ΔnL = 200, 550 and 800 nm) in a uniaxial sample between
crossed polarizers and ϕ = 45º. The observed colour is named interference colour.
Source: ref. [13].

This way, defects and domains of liquid crystals can be studied in thin cells. In
fact, the term texture that has been mentioned many times so far with an esoteric
meaning refers to the image of a mesophase obtained by polarization optical
microscopy. Not only do they look beautiful, but a careful analysis permit us to
obtain very valuable information for the structural characterizacion, such as the
birefringence, the tilt angle or the switching dynamics when an electric field is
applied on the sample. As for the birefringence measurements, the Michel-Lévy
colour chart (fig. 2.3), a tool borrowed from geology (minerals are inorganic
crystals), proves helpful as a first guide. Nevertheless, colour is a very subjective
variable. For more accuracy, we had better employ a compensator whenever
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possible. It is a birefringent plate of known thickness that can be placed in the
microscope between the sample and the analyzer. If we orientate its slow axis
parallel to the sample fast axis, it compensates for the phase lag between the
outgoing waves by delaying the fast wave with respect to the slow wave. Thus, the
regions with the same birefringence as the compensator will appear dark. Since
several plates with different thicknesses would be needed, in our lab we use a Berek
compensator, which consists of a rotatable birefringent uniaxial plate that allows for
varying the effective thickness crossed by the light (fig. 2.4).

Figure 2.3 Michel-Lévy colour chart. This graph plots retardation on the abscissa (in
nm) and specimen thickness on the ordinate. Once the appropriate colour has been
located in the sample, the nearest vertical line along the interference colour is followed
to the nearest horizontal line representing the known thickness. Birefringence is
determined by selecting the diagonal line crossing the ordinate at the intersection of the
specimen interference colour and thickness value. Source: Mortimer Abramowitz
(Olympus America), Michael W. Davidson (National High Magnetic Field Laboratory,
Florida State University), Molecular Expressions website, http://micro.magnet.fsu.edu/
primer/ techniques/ polarized/polarizedhome.html

Figure 2.4 Provided the thickness of the material can be measured, a Berek
compensator (figure 1) can be utilized to ascertain the birefringence value. The
compensator operates by measuring the tilt angle of a calcite or magnesium fluoride
optical plate cut perpendicular to the optical microscope axis (figure 2). The
compensator is positioned in the microscope intermediate tube at a 45º angle with
respect to the polarization directions of the polarizer and analyzer, so polarized light
exiting the sample is retarded by turning the compensator knob. When the sample fast
axis is parallel to the device axis, it compensates for the phase shift introduced by the
sample and a black fringe intersects the centre of the field of view. Source: M. W.
Davidson (National High Magnetic Field Laboratory, FSU), Molecular Expressions
website, http://micro.magnet.fsu.edu/primer/techniques/polarized/polarizedhome.html
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Figure 2.5 Model of a bent-shape molecule (bending angle β) with two uniaxial wings
(ordinary and extraordinary indices no and ne, respectively)

In the case of bent-shape liquid crystals (fig. 2.5), their optical indicatrix can be
modelled starting with two uniaxial wings with certain refractive indices (no2 = ε⊥
and ne2 = ε||, as in eq. 1.1). Since they are tilted by + (" # ! ) 2 and # (" # ! ) 2 ,
respectively, the resulting dielectric tensor is analogous to that for the anticlinic
arrangement of calamitics (eq. 1.4) but here refered to the coordinate system depicted
in fig. 2.5:
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This would be the tensor for a set of untilted molecules, such as the columnar B1 and
!

B1rev phases described in chapter 1. For a synclinic arrangement, it must be rotated
around the polar axis y in the same way as for the SmC* phase (eqs. 1.2-1.3, where
now "1 = "# , " 2 = " # sin 2 (! 2)+ " || cos 2 (! 2) and " 3 = " # cos 2 (! 2)+ " || sin 2 (! 2)):
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This tensor corresponds to tilted structures such as SmCSP (fig. 2.6) and B1revtilt. In
the case of anticlinic arrangements of bent-shape molecules (SmCAP, fig. 2.6, or
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USmCP states), again the procedure is similar to the calculation for the SmCA* phase
(eq. 1.4):
1
1
"anticlinic = "synclinic (# t ) + "synclinic ($# t ) %
2
2
("& + ("|| $ "& ) sin 2 (' 2) sin 2 # t
+
0
0
*
2
2
%*
0
"& sin (' 2) + "|| cos (' 2)
0
-. (2.4)
*
2
2
0
0
"& + ("|| $ "& ) sin (' 2) cos # t -,
)

Note that for a tilt angle of 45º, the anticlinic arrangement becomes uniaxial.
!

Figure 2.6 SmCAPA, SmCSPF, SmCSPA and SmCAPF structures together with a
representation of their optical indicatrix as calculated in the text. Source: ref. [14].

The refractive indices of the principal axes are easily obtained from the
eigenvalues of these matrices. For the last case, it is straightforward that:
n x2 = n o2 + ( n e2 " n o2 ) sin 2 (# 2) sin 2 $ t ,
n y2 = n o2 sin 2 (# 2) + n e2 cos 2 (# 2),
n z2 = n o2 + ( n e2 " n o2 ) sin 2 (# 2) cos 2 $ t .

!
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Given any other orientation, we must rotate the matrices properly first and then
figure out the eigenvalues. This way, birefringence measurements and theoretical
estimations can be compared to check the orientation of the molecules in a sample or
whether a proposed structure is compatible with the observations.
Moreover, the same as for SmC* and SmCA* phases in calamitics, synclinic and
anticlinic arrangements in bent-shape molecules are optically distinguishable. In the
former case, the indicatrix is tilted with respect to the layers. Hence, in planar aligned
cells with circular (or focal conic) domains, where the smectic layers are rolled up
into a cylinder, the principal axes appear tilted as well so that the extinction
directions form a cross with its arms or brushes tilted with respect to the directions of
the polarizers, whereas for the anticlinic arrangement the extinction brushes will be
along them. On the other hand, when an electric field is applied, the way the
extinction directions and the birefringence change (or not) give us information about
the structure, the tilt angle, the polarity or the switching type of the mesophase:
-

In the homochiral SmCSPF structure (fig. 2.7), the extinction brushes in focal
conic domains appear tilted and turn under an electric field in a certain
direction according to the domain chirality.

Figure 2.7 Molecular arrangement of SmCSPF structures in circular donains. Both
chiralities (- and + in red and blue, respectively) are represented in the figure. Under
field reversal, the optic axis (yellow arrow) tilts in the opposite direction, so the
extinction brushes rotate as indicated by the arrows depicted around the domain
diagrams. The photos show a texture of this kind of domains and its behaviour under
field. Source: ref. [15]

-

In its anticlinic counterpart, the SmCAPA state (fig. 2.8), the extinction
directions go along the polarizers. Under field, they turn as the molecules
switch around the tilt cone, and the birefringence increases, because the field
induces a transition to a SmCSPF state so not only do the principal axes rotate
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but also the optical indicatrix change. Chirality determines the sense of
rotation in each domain.

Figure 2.8 Molecular arrangement of SmCAPA structures in circular donains. Both
chiralities (- and + in red and blue, respectively) are represented in the figure. When an
electric field is applied, the structure becomes SmCSPF and the optic axis tilts (yellow
arrow), so the extinction brushes rotate as indicated by the arrows depicted around the
domain diagrams. Since the structure changes from anticlinic to synclinic (eqs. 2.4 and
2.3, respectively), birefringence increases. Under field reversal, the optic axis tilts in the
opposite direction. The photos show a texture of this kind of domains and its behaviour
under field. There are different interference colours and extinction directions inside the
same domain due to different mixing ratios of layers with + and – chirality in each
region (see fig. 2.11). Source: ref. [15]

-

Racemic SmCAPF states with field on and off are identical (fig. 2.9).

Figure 2.9 Molecular arrangement of SmCAPF structures in circular donains. Under
field reversal, the optic axis (yellow arrow) remains the same, so both states are
optically undistinguishable. The same as for the field-off state (Eoff = Eon). The photos
show a texture of this kind of domains and its behaviour under field. Source: ref. [15]

-

In the racemic SmCSPA structure (fig. 2.10), there are two states with
opposite tilt. Both states sometimes mix randomely and give rise to striped
domains. Then, although tilted extinction brushes would be expected, blurred
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extinctions appear instead due to the orientation change of the principal axes
in each stripe. When an electric field is applied, the stripes disappear and
clear extinctions along the polarizers are obtained (SmCAPF state).

Figure 2.10 Molecular arrangement of SmCSPA structures in circular donains. The optic
axis (yellow arrow) is tilted in the ground state (Eoff). Both tilt directions are shown.
However, domains with this kind of structures can contain a mixture of these two states,
so the texture appears as a set of fine stripes with disarranged extinction brushes. When
an electric field is applied, the structure becomes SmCAPF and the optic axis rotates
back to the layer normal direction. The extinction brushes turn clear and orientate
parallel to the polarizer directions (inside each stripe the extinction direction rotates as
indicated by the arrows depicted around the domain diagrams). Since the structure
changes from synclinic to anticlinic (eqs. 2.3 and 2.4, respectively), birefringence
decreases. Under field reversal, no difference is observed (SmCAPF states are
undistinguishable, see fig. 2.9). The photos show a texture of this kind of domains and
its behaviour under field. Source: ref. [15]

A wonderful guide on this issue, by Michi Nakata, is available online [15].
However, there exist further subtleties that hinder a straightforward interpretation
of the textures. For instance, the sample might not be homogeneous all across the
sample thickness. Surface anchoring effects can induce a structure on the sample
surface that is different from the bulk [16]. Similarly, the domains can be a mixture
of layer stacks (fig. 2.11) with SmCSPF structure but opposite tilt or chirality, by
analogy with SmCSPA domains, as Tschierske’s group suggested for the electric
field-dependent textures obtained from dark phases [17]. As a result thereof, the
extinction directions and the birefringence might be misleading.
The size of the domains represents an additional drawback. Because of the
difficulty in getting monodomain samples in bent core compounds, seldom is it
possible to obtain all the feasible parameters from the texture. In any case, the texture
of each banana phase has some peculiar features that may serve as clues when
distinguishing them (fig. 2.12). Thus, mosaic textures are proper of columnar

http://www.e-lc.org/dissertations/docs/2009_04_06_04_49_05

electronic-Liquid Crystal Dissertations - April 08, 2009

2. Experimental techniques

59

mesophases; B7 structures offer a rich variety: helicoidal filaments or “telephone
wires”, “chessboard”, and “accordion-like” domains, to name a few. On the other
hand, they are often ambiguous since there are texture patterns common to several
phases, such as “banana leaf” and focal conic domains. Consequently, a thorough
characterization of the mesophase structure requires the polarizing microscope
observations to be complemented by other kind of measurements.

Figure 2.11 Top: Blocks of layer stacks with SmCSPF structure and different chirality
(left) or tilt (right) may coexist in the same domain. In these arrangements each block
plays the role of a layer in SmCSPA and SmCAPA structures (hence the notation used
below the diagrams). Then, the domain texture varies according to the number of layers
in the stacks (source: based in a picture from ref. [17]). Bottom: A texture where this
fact can be observed (without field on the left and with an applied field on the right).
Appart from regions with pure SmCAPF and SmCSPF structures, there exist other regions
with states at different proportions, which give rise to different birefringences and
extinction directions (source: ref. [15]).
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B1

B2

B7

Figura 2.12 Typical textures for some banana mesophases. Source: ref. [14].

2.3. Nonlinear optics: Second Harmonic Generation
Structures lacking the center of inversion symmetry, and polar structures in
particular, permit nonlinear optical properties such as second harmonic generation
(SHG) to appear. In this process, two photons of frequency ω that enter the material
can give rise to one photon of frequency 2ω. From the classical point of view, it can
be explained taking into account the nonlinear terms in the material polarization
which are rejected in linear optics:

Pi = $"0 # ij E j + $ # (ijk2) E j E k + ...,
j

(2.6)

j ,k

where χijk(2) are the components of the the second order dielectric susceptibility
tensor, and Ei is the i-th component of the light electric field. Therefore, if a
!
monochromatic wave of frequency ω, Ei = E0ie-iωt, impinges on the material, the
induced polarization, Pi, will contain a term which oscillates with frequency 2ω, the
source term for the second harmonic field2 in the wave equation.
Experimentalists usually employ the tensor 2dijk = χijk instead of the second order
dielectric susceptibility. Since for SHG it is symmetric in the last two indices (dijk =
2

The optical field must be similar to the magnitude of the microscopic electric field acting on the
electrons (~108-109 V/cm). Such fields are normally achieved by short pulse laser light.
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dikj), using a contracted notation makes calculations easier. Both indices are replaced
by one only index in the following way: 11 → 1, 22 → 2, 33 → 3, 23 = 32 → 4, 13 =
31 → 5, 21 = 12 → 6. With this notation, the second order term of the polarization
amplitude can be written in matrix form [18]:
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(2.7)

Once the light propagation direction is fixed, the material principal axes can be
figured
! out. We have to use them as the system of reference and project the optical
electric field along these directions in order to do the calculations of the process
inside the sample because they are the optical eigenstates of the material, that is, the
only polarization states that go through the sample without being altered. The
resulting electric field after traversing the sample as a function of the material
parameters is obtained by resolving the wave equation with the second order
polarization as the source term [18]. This way, the material parameters can be
deduced from the second harmonic power measured at the exit [19]:
2

P 2"

+ % $kL ( .
*0
2 2 2
- sin'
& 2 )0
2" 2 " L d eff
" 4
" 2
,
# (t s, p ) " 2 2" (t s, p ) (P ) (n s, p ) n s, p A
- %' $kL (* 0
-, & 2 ) 0/

(2.8)

where L is the sample thickness, tω and t2ω are standard Fresnel transmission factors
ω
for the
! cell glass slides, A is the beam area and P is the power of the incident light;

n 2" and n " are the refractive indices corresponding to the second harmonic and the

fundamental light, respectively. Here, the subscripts i, j and k have been replaced by
!

s and p, the german initials for perpendicular and parallel, because light is commonly
!
polarized perpendicular or parallel to the plane of incidence in these experiments. On
the other hand, in the homeotropic samples employed in this work for quantitative
SHG, the principal axes are oriented in these directions. The magnitude
r
r
r
"k = ki=2#s ,p $ k #j= s,p $ k k=# s,p represents the phase mismatch between the second harmonic

!
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and the fundamental waves through the variation in their wave vectors, each one with
modulus k =

2"
n and directed along the wave propagation direction. Finally, deff
#

stands for a linear combination of the second order susceptibility components which
depends on the geometry of the system.
!

Figure 2.13 Experimental setup for the SHG measurements: M, mirrors; Q, quarter
wave plate; P1, polarizer; F1, visible light cut filter; F2, infrared interference filter
(1064 nm); L, lenses; RS rotating stage; F3, infrared cut filter; P2, analyzer; F4, green
glass filter; F5, interference filter for second harmonic light; PM, photomultiplier tube;
FG, function generator; DC, amplifier (Kepco TM, ±1000 V); TC, temperature controller;
RSI, rotating stage interface. The blue arrow indicates the place of the sample.

The experimental setup is depicted in figure 2.13. The fundamental wave source
(frequency ω) is a Q-switched Nd:YAG laser (1064 nm) with 6 ns pulse width and
the frequency (1-10 Hz) triggered by an AgilentTM arbitrary waveform generator.
This device is synchronized with the electric field applied on the sample by an
analogous function generator, which also triggers the oscilloscope that collects the
SHG signal from the photomultiplier. The cell situated at the beam path is mounted
on the INSTECTM hot stage. The laser light intensity on the sample is low enough to
avoid its damage (about 0.3 MW/cm2). Likewise, the lens in front of the sample
focuses the laser beam in a point slightly behind the cell for the same reason. The
polarizers placed before and after the sample permit us to select the polarization of
the fundamental light at the entrance and of the SHG signal at the exit. Nevertheless,
there is an additional element in front of the first polarizer, a quarter wave plate with
its axis rotated 45º from the polarization direction. It splits up linearly polarized light
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into two waves and inserts a phase delay δ =

"
between them. As the laser light is
2

linearly polarized, after passing through this plate it transforms into circularly
polarized light. Thus, we can change the polarization plane of the input light without
!
varying its intensity.
In order to get an absolute value of the dij coefficients, the experimental setup
must be callibrated by performing a measurement with a quartz plate, whose second
order susceptibility is known. Using eq. 2.8, from this measurement we can estimate
the constant of proportionality3. For this purpose we use a y-cut plate
(crystallographic y axis perpendicular to its faces) of 0.5 mm thickness. With its optic
axis laying on the plane of incidence, if the incident light and the collected second
harmonic signal are s-polarized, deff = d11 = 0.4 pm/V.
Nevertheless, even then, in eq. 2.8 there are still some other undetermined data
apart from deff, namely the phase mismatch. We overcome this issue using
monodomain samples with different thickness [4]. From the ratio between the SHG
signals at normal incidence of two samples,

P
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2"
L1
2

$ #kL1 '
sin 2 &
)
% 2 (
,
=
$
'
2 #kL2
sin &
)
% 2 (

(2.9)

we can get the value of "k graphically as the intersection of the experimental and the
theoretical ratios (fig. 2.14). The latter is an oscillating function, so in principle there
!
exist an infinite number of solutions for eq. 2.9. However, we should choose the
!
value that is consistent with standard data of refractive indices for bent-core liquid
crystals. Or even better, we can employ a third cell to delimit the best result by
comparing the sets of possible solutions from several signal ratios. This is the
handiest method, although large enough monodomains are necessary and that is why
we use the aforementioned homemade cells. The electric field in the gap must be
high enough to get a well-aligned monodomain and to guarantee a measurement of
the tensor d as precise as possible.

3

Unless otherwise mentioned, we always assume that the refractive indices for liquid crystals and
quartz do not differ much from each other.
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Figure 2.14 A graphic example of the method to find the value of Δk in eq. 2.9. The
oscillating curve is the graph of the quotient of intensities of the second harmonic signal
for two cells of thicknesses L1 = 10.5 µm and L2 = 3.0 µm, respectively, as a function of
"n = n 2# $ n# . The blue line represents the experimental value. All the points where
both lines intersect are possible values of δn.

!

Figure 2.15 Left: Frame of reference for a bent-core molecule (",# ,$ ) . Right: Sketch of
a homeotropic cell in the lab/sample frame of reference (x,y,z). In the method that is
explained in the text the plane of incidence is undefined because the measurements are
performed at normal incidence, as shown in the figure. Hence, the entrance and exit
!
configurations for the light polarization s and p are defined as perpendicular and parallel
to the applied electic field.

Since we must completely determine the second order susceptibility tensor d, a
certain number of measurements will be needed. Thus, we must choose properly the
light polarization of the fundamental input light and the second harmonic output
signal, according to the symmetry of the sample structure. In the case of bent-core
liquid crystals, we follow an approach based on the model by Araoka et al. [20,21]
for the hyperpolarizability. In the same fashion as for the tensor d, and taking into
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account the molecular symmetry (point group C2v)4, the hyperpolarizability tensor
can be represented with this matrix in the reference frame of the molecule (fig. 2.15):
' 0
)
" # )"$$%
) 0
(

0
"%%%
0

0
" &&%
0

0
0
" &&%

0 "$$% * ' 0 0
, )
0 0 , - ) 0 "%%%
0 0 ,+ )( 0 0

0
" &&%
0

0
0
" &&%

0 0*
,
0 0, ,
0 0,+

(2.10)

where "##$ is negligible with respect to "### and " ##$ because here we suppose that
! the molecule is almost planar. Therefore, in the SmCP phases, the most interesting

!

for SHG, these components give rise to two independent coefficients for the second
!
!
order susceptibility5 in the bulk material [21]:
D = Nf 3"#$$ and d = Nf 3"### ,

(2.11)

N and f being the density of molecules and the local field factor, respectively. By
means of a simple!change of basis from the molecular frame of reference (",# ,$ ) to
the sample frame (fig. 2.15: x along the tilt direction on the smectic plane, y along the
polarization and z perpendicular to the smectic plane), we obtain the expression for
!
the tensor d for every B2 monodomain structure [21]:
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' 0
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0
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(2.12)

(2.13)

(2.14)

(2.15)

!
!
4

Although some bent-core molecules are asymmetric, that is, the wings of the molecules are different
from each other, we assume that there is head-tail invariance as in calamitics, so that the molecules
position randomly with their “head” wing up or down. Then, we consider the symmetry of the
“average molecule”. Recently, however, Pociecha et al. found in-layer periodic distributions of “head”
wings in an asymmetric bent-core compound [12]. This fact implies no inconvenient because the
periodicity (∼10-20 nm) is much smaller than the light wavelength.
5
Domains are supposed to have a high degree of molecular order.
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2.4. X-ray diffraction
If we want to obtain more accurate information on smaller details of the structure,
we should try “light” with a smaller wavelength. X-rays are also a sort of
electromagnetic radiation found in the light spectrum above the ultraviolet band. Due
to their short wavelength (typically 0.5-2.5 Å), which is of the order of the atomic
size, their behaviour is completely different from visible light. Hence, I will not give
such a full description as for the other methods because it is beyond the scope of this
work.
Their most known feature is the capability to pass through some materials which
are opaque for ordinary light, the foundation of radiography. However, the image
obtained under certain conditions is not a simple picture of the material inside. As a
high frequency electromagnetic wave, X-ray radiation interacts with the electric
charges which have more freedom to move, the electrons. Yet in periodic structures
such as crystal lattices or smectic layers, these charges scatter the incident X-rays
only in specific directions, as if they were reflected by the sets of equally spaced
atomic planes arising from the periodic structure. This process is called diffraction
and occurs as a consequence of the interference of the radiation scattered by the
regular distribution of electronic charge. Every set of atomic planes that are spaced a
fixed distance d near the X-ray wavelength λ will deflect the radiation in several
directions 2θn according to Bragg’s law (fig. 2.16): 2dsinθn = nλ (n = 1, 2,…). The
theory gets more complicated as we take into account the three dimensions, but the
main consequence is that the resulting picture displays a pattern of points (peaks in
an intensity diagram, see fig. 2.17) revealing the inner periodicities of the material.

Figure 2.16 Left: The radiation scattered by the atoms will interfere constructively if
AB + BC = mλ, for every integer m, where λ is the wavelength of the radiation.
Consequently, it will be deflected an angle 2 θ whenever 2dsinθ = mλ , the Bragg law.
Right: In a periodic structure, every set of equivalent atomic planes behave as if they
were mirrors for the radiation with a proper wavelength, and gives rise to a Bragg
reflection.
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Fig. 2.17 Left: X-ray powder diffraction pattern of olivine, a mineral (source: Andrew P.
Hammersley, European Synchrotron Radiation Facility, available at http://www.esrf.eu/
computing/scientific/FIT2D/FIT2D_INTRO/node18.html). Right: Vitamin C (ascorbic
acid) powder diffraction diagram: diffracted X-ray intensity versus 2θ, the deflected
angle with respect to the incident beam. It is a cross section of the two-dimensional
pattern (source: X-ray Diffraction Laboratory in the Department of Chemistry at Texas
A & M University, at http://www.chem.tamu.edu/xray/ powder.shtml).

X-ray diffraction patterns in liquid crystals show some essential differences from
those of crystalline solids (fig. 2.18). In first place, since their molecules are several
nanometers long, there are larger spatial periodicities (d) and so Bragg reflections
locate at lower angles (θn). Herein lies the necessity of an equipment for small
angles. Furthermore, the peaks are wider due to greater molecular fluctuations, and
few harmonics (reflections for n > 1) are detectable because the electronic charge
density variation is smoother, more sinusoidal than in crystals. Actually, the
diffraction pattern and the electronic distribution are mathematically related by a
Fourier transform. This fact allows for the reconstruction of the structure from the
diffraction data, although not completely (see chapters 3 and 5 or ref. [22] for further
details). Resonant X-ray scattering is a more powerful tool in this sense and it was
used lately to confirm the validity of the SmCSPA structure for a bent-core compound
[8]. In this case, X-ray wavelength is near the absorption band of a heavy atom
inserted in the molecule and the structure factor is tensorial. Thus, the diffraction
pattern shows additional features such as sensitivity to X-ray polarization that
provide structural information on the location and surroundings of the resonant atom.
On the other hand, at higher angles, a broad diffuse peak appears due to the
intermolecular spacing along the perpendicular direction of the long axis, of about a
few angstroms. The peak is broad and diffuse because of the liquid disorder inside
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the mesophase. This is a hint, a kind of fingerprint, which permits us to distinguish
between mesomorphic and crystalline phases.
The glass slides in the cells that we employ for the samples are too thick for the
available X-ray intensity in our lab. Instead of them, we use LindemannTM glass
capillaries with 10 µm thick walls and 0.5 mm of inner diameter. As we do with the
cells, we introduce the material in the capillaries in the isotropic liquid phase. For the
control of the temperature, we place the filled capillary inside a MettlerTM hot stage.
Since we are not able to apply an electric field inside the capillary, the diffraction
measurements are performed in non-oriented samples (powder samples). As a result
of random orientation, the points of the diffraction pattern become rings (figs. 2.17
and 2.18). The small angle goniometer is equiped with a 4º range linear Position
Sensitive Detector (PSD), so we only see a cross section of the pattern. For higher
angle diffraction measurements we have a similar goniometer in Debye-Scherrer
mode (the detector rotates to scan a specific range of angles with resolution better
than 0.01º) and an external electric heater. We use monochromatic radiation
corresponding to the Kα1 line of copper (λ = 1.5406 Å)6.

Figure 2.18 A powder diffraction pattern (left) and powder diffraction diagram (right)
for two liquid crystal phases (sources: refs. [23] and [24], respectively).

6

For the production of X-ray radiation, a metal target is bombarded with accelerated electrons.
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3. New bent-core liquid crystals (I):
azo and azoxy linkages

It is well known in the liquid crystal field that the chemical structure is one of the
key points that determines the supramolecular packing and, therefore, the properties
of the mesomorphic material. Thus, a proper molecular design could allow achieving
not only an aimed mesophase but also a multifunctional material. In this chapter the
materials under study consist of new bent-core materials containing azo or azoxy
linkages. The interest of the azobenzene or azoxybenzene structures is based on two
reasons. One is that these systems permit delocalized electronic charge distribution
between donor and acceptor groups at both sides of the π-system, as schematized in
fig. 3.1(a). This possibility is interesting for the design of materials with good
nonlinear optical properties. In particular for optical second harmonic generation
(SHG), the azo and azoxybenzene structures seem to be good candidates in order to
be incorporated in the lateral cores of the bent-shaped molecules.
An additional attractive feature of the azo and the azoxy groups is the
transformation between their trans and cis configurations by light absorption
(photoisomerism) [1] (fig. 3.1(b)). In the field of liquid crystals, this property gives
rise to a new added value to the materials, which can be used for photoalignment [2].
In this respect, only a few works have been published with bent-core mesogens,
though some photoinduced effects in a few electric or optical properties have been
observed [3-7].
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Figure 3.1 (a) The optical nonlinearities of the lateral cores of the molecule are
schematized in terms of a delocalized electronic charge distribution between donor (D)
and acceptor (A) groups at both sides of the π -system of an azo- (or azoxy-) benzene
structure. (b) The azo (or azoxy) bonds undergo isomerization cycles between the trans
and the cis states by illumination.

The chemical structures and phase sequences of the studied materials are shown in
fig. 3.2. The phase assignment will be discussed below. As can be seen, compounds
C1 and C2 have one azo or one azoxy group in both lateral structures of the molecule
respectively. Compound C3 presents only one azo group. In the three cases the
photoactive bond connects a donor (the alkyloxy terminal tail) and an acceptor
moiety (carboxyl group) both in para position of the π -system.

3.1. Results obtained for the material C1
A first characterization of the liquid crystal phase of compound C1 was performed
through the analysis of the optical textures and electrooptic behaviour. Fig. 3.3(a)
shows the texture observed between crossed polarizers when the sample was cooled
from the isotropic phase. The general aspect is characteristic of a columnar (B1 type)
phase: long-shaped domains (banana leaves), which are pinkish coloured in this case,
together with broken focal conics and small fan-shaped domains. The stability of this
phase ranges from 139 ºC to 165 ºC. On the other hand, the material displays a
relatively high birefringence (a value Δn = 0.36 was measured at the banana leaves
and other oriented domains), suggesting either a non-tilted or a synclinic structure,
where the molecular dipoles are perpendicular to the glass plates. Such high values
for Δn are usual in materials based on azo molecules [2].

http://www.e-lc.org/dissertations/docs/2009_04_06_04_49_05

electronic-Liquid Crystal Dissertations - April 08, 2009

73

3. New bent-core liquid crystals (I)

η
ζ

O

ξ
O

O
O

N

N

N

C1

N

OC14H29

Crystal 139.1 ºC Colob 165.3 ºC Iso
Iso 160.9 ºC Colob 127.8 ºC Crystal

C14H29O

O
O
O
N

O

O
O

N

C2

N

C14H29O

N

OC14H29

Crystal 120.3 ºC USmCPA 207.1 ºC Iso
Iso 204.5 ºC USmCPA 102.5 ºC Crystal

O
O

O
O

N
C14H29O

N

O
O

C3

OC14H29

Crystal 116.4 ºC SmCA PA 163.1ºC Iso
Iso 159.6 ºC SmCA PA 101.4 ºC Crystal

Figure 3.2 Chemical structures and phase sequences on heating and cooling of the
studied materials.

Further information concerning the molecular orientation at the banana leaves can
be deduced from fig. 3.3. It can be seen that the upper and lower halves of the leaves
in fig. 3.3(a) have the same color and show almost simultaneous extinction when the
central defect line makes 45º with respect to the polarizer directions (see fig. 3.3(b)).
On the other hand, the rapid and slow axes were identified at both halves of a given
leave with a Berek compensator. We found that the optical indicatrix on one half is
rotated 90º with respect to the one of the other half. There is a unique conclusion
compatible with these observations: the molecular directors on both halves of the
leaves make an angle of 45º with respect to the defect line at the center of the leave.
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Figure 3.3 Photomicrographs of the textures of compound C1 in the Colob phase. (a)
The banana leaves present the same colour in both halves, which indicates that at both
sides, the indicatrix makes the same angle with respect to the polarizers (black arrows).
(b) When the central defect of the banana leaves makes an angle of 45º with respect to
the polarizers, both halves present extinction simultaneously. This fact indicates that the
molecular directors make and angle of 45º with respect to the central defect at both
sides. The width of the photographs is about 600 µm.

Next, a low frequency square-wave electric field was applied perpendicularly to
the glass plates in order to study the electrooptic behaviour of this material. No
change was detected for weak fields. However, when the field was higher than a
threshold value of about 10 V/µm, the texture broke down into very small domains
and showed a non-defined response to the field variation. Therefore, it seems that a
phase transition was induced by the electric field, but no characterization of the new
phase was possible from simple texture observation. When the sample was cooled
from the isotropic phase under the electric field, a different texture was obtained (see
fig. 3.4(a)) with large focal conic domains, characteristic of a smectic phase. The
extinction brushes made an angle of about 45º with respect to the polarizer
directions, and the material switched between both ferroelectric states with the field
polarity (clockwise and counter-clockwise rotations of the extinction brushes
occurred under low-frequency triangular voltage). This behavior indicates
unambiguously that the structure under field is synclinic with a tilt close to 45º. It can
therefore be concluded that, in the present conditions, the mesophase is
homogeneously chiral smectic (SmCP type). Accordingly, fig. 3.4(b) shows the
texture observed when the electric field is removed. The extinction brushes are now
parallel to the polarizing directions (the structure is anticlinic), and the grey color is
due to the nearly orthoconic situation corresponding to a SmCAPA structure with a tilt
angle close to 45º, which provokes an important decrease of the birefringence. In
summary, taking into account the texture change commented above, it seems that an
irreversible phase transition from a columnar (B1 type) to a smectic (SmCAPA type)
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phase occurs when a strong enough electric field is applied. This material can be
added to the few examples of bent-core liquid crystals that exhibit similar fieldinduced phase transformations [8,9].

Figure 3.4 Photomicrographs of the textures of compound C1 in the SmCP phase
induced by an electric field. (a) On cooling from the isotropic phase under a field of 14
V/µm the material displays circular domains with the extinction brushes making an
angle of about 45º with respect to the polarizers (black arrows). (b) Under no field the
birefringence decreases and the extinction brushes are parallel to the polarizers. This
behaviour is compatible with a SmCAPA ground state. The width of the photographs is
about 600 µm.

A structural characterization of the C1 material was performed by means of smallangle X-ray measurements, which were carried out at various temperatures within
the mesophase. Fig. 3.5 represents the small angle X-ray diagram obtained at 163 ºC
on cooling. It is characterized by a high peak, which presents a clear structure, and a
smaller one at a larger Bragg angle (peak 5). Two maxima are distinguished on the
high peak together with a pair of weak shoulders at lower angles. As is shown in fig.
3.5, the indexing of the diagram was performed on the basis of an oblique 2D lattice.
The intensity difference between the peaks indexed as (11) and ( 1 1), and the absence
of a ( 3 1) reflection are in agreement with a synclinic structure. In fact, peaks of

!
!

practically the same intensity for the (11) and ( 1 1) reflections, and for the (31) and
!
( 3 1) reflections would result in an anticlinic arrangement in a nearly rectangular
lattice [10]. The resulting parameters are a = 92.0 Å, c = 48.0 Å, and β = 87.5º, and
!
no appreciable variation of these parameters was detected within the temperature
range of the mesophase. The c parameter, together with the molecular length
(63.5Å), deduced theoretically by molecular modeling, assuming a bending angle of
120º and an all-trans conformation for the aliphatic chains, are compatible with a
molecular tilt of about 45º. This means that the layer regions of the columnar
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structure are either perpendicular or parallel to the defect line of the banana leaves in
fig. 3.3. Analogous conclusions were drawn by Takanishi et al. [11] from the
textures observed in liquid crystals composed by non-tilted bent-shaped dimers.
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Figure 3.5. X-ray diffraction intensity as a function of the wave vector q = 4π /λ sinθB,
where λ is the x-ray wavelength and θB is the Bragg angle, for compound C1. Five
peaks are observed for θB < 2º, which were indexed according to the following set of
Miller indices: 1:(01), 2:(20), 3:(11), 4: ( 1 1) and 5:(31).

Due to the small number of independent reflections, a structural model for the
!

mesophase may be proposed through the analysis of the different charge density
distributions that account for the observed X-ray diagram. This approach was
employed in the study of bilayer smectic phases [12] and also in 3D liquid crystal
structures [13]. The method is as follows: a given hl reflection is due to the hl Fourier
component of the periodic charge density "(x,z) of the structure. The amplitude and
phase of this component are given by the complex structure factor F(hl). Accordingly
we have

!
1
"(x,z) = $ F(hl)exp[-2#i(hx + lz)] ,
A hl

(3.1)

where x and z are in units of the lattice parameters a and c respectively, and A is the
area of the unit
! cell. F(hl) is, in its turn, related to the intensity of the hl reflection as
2

I(hl) = F(hl) . Since "(x,z) is real then F(h l ) = F " (hl) and the following

expression results:
!

!
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"(x,z) =

F(00) 1
+ & F(hl) cos[2# (hx + lz) $ % hl ] ,
A
A hl
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(3.2)

where the h = 0, l = 0 term was separated from the sum. This term is the average
charge
! density of the unit cell, and " hl are the phases of the structure factors F(hl). In
this equation we can see the nub of the problem of determining crystal structures: the
amplitudes F(hl) are determined from the measured intensities, but the phases " hl
!
are not experimentally accessible. However, this essential difficulty may be in some
cases worked out on the basis of the symmetry relations that the structure factor
!
!
satisfies, together with a suitable choice of the cell origin. For example, if

"(x,z) = "(#x,#z) for a given origin of the unit cell, then the structure factor is real
( " hl is equal to 0 or π) and, therefore, F(h l ) = F(hl) . This occurs when the layer
!
!

group [14] of the system contains inversion centers or two-fold axes perpendicular to
the lattice plane, as is the case of practically the whole set of structural models
!
proposed up to now [15-17]. Thus, the problem of the phase reduces to the problem
of the sign of F(hl), and the charge density is expressed as

"(x,z) =

F(00) 1
+ $ ± F(hl) cos[2# (hx + lz)] .
A
A hl

(3.3)

The correct combination of signs is now decided by the physical merit of the
obtained
! charge density map, with the aid of complementary knowledge of the
system, such as packing conditions, molecular size, optimization of steric
interactions, etc.
As shown in fig. 3.5, the reflections 3 and 4 are much more intense than the
others. Consequently, every electron density distribution will depend almost
exclusively on these reflections. On the other hand, the weak anomaly indexed as
(01) in fig. 3.5 did not appear in some of the cooling or heating runs. Therefore, we
assumed that this peak is not intrinsic to the high temperature mesophase. On the
contrary, taking into account the field-induced transition to a lamellar phase in this
material, it can be assumed that this anomaly is due to coexistence of a small volume
of B2 phase in the bulk. The fact that the (01) peak can be incorporated to the
indexing scheme of the 2D structure can be explained because the layer spacing of
the field-induced phase calculated from the tilt deduced from fig. 3.4(a) and the
molecular length is equal to the c parameter of the 2D structure. In view of this, we
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calculated F(x,z) from eq. 3.3 considering only peaks 2, 3, 4, and 5. The symmetry of
the electron density map is given, in principle, by the oblique plane group p2. This
plane group imposes no relations between F(hl) and F(h l) or F(hl ) , as well as no
systematic extinction rules for the indices h and l. However, we have chosen a
nonstandard oblique basis for the X-ray diagram indexing, according to which
!
!
(leaving aside the (01) anomaly) the (hl) reflections satisfy h + l = 2n, that is, the
systematic extinction rule for a centered lattice. Therefore, in our case the symmetry
of F(x,z) is given by the oblique planar group c2.
The relative integrated intensities of these peaks were obtained from the X-ray
diagram after background subtraction, and were corrected for the Lorentz and the
polarization factors L and p, respectively, that corresponds to our experimental
2

geometry. Finally, in order to obtain the proper intensity I(hl) = F(hl) for the hl
reflection, the intensity of each peak must be divided by its corresponding
multiplicity, i.e. the number of hl reflections with the same Bragg angle. In our case,
!
the multiplicity equals 2 (hl and h l ) for all the peaks in fig. 3.5.
Fig. 3.6 represents the electron density distribution "(x,z) obtained from
expression 3.3 for two!different sets of signs for the (20), (11), ( 1 1), and (31) terms.
In particular, this set was selected as (- + + -) for fig. 3.6(a). The same pattern, except
!
for a translation on the xz plane, results for the sets (+ + - +), (+ - + -), and (- - - +).
!
On the other hand, the map of fig. 3.6(b) corresponds to the sign combination (+ + +
+), although equivalent patterns are obtained for (- + - -), (- - + +), and (+ - - -). The
set of the additional eight combinations obtained from these by means of a general
inversion of signs, give similar density maps. A comment is in order regarding the
(01) peak. Even when its exclusion was justified above, it was found that the
consideration of this reflection in the calculation does not affect significantly the
main features of F(x,z) apart from a very slight deviation from a centered structure.
Therefore, the patterns in fig. 3.6 represent the essential alternatives in charge
distributions that are compatible with the X-ray diagram. A difference is obvious
between the maps in fig. 3.6. In fig. 3.6(a) the regions with higher charge density
(white regions) tend to form stripes whose length is about half the cell parameter a.
Furthermore, each stripe joins its adjacent stripes in such a way that almost
continuous zigzags of high density perpendicular to the (11) direction are formed.

http://www.e-lc.org/dissertations/docs/2009_04_06_04_49_05

electronic-Liquid Crystal Dissertations - April 08, 2009

3. New bent-core liquid crystals (I)

79

This is in agreement with the monoclinic symmetry of the system. On the other hand,
in Fig. 3.6(b) the highest charge density is practically concentrated in quite small
regions.

(a)

(b)

Figure 3.6 Charge density distributions of compound C1 calculated from expression
3.3. The brighter areas represent the regions of higher charge density. The signs for the
(20), (11), (1 1) and (31) coefficients in eq. 3.3 are chosen as (- + + -) for (a) and (+ + +
+) for (b). The values of F(hl) for the different (hl) Miller indices were obtained from
the peak intensities of the x-ray diagram in fig. 3.5 (see text). The horizontal and
vertical scales are in units of the lattice parameters a and c respectively. The relation
!
between a and c was taken a/c = 2. The monoclinic β angle was approximated to 90º in
both schemes. !

Now, we consider these two possibilities for the real structure. The bent-core
molecules presumably pack in such a way that their central cores join together with
their lateral structures parallel to each other. As a consequence thereof, the cores tend
to order themselves to form ribbons where the charge density is higher. It is evident
that the pattern appearing in fig. 3.6(b) cannot support the existence of these ribbons
and must be discarded. On the other hand, this packing model is clearly in agreement
with the pattern of fig. 3.6(a), where the molecular cores are distributed along the
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higher density stripes. A possible structure is shown in fig. 3.7, which is similar to
the B1revtilt, as was defined previously [18-20]. However, in our case the ribbons are
bent at their extremes in order to permit suitable molecular packing in those regions
and form a nearly rectangular lattice (β = 87.5º).

c
a
Figure 3.7 Structural model proposed for the Colob of compound C1. The molecular
packing is in agreement with the charge density shown in fig. 3.6(a). For simplicity, a
rectangular cell (β = 90º) has been considered. The structure is synclinic and antiferroelectric, but the precise ordering of the chirality of the columns (indicated in red and
blue colors) cannot be defined by standard X-ray measurements. With the combination
of colors used in the figure the structure is a generalization of the B1revtilt phase.

It is important to note that the structure represented in fig. 3.7 is only one of the
possible structural models that are in agreement with our experimental results. This
can be easily understood as follows: due to the liquid disorder inside the columns, the
diffraction diagram of a columnar 2D structure with lattice parameters a and c, is
reduced to the h0l reciprocal plane. Then, for non-resonant X-ray diffraction, the
contribution to the structure factor of an atom with form factor f positioned at
r = xa + yb + zc respect to a given origin is f exp[2"i(hx + lz)] , i.e. it does not

depend on the y coordinate. This means that our diffraction experiment only detects a
!

periodic distribution of bent-core molecules projected on the lattice plane. In other
!
words, we cannot get information about the chirality of the ribbons, and any
combination of the colors is possible in fig. 3.7. In our case, the compound C1 is not
SHG active if no electric field is applied to the sample (see section 3.4). This fact
discards a ferroelectric arrangement of the columnar phase and, therefore, red and
blue ribbons must be present in equal number since the structure is synclinic. The
precise order of the colors is however undefined.
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3.2. Results obtained for the material C2
On slow cooling from the isotropic phase the mesophase grows within the
isotropic liquid as telephone-wire structures that are shown in fig. 3.8. On further
cooling, the material enters completely the mesophase showing, under the
polarization microscope, textures formed by small domains with fringes
characteristic of the SmCSPA phase. In some regions of the sample, small circular
domains appear with concentric fringes, being the brushes directed along the
polarizer directions. Under an electric field of 12 V/µm the material presents
ferroelectric switching. Under field the textures exhibit fan-shaped domains without
fringes that remain unaltered under field reversal (see fig. 3.9). On the other hand,
the birefringence of this phase with and without electric field was similar, about Δn =
0.04, which reinforces the hypothesis that the material presents a racemic structure.

Figure 3.8 Telephone-wire structures that the
compound C2 exhibits when cooling down from
the isotropic phase. Photograph width about 600
µm.

Figure 3.9 Fan-shaped texture of compound
C2 under an electric field of 12 V/µm. The
same extinctions are observed after field
reversal, which indicates a racemic SmCSPA
ground state. The width of the photograph is
about 250 µm.

In the light of the above experimental evidence, it would be reasonable to assume
the phase to present a SmCAPF structure under field and a SmCSPA structure in the
absence of field. However, the growth of the mesophase in telephone-wire structures
has been widely related to the existence of 2D periodic structures such as columnar
or smectic undulated phases [16,21,22]. In order to clarify this point, small angle Xray diffraction experiments were carried out. The measurements were performed at
different temperatures within the mesophase on an unaligned sample.
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Fig. 3.10 shows a typical intensity profile for Bragg angles θB < 2º, corresponding
to the temperature T = 163 ºC. As can be seen, a high double peak and an additional
one of lower intensity are observed. Peaks 2 and 3 correspond to the first and second
harmonic of a given periodicity while peak 1 is incommensurate with the others,
which implies a 2D lattice. The experiment was repeated at different temperatures
and, in all cases, the result was qualitatively similar. It is worth mentioning that the
angular position of peak 1 remains steady in the whole range of temperatures and the
periodicity distance associated to this reflection is compatible with the smectic
spacing. On the contrary, peaks 2 and 3 show slight temperature dependence.
Therefore, we assumed a 2D orthogonal lattice as the simplest indexing scheme (see
fig. 3.10) where the cell parameters obtained at 163º C are a = 255.57 Å and c =
49.76 Å. This indexing strategy was found to work properly for all the temperatures,
indicating that the symmetry of the structure is orthorhombic. The parameter a
increases slightly as the temperature decreases, ranging its values between 255 Å to
263 Å in the whole interval of measured temperatures.

Intensity (arb. units)

2.5

1

2

3

2
1.5
1

0.23

0.25

0.27

0.5
0
0.115

0.125

0.135

0.145

wave vector (1/Å)
Figure 3.10 X-ray diffraction diagram for compound C2. Three peaks are observed for
Bragg angles θB < 2º. The resulting Miller indices are: 1:(01), 2:(11) and 3:(22).

In addition, it should be pointed out that assuming a molecular length of 63.5 Å,
in the most stable conformation of the core and an all-trans conformation for the
aliphatic chains, the tilt angle obtained from the c parameter is 38.5º. This value of
the tilt and the anticlinic molecular arrangement are in agreement with the small

http://www.e-lc.org/dissertations/docs/2009_04_06_04_49_05

electronic-Liquid Crystal Dissertations - April 08, 2009

83

3. New bent-core liquid crystals (I)

birefringence that the material exhibits. In fact, the birefringence value Δn = 0.04 can
be considered small for a material formed by molecules with azoxy linkages in their
core [23].
Following the same strategy carried out with compound C1, the main features of
the 2D structure can be obtained for C2. The X-ray diffraction diagram of compound
C2 presents three peaks, the intensities of which are denoted as I1, I2 and I3. In this
case, the orthorhombic symmetry imposes the following restrictions for the structure
factor: on the one hand F(hl) = F(h l) , i.e. in our case the intensity of the (11) and
(1 1) reflections is the same. On the other hand, the existence of the (01) reflection

restricts the possible plane groups of the electron density map to pm2m and pm2g, in
!
which case F(hl) = F(h l) and F(hl) = ("1) h F(h l) , respectively. The main

!

contribution to the charge density map is due to the double peak. Therefore, we will
start neglecting the I3 contribution. As the structure is orthorhombic, the Fourier
!
!
coefficients of the electron density must hold the following relations:
F(01) = I1 2 , F(11) = F(1 1) = I2 /4

(3.4)

There are 8 = 23 different sets of sign combinations for these coefficients. However,
four of them! represent a phase
! shift of π in the whole set of Fourier coefficients of
the charge density function and will be considered later. The four remaining sign
combinations can be taken as (+ - +), (- - +), (+ - -), (- - -). It can be shown that the
first and second possibilities lead to the same charge density structure and are related
by a shift in the coordinate origin. The same situation occurs between the third and
fourth sign sets. Therefore, only two independent density maps must be considered,
i.e., (+ - +) and (+ - -).
If now we include the contribution of I3, the choice of the sign for the coefficients
F(22) and F(2 2) only duplicates the number of density structures considered above

since F(22) = F(2 2) . On the other hand, the maps with a different sign only for that
!
!

coefficient do not represent changes qualitatively significant in the structural models,
!
given the small size of the peak 3. Figs. 3.11(a) and 3.11(b) are representative of the
density maps for the two main possibilities and correspond to the sign sets (+ - - +)
and (+ - + +), respectively (the fourth sign corresponds to the F(22) coefficient).
One can also appreciate that the charge densities corresponding to a general sign
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inversion of the Fourier coefficients do not give rise to qualitatively new structures.
Thus, we do not need to consider additional possibilities for the sign sets.

(a)

(b)

Figure 3.11 Charge density distributions of compound C2 calculated from expression
3.3. The brighter areas represent the regions of higher charge density. The signs for the
(01), (1,1), (1 1) , (22) and (2 2) terms in eq. 3.3 are chosen as (+ - - +) for (a) and (+ - +
+) for (b) (in both cases the fourth sign corresponds to that of the (22) and (2 2)
coefficients). The values of F (hl) for the different (hl) Miller indices were obtained
from the peak intensities of the X-ray diagram in fig. 3.10 (see text). The horizontal and
!
!
vertical scales are in units of the lattice parameters a and c respectively. The relation
!
between a and c was taken a/c = 5.
!

Regarding now the two alternatives of fig. 3.11, that of fig. 3.11(a) must be
discarded since it would imply the existence of stripes of low charge density along
the lattice vector c, which energetically represents a very unfavorable packing of the
molecules. On the contrary, fig. 3.11(b) shows a charge density that basically
represents a smectic undulated structure, the modulation of which seems to be close
to a sinusoidal one. In this sense, it resembles the structure proposed by Coleman et
al. [16] for the B7 phase of compound MHOBOW. However, some differences
between both structures can be pointed out. On the one hand, in fig. 3.11(b) it can be
clearly seen that the lines of equal charge density are not parallel to the smectic
layers. This means that the structure is not a perfect undulated smectic but the charge
density is slightly modulated inside the layers. In addition, even if this charge
modulation is neglected, the smectic layer undulation cannot be assumed to be
simply sinusoidal. In fact, in the case of a perfect sinusoidal undulation, the intensity
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of the different x-ray diffraction peaks for a given index value l must hold the
following relation [24]:

# l &
J h21 % 2" A(
I ( h1 l)
$ c '
,
=
# l &
I ( h2 l )
2
J h2 % 2" A(
$ c '

(3.5)

where J hi is the hi-th Bessel function of the first kind, h1 and h2 are the indices
associated to the reciprocal
vector a* of two different peaks, and A is the amplitude
!

!

of the sinusoidal modulation of the smectic layer. From fig. 3.11(b), it could be
assumed an amplitude value A " c /3 for a perfect sinusoidal undulation, and
therefore the ratio of intensities for peaks (01) and (11), for instance, should be
according to eq. 3.5 I (01) I (11) = 0.088 . Therefore, taking into account the
!
multiplicities of both reflections, I1 /I2 = 0.044 . However, in fig. 3.10 both peaks are
similar. This result supposes a clear disagreement with the assumption of a simply
!
sinusoidal undulation.
!
A final comment could be raised regarding the phase structure of this compound
after having applied an electric field. With our experimental equipment, it has not
been possible to clarify if the material undergoes an irreversible phase transition to a
SmCSPA phase after field application, or on the contrary, its ground state always
presents undulated smectic layers. The clarification of this point would require X-ray
diffraction experiments under electric field, which is out of our experimental
facilities.

3.3. Results obtained for the material C3
Fig. 3.12 shows the optical textures in the mesophase of compound C3 on cooling
from the isotropic liquid. There is a thermal gradient in the pictures from left to right.
Three regions with two types of textures can be appreciated, one in the middle of the
photographs and the second one at the left and right extremes. The different textures
were obtained using different cooling rates, fast-slow-fast on going from left to right.
In other words, small-grain chirality domains are formed for rapid cooling whereas
the more conventional B2 textures result for slow cooling. The B2 (SmCP)
assignment is confirmed by X-ray measurements. Only two sharp peaks are detected
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at small angles, which correspond to the first and second orders of a given
periodicity, and a diffuse peak is found at wide angles. The smectic spacing deduced
from the X-ray diagram is 42.0 Å, which corresponds to a tilt θ = 48º for a theoretical
molecular length of 63.5 Å.

Figure 3.12 Textures of the SmCAPA phase exhibited by compound C3. In the figure,
three different regions can be appreciated that correspond to different cooling rates form
the isotropic phase (fast-slow-fast starting from the left). On fast cooling (extreme parts)
the textures present no birefringence and gyrotropic domains can be observed under
slightly uncrossed polarizers (white arrows). Photograph width about 3000 µm.

Fig. 3.13 shows the texture obtained at a low cooling rate and under a dc field. As
can be seen, the extinction directions are approximately at 45º from the polarizer
directions. This is consistent with the tilt value deduced from the X-ray data. The
phase should correspond to a SmCSPF structure under field. Without field the
structure is SmCAPA.
It is interesting to comment on the textures obtained on rapid cooling. Two
regions almost isotropic but with opposite optical rotations are observed. Similar
textures with even smaller grain size have been previously observed and also
interpreted successfully as due to a SmCAPA structure [25]. To observe the optical
rotation, the birefringence should be very small. This is accomplished in the present
case because of two reasons. First, a tilt angle close to 45º in an anticlinic structure
gives rise to a small birefringence. Second, there is an averaging effect of the
(already small) birefringence due to the random domain distribution and small
domain size in the rapidly cooled samples. In contrast, the gyrotropy does not
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average to zero but a gyration effect remains. The effective gyrotropy is equal to one
third of the trace of the gyrotropic tensor of one domain.

Figure 3.13 Optical textures in the B2 (SmCP) phase of compound C3 on cooling from
the isotropic phase under an electric field of 8 V/µm. The structure is SmCSPF with a tilt
angle close to 45º. Black arrows indicate the polarizer directions. The width of the
photograph is about 600 µm.

3.4. SHG measurements
Detailed SHG measurements were carried out in the mesophase of compound C1
under field (SmCSPF) because it has two azo groups, so its efficiency was expected to
be one of the highest of the three studied materials. The contracted susceptibility d
tensor, which describes the SHG process in the homochiral states, is given by the
matrix (eq. 2.12):
# 0
%
(dij ) = % Dsin2 "t
% 0
$

0
d

0
Dcos2 " t

Dsin " t cos " t
0

0
Dsin " t cos " t

0

0

Dcos2 " t

0

&
(
(
Dsin " t cos" t ('
Dsin 2 " t
0

where θt is the tilt angle, and the parameters D and d depend on the
!hyperpolarizability components referred to the coordinate frame of fig. 3.2: D =
3

3

Nf βξζζ, d = Nf βξξξ (see section 2.3). We used homemade cells. According to a
previous work [26a], the material is aligned homeotropically in the cell gap on
applying an electric field parallel to the cell glasses.
In this situation, the d tensor can be obtained by means of SHG measurements at
normal incidence. Two different input-output configurations were used: p-p, with
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both the polarizer and the analyzer parallel to the polar axis; and s-p, with the first
polarizer rotated 90º. At both sides of the gap there was an unaligned region in the
sample that responded to the field but had no effect on the SHG signal, a point
verified later by covering the edges of the gap with aluminium sheets.
Neglecting the absorption at 532 nm (we measured an optical density of 0.17 for a
thickness of 5 µm at the isotropic phase) the SHG power P2ω is given by eq. 2.8:
2

+ % $kL (.
*0
-sin'
&
)0
2
2"
2 2
,
P # L deff - %' $kL (* 0
-, & 2 ) 0/

where deff = d for the p-p and deff = Dsin2θ for the s-p configuration, respectively;
2ω

n=n
"k = 2#$n % , where δ!

- nω is the difference of refractive indices between the

second harmonic and the fundamental waves for that configuration, and λ is the
!

wavelength of the latter. The constant of proportionality is determined after the
calibration of the set-up using a y-cut quartz plate (d11 = 0.4 pm/V). The Fresnel
transmission coefficients were also incorporated into the calculations.
We employed cells of different thicknesses. This way, we first found out the
values of δn for each configuration and then determined the parameters D and d (see
section 2.3). The final results, together with the estimated errors, were the following:

"n s# p = n y2$ # n$x = 0.027 ± 0.003;
"n p# p = n y2$ # n$y = 0.035 ± 0.003;
d = 3.3 ± 0.2 pm/V;
D = 6.1± 0.7 pm/V.

The magnitude of the SHG susceptibility is similar to that found in the classical
family of banana-shaped
compounds P-n-O-PIMB [26b]. This behaviour is logical
!
because in that family the charge-transfer process at the lateral cores due to the imine
group is expected to be similar to that of the compound containing the azo group.

3.5. Photoinduced effects
Finally, for the study of the photoactivity, planar samples under a dc electric were
illuminated with polarized laser light as the textures were simultaneously observed in
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the polarizing microscope. We employed an Ar+ laser emitting at 488 and 515 nm
and a He-Cd laser emitting at 442 nm. The average intensity of irradiation on the
samples was about 100 mW/cm2. Similar effects were observed in the three materials
for the three wavelengths.
Upon illumination within the mesophase, an initial decrease of the birefringence
takes place and, after a few seconds, the samples undergo an isothermal transition to
the isotropic phase. As soon as the light is removed, the illuminated zone enters back
the mesophase forming unaligned small domains. This behavior agrees with the
results reported in the literature [5-7]. The effect is interpreted as a consequence of
the trans-cis photoisomerization of the -N=N- bond: under suitable light irradiation,
the cis population increases, so the molecules loose their original bent shape, and the
material becomes isotropic. Once the light is off, the cis population diminishes as the
-N=N- linkages return to the more stable trans configuration. The cis-trans
conversion takes place in short times (less than one second) in these relatively high
temperatures, where thermal isomerization is important.

3.6. Conclusions
The structures of the different mesophases of three bent-core mesogens possessing
photoactive linkages have been analyzed, finding columnar and smectic phases. The
structural models have been deduced from the analysis of the charge density
distributions, using data both from the positions (Bragg angles) and sizes of the Xray diffraction peaks. This approach contrasts with that used in standard X-ray
studies, where the reflection intensities are seldom used to get any structural
information.
Regarding the nonlinear optical properties, the azo moieties maintain the SHG
efficiency and the resulting d-tensor is similar to that found in imine-derivative
compounds, thus both groups lead to high mobility of the electron density. Finally,
and as a last point, the presence of the azo- or azoxybenzene structures adds a new
dimension to these materials, since it permits us to gain photocontrol in some of their
physical properties.
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4. New bent-core liquid crystals (II):
Nonlinear optical efficiency in bentcore liquid crystals

4.1. A review
One of the main objectives of our research was to prepare new bent-core
molecules to optimize nonlinear optical (NLO) responses such as second harmonic
generation (SHG). With this aim in mind, in the last few years materials showing the
SmCP mesophase were mainly considered. Structures derived from 3,4’biphenylene, which was used as the angular core, together with long terminal tails (ntetradecyloxy) were chosen because of its proven ability to promote SmCP
mesophases [1]. In order to modulate not only the liquid crystalline features but also
the optical properties of the new materials, different connecting units such as azo (N=N-), azoxy (-N(O)=N-), imine (-CH=N-) and ester (-COO-) groups have been
studied and compared. Regarding the NLO properties, SHG measurements in bentshaped materials are scarce and some important discrepancies exist, even in the order
of magnitude of the second order susceptibility tensor. The beginning of this chapter
is devoted to an analysis of the SHG performance of the most representative
materials from this series of compounds, and to discuss its relationship with their
molecular characteristics. The main drawbacks of them all are also pointed out and
new alternatives to increase the SHG activity are discussed.
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Figure 4.1 Chemical structure of the bent-core compounds studied.

The materials under review appear in fig. 4.1. The ester linkage is one of the most
broadly used in order to design bent-core liquid crystals due to its thermal stability.
However, there are few examples in the literature where azo (or azoxy) groups are
incorporated [2-7] despite their attractive possibilities for optical materials (e.g. NLO
activity and cis-trans photoisomerization) [8-11] as well as for liquid crystals
[12,13]. In the previous chapter the possibilities of these bonds were checked [14].
Moreover, there exist scarce examples of bent core liquid crystals based on
biphenylene-imine derivatives [15]. The properties of the tetra-ester homologue
(compound IV), firstly reported by Tchierske´s group [16] and extensively studied by
our group [17,18] have been included in this work for the sake of comparison. With
the same aim we have also included in this study a new material (compound V) in
order to study the influence of more polarizable atoms (sulfur vs. oxygen) in the
terminal chains on the SHG efficiency. This new compound, which has been
extensively studied by us previously [19], is a thioalkyl-derivative analogue to
compound IV.
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The second-order susceptibility tensor d of these compounds has been fully
characterized. This tensor can be described in terms of only two independent
parameters D and d, and the tilt angle [20] assuming the approximation proposed by
Araoka et al. [21] for the nonlinear molecular response (see eqs. 2.12 - 2.15). All the
SHG measurements were carried out on the SmCPF phase. The measurement
procedure is detailed in chapter 2. Table 4.1 gathers the obtained results.
Compound

d (pm/V)

D (pm/V)

I

3.3 ± 0.2

6.1 ± 0.7

II

4±1

8± 2

III

1.0 ± 0.4

1.9 ± 0.4

IV

1.2 ± 0.3

2.0 ± 0.3

V

1.8 ± 0.3

2.0 ± 0.4

Table 4.1 Second-order susceptibilities for the materials under analysis.

It can be seen that the characteristic parameters d and D range from 1 to 8 pm/V
in all cases. Although all these values are of the same order of magnitude, the
compounds can be divided into two groups according to their SHG performance.
Compounds III, IV and V present a lower nonlinear efficiency (D and d about 1
pm/V) than compounds I and II (D about 7 pm/V and d about 3 pm/V). Furthermore,
neither the presence of a lateral hydroxy group nor sulfur atoms lead to any
significant change in the nonlinear activity of the compounds whose lateral parts
contain only ester groups.
This difference can be explained because the azo and imine groups in the
molecular wings of compounds I and II, respectively, allow for a delocalized
electronic charge distribution between the donor and acceptor groups along the
whole separation distance. This is not the case for compounds III, IV and V, whose
wings present only ester groups, which partially cut the electronic conjugation.
Therefore, the distance between donors and acceptors is much smaller in these
compounds.
On the other hand, compounds with imine, azo, and presumably azoxy groups
exhibit similar SHG performance. In this respect, the SHG efficiency of the classical
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family of bent-shaped compounds P-n-O-PIMB is expected to be similar to that of
compounds I and II of the present work, as previously pointed out in a previous
paper [14]. This family of compounds is probably the most widely studied from the
viewpoint of NLO, but the values obtained by several authors for their second-order
susceptibility tensors show significant discrepancies, even in the order of magnitude
[22-24]. The reason for this inconsistence remains unclear up to now.

y
Y

Y

!l

µ

X

.

x
z

!l
X

"

Figure 4.2 Schematic representation of the chemical structure of an average bent-core
molecule. X and Y represent donor and acceptor groups, respectively, which are
connected to each other through a conjugated spacer. " zxx and " zzz are assumed to be the
dominant hyperpolarizability coefficients, with the rest being negligible. The whole β
tensor can be considered to arise from a unique one-dimensional hyperpolarizability " l
directed longitudinally along the wings of the
! molecule.
!

In order to clarify this point, we have carried out a simple estimation
of an upper
!
limit for the d and D parameters of the P-8-O-PIMB compound, analyzing the
molecular origin of the macroscopic d tensor. Fig. 4.2 schematizes the molecular
structure of a typical banana-shaped compound. X and Y represent the donor and the
acceptor respectively which are connected to each other by a conjugating spacer. The
SHG efficiency

is expected

to

be mainly

driven

by the longitudinal

hyperpolarizability " l along the wings [21]. In the reference system depicted in the
figure, this assumption gives rise to two dominant values for the molecular
hyperpolarizabilities " zxx and " zzz , given by
!

!

!

!
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The connection between these β components and the macroscopic D and d
parameters, is given approximately by the equations

D = Nf 3 cos " # zxx , d = Nf 3 cos3 " # zzz ,

(4.2)

where N is the density of molecules in the mesophase, f a local-field factor and " the
angle between
polarization direction. The brackets denote
! z and the spontaneous
!
thermal average. Assuming perfect molecular order, the thermal averages are equal
!
to unity and eqs. 4.2 become

D = Nf 3" zxx , d = Nf 3" zzz .

(4.3)

In the present model the whole susceptibility tensor is fully determined by " l . Eqs.
4.3 will be used to obtain
the upper
!
! limit for the NLO efficiencies.
For this purpose, we have taken for " l the hyperpolarizability
value
!
corresponding to a chemical compound whose nonlinear response is expected to be
similar to the imine-based group of P-n-O-PIMB, which is the main contributor to its
!
SHG efficiency. The candidate we have chosen is 4´-methoxy-4-cyanostilbene. Its " l
value (19 × 10-30 esu for a fundamental wavelength of 1.91 µm) has been obtained
from the work published by Cheng et al. [25] who reported the hyperpolarizabilities
!
of more than one hundred compounds that were carefully measured in solution using
the EFISH technique. In this compound the stilbene group works as the conjugating
spacer and the methoxy and cyano groups as donor and acceptor entities,
respectively. This compound is expected to exhibit a higher nonlinear response than
that of the imine-based group of P-n-O-PIMB. In fact, the -C=C- connection in
stilbene is more efficient than the imine-connecting group [25], and -CN is a better
acceptor than the ester group (-COO-). The maximum D and d parameters
corresponding to a hypothetical bent-shaped molecule with the selected 4,4’substituted stilbene structure incorporated in the lateral wings can be calculated using
eqs. 4.1 and 4.3.
In order to compare these values with our experimental results, we have to use the
corresponding " l value at a wavelength of 1.064 µm. Assuming a two-level model
for the hyperpolarizability dispersion with an absorption maximum at " o = 340 nm
!
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[25] we obtain " l = 30 × 10-30 esu for 1.064 µm. The resulting second-order susceptibility parameters are
D = 20 pm/V and d = 6.7 pm/V.

!

(4.4)

In this calculation, a Lorentz factor was used as the local-field factor, with a
refractive index of 1.5 both for the fundamental and second-harmonic waves. Finally,
N for P-8-OPIMB was evaluated by taking a density of 1 g/cm3 for the mesophase.
As previously mentioned, these values represent an upper boundary for these
parameters. When these calculated values are compared with the experimental NLO
data from the literature, those from ref. [22] are below these limits, and those from
refs. [23] and [24] are clearly above it.
On the other hand, we can estimate the theoretical value of the d and D parameters
for P-8-O-PIMB in a rather similar fashion. Recent experimental results on the
hyperpolarizability of this compound using the EFISH technique with a fundamental
wavelength of 1.91 µm give a value µ" z = 40 × 10-48 esu [26]. Here, βz = βzxx + βzyy +
+ βzzz is the so-called vector part of the hyperpolarizability tensor along the direction
of the permanent dipole moment µ. Taking a typical value µ = 3 D [27,28] we
!
obtain, assuming a bending angle α = 120º, " z = " l = 13 × 10-30 esu. This value
seems to be consistent with the measured hyperpolarizabilities of other materials that
have donor-π-acceptor structures comparable to the one present in P-8-O-PIMB.
!
!
Among these materials we include, for example, some 4,4’-substituted stilbenes that
have moderate donor and acceptor groups, as discussed above [25].
If we again assume a two-level model for the hyperpolarizability dispersion, with
an absorption maximum at "0 = 362 nm (deduced from the absorption data for P-8O-PIMB in solution), we obtain " l = 23 × 10-30 esu for λ = 1.064 µm, which in turn
implies

!

D = 10 pm/V and d = 2.5 pm/V,
!
for a degree of polar stereocontrol

(4.5)

cos" = PS µN = 0.61, deduced from the

experimental spontaneous polarization Ps = 460 nC/cm2 [29]. In eq. 4.5, the term
cos 3 " was estimated by assuming a gaussian distribution for " centered at " = 0,
!
with a width that gives the correct cos" value.

!

!

!
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As can be seen, the d and D coefficients in eqs. 4.5 are compatible with our
experimental results, and their relatively small size (values above 50 pm/V would be
desirable for applications) can be fully explained as due to a small " l . More
specifically, the origin of the problem lies in the small strength of the ester group (COO-) as an acceptor. This unit is common to all of the molecules under
!
investigation and sets a limit to any NLO macroscopic efficiency in these materials.
From this viewpoint, it is not surprising that all compounds present similar d tensors.
It should be possible to obtain improved materials through the design of molecules
with similar chemical structures just by modifying the acceptor units. There is still
great potential for achieving better NLO materials by pursuing this idea. We explore
this possibility in the next section.

4.2. A bent-core compound with high NLO response
Since we believe that other structures are possible that will give rise to much
greater efficiencies, one compound was synthetised based in the conclusions from
the discussion above (fig. 4.3). In this case, better donor and acceptor moieties,
piperazine and α-cyanocinnamate groups, respectively, conjutated via an azobenzene
group were introduced in one of the wings of the molecule.

Figure 4.3 Chemical structure of the compound synthesized according to the ideas
explained in the text to enhance the NLO properties in bent-core liquid crystals.

However, this chemical structure has a drawback: the transparency-efficiency
trade-off. The material shows an intense red colour due to the absorption band in the
blue part of the spectrum (fig. 4.4). Unfortunately, our experimental set-up to
measure the SHG coefficients uses 1064 nm wavelength light from a Nd:YAG laser,
so the wavelength of the second harmonic signal is 532 nm, deep into the absorption
band of the compound. This fact makes it difficult to carry out the measurements,
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because the absorption reduces the intensity of second harmonic light that leaves the
sample and must be taken into account in the calculations.
As a first means to avoid excessive absorption, the compound was mixed with a
transparent matrix possessing small SHG efficiency. The chosen host is the material
studied in chapter 6. The mixture with a 0.5 mole fraction has a SmCP phase just
below the clearing point in a wide temperature range.

Figure 4.4 Absorption spectrum of a diluted solution in the isotropic liquid phase (C =
1.86 × 10-5 M) of the compound under study. The highlighted value (ε·C·ln10 = a)
corresponds to the second harmonic wavelength.

As a consequence of the high absorption, eqs. 2.8 – 2.9 are not appropriate any
more. Instead, the index of refraction of the material must be included as a complex
quantity in the calculation of the second harmonic intensity. Taking into account only
the absorption at the second harmonic wavelength, the final expression is [30]:

( 2%&nL +
2
sin 2 *
- + sinh ( aL 4 )
)
,
'
P 2" # deff2 L2e$ aL 2
,
2
( 2%&nL +
2
*
- + ( aL 4 )
) ' ,

(4.6)

where deff is a linear combination of the dij coefficients, which depends on the sample
orientation
and the light polarization directions; L is the thickness of the sample; δn
!
is the material index mismatch between the second harmonic and the fundamental
light; λ is the fundamental wavelength; and a is the absorption coefficient. The
Fresnel coefficients must be also considered, as in eq. 2.8. The remaining parameters
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are contained in the proportionality constant, which is determined by callibrating the
experimental set-up with a y-cut quartz plate (chapter 2).
On the other hand, it is difficult to obtain an accurate value for a in the mesophase
due to the high absorption as well. Assuming that the absorption band is not highly
affected by the concentration, an estimate extrapolated from a diluted solution of the
compound in the isotropic liquid phase (1.86 × 10-5 M) is used. A value of a = 0.16
µm-1 is obtained for the mixture with the transparent host.
The measurements were performed in homemade cells of several thicknesses with
in plane electrodes. Applying a high enough electric field (~10V/µm), a well-aligned
SmCSPF structure was induced in the gap (fig. 4.5). The second order susceptibility
tensor of this phase is (eq. 2.12):

$ 0
&
d " & Dsin 2 # t
& 0
%

0
0
d Dcos2 # t
0
0

Dsin # t cos # t
0
Dcos2 # t

0
Dsin # t cos # t
0

Dsin 2 # t '
)
0
)
Dsin # t cos# t )(

where θt is the tilt angle. Under the assumption of a perfect homeotropic alignment in

!

the gap, we carried out measurements in the p-p configuration (light polarization
parallel to the electric field at the entrance and the exit of the sample) to obtain a
value for the d parameter, following the method explained in chapter 2.

Figure 4.5 Pictures of the cell gap (70 µm width) with the field on (4.3 V/µm, 10 Hz,
square wave) between crossed polarizers (white arrows): parallel to the polarizer (left)
and rotated 45º (right). Although the phase retardation is low because of the small
thickness of the cell (1.3 µm), the extinction is clearly observed, proving the quality of
the molecular alignment. The reddish colour is due to the sample absorption. Both
pictures are 200 µm width.
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Measurements on five cells with different thicknesses were used to perform a
simultaneous fit in δn and d of eq. 4.6 as a function of cell thickness (fig. 4.6). The
best fit is for δn = 0.1, which is the smallest solution for δn. The corresponding
nonlinear coefficient is d = 48 pm/V. In the model of Araoka et al. [21]:
#" &
d
= tan 2 % ( ,
$2'
D

(4.7)

assuming a bending angle α = 120º, D = 144 pm/V. This is the largest coefficient
measured in a liquid crystal,
! proving that it is possible to improve the bent-core
liquid crystal NLO efficiency by means of introducing new and better donor and
acceptor groups in their chemical structure. Nevertheless, due to the enhancement of
the second order susceptibility near an absorption band, further measurements
outside the resonance would be interesting to get an idea of the possible high
frequency electro-optic performance of this compound. This work is in progress.

Figure 4.6 Fit of eq. 4.6 (black line) for a = 0.16 µm-1, δn = 0.1 and d = 48 pm/V to the
experimental results (black dots: 0.55, 0.75, 1.35, 2.1, 5.5 µm thickness). For the sake of
comparison, the same equation with a = 0 (green line) is included. This shows two facts.
On the one hand, the difficulty to obtain Maker’s fringes with such a low index
mismatch by rotating the cell, a common problem in bent-core liquid crystals. As can be
seen in the graph, at least a 5-micron variation in the light path through the cell would
be necessary to get a whole fringe. On the other hand, since the absorption damps the
SHG as the cell thickness increases, narrower cells are needed to determine δn and the
NLO coefficients by using the ratio of intensities.
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4.3. Conclusions
Regarding the SHG efficiencies, the bent molecular shape is appropriate for the
correct design of NLO materials and is clearly superior to the rod-like shape of
calamitic liquid crystals. The degree of polar stereocontrol achievable with these
materials is also very good and is much better than those of poled polymers or
calamitic ferroelectric liquid crystals. One parameter that can clearly be improved is

" l . Both donor and acceptor groups can be improved and, to some extent, the same
can be said for the spacer between them. The nature of the acceptor group seems to
!

have special relevance because the ester group is particularly poor. As a proof of this
strategy, we have presented a new bent-core compound with a strong chromophore
that shows the largest NLO coefficients ever reported for these materials (d = 48
pm/V and D = 144 pm/V).
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5. New bent-core liquid crystals (III):
tetrathiafulvalene units

The incorporation of electro- and photo-active units into soft materials is an
attractive method for the preparation of systems that may function in molecular
electronics [1,2]. The processing of the materials can be influenced by temperature
and physical fields, which provide a useful way to modify their behaviour.
Tetrathiafulvalene (TTF) and its derivatives may be considered among the most
prominent components of these systems, providing many good organic conductors
and superconductors. These systems behave as excellent electron donors [3], a useful
property for the development of good nonlinear optical materials, and work on the
basis of the π-π overlap of the constituent molecules, which usually crystallize
forming chains or stacks due to the strong interaction between sulphur atoms [4,5].
Semiconductors obtained from TTF derivatives are p-type and have allowed, for
example, the implementation of organic field–effect transistors (OFET) [6,7], where
the TTF derivative connects the source and drain electrodes, and a n-type Si
semiconductor substrate constitutes the gate terminal. Furthermore, due to the strong
photoresponsivity of the employed TTF derivative, some of these OFETs operate
also as phototransistors, showing a clear increase of the drain current, for constant
drain and gate voltages, when the device is illuminated with white light [7].
Only a few mesogenic compounds derived of TTF have been reported up to now.
These are calamitic and discotic liquid crystals with the TTF moiety at the centre of
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their molecular cores [8-11]. The former present nematic and smectic A (SmA)
mesophases in different temperature ranges, while rectangular columnar phases have
been proposed for the discotic compounds. Some of these materials show ohmic
response under dc voltages, and very low ac conductivity, mainly dominated by ionic
impurities [10]. Others, however, exhibit fast electronic conduction with mobilities
as high as 1 cm2V-1s-1. Successful OFET operation has been reported in a few cases
[12].
The good packing of bent-core molecules within the layers can enhance the
charge transfer properties of TTF groups. On the other hand, since the mesomorphic
properties of this kind of materials present a high sensitivity to chemical structure
modifications, they could give rise to new interesting properties. In this respect, we
observed a very remarkable chirality segregation induced by the electric field in one
of the studied compounds (see section 5.4). This effect is clearly detectable due to
the dramatic change of the mesomorphic properties induced by the UV light
illumination, giving rise to an optically isotropic liquid crystalline phase.
This chapter contains the characterization study of three different bent-core liquid
crystals with TTF units, denoted as compounds I, II and III, respectively. The
chemical structures and phase sequences of the studied materials on cooling are
shown in fig. 5.1. The phase assignment will be discussed separately for each
mesogen below. As can be seen, compound III has one TTF unit next to the terminal
chain in both lateral structures of the molecule, whereas compounds I and II possess
only one TTF unit.

5.1. Results obtained for compound I
This material shows a completely dark texture, indistinguishable from the
isotropic liquid, down to room temperature on cooling from the isotropic phase. The
X-ray diffraction pattern shows two peaks, which correspond to the first and second
orders of a given periodicity. A diffuse peak is also observed at wide angles, which
confirms the mesomorphic character of the phase above 65ºC. Therefore, it can be
concluded that the mesophase is lamellar. The layer spacing is 51 Å, which means
that the molecules are tilted about 43º (assuming a molecular length of 70 Å in the
most extended configuration and using MM2 Force Field modeling). Below this
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temperature the material is no longer fluid but the diffuse peak still remains. This fact
indicates a glassy nature of this phase. The glassy state has been observed to relax
into a crystalline phase after several days.

Figure 5.1 Chemical structure of compounds I, II and III, together with their phase
sequence and enthalpies on cooling. The transition temperatures were obtained from
differential scanning calorimetry.

After applying an electric field in the mesophase above a threshold of 12 V/µm,
the texture becomes gradually birefringent. Under a square-wave electric field, the
texture is initially grainy and bright yellow. After several seconds it gradually turns
into darker green domains. In fig. 5.2(a) both kinds of textures appear coexisting.
After removing the electric field the isotropic black texture is no longer recovered.
Yellow domains relax into a greenish gray texture whereas dark green ones become
pale green (fig. 5.2(b)). This behaviour can be interpreted as a field induced
flattening of the bent layers in the dark phase. In this particular case, the change is
irreversible, probably due to surface effects, although the dark phase is recovered
after heating the sample to the isotropic phase and cooling it down again. This
behaviour has been also reported in other bent-core materials [13, 14].
The bright texture in fig. 5.2(a) is highly birefringent and extinctions (hardly
visible in the figure due to its low magnification) change with the field polarity,
which implies a homochiral synclinic (SmCSPF) arrangement under field. On the
contrary, the dark green texture is compatible with a racemic anticlinic structure
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(SmCAPF). Both textures relax, after field removal, into SmCAPA and SmCSPA,
respectively. It must be mentioned that under a triangular-wave electric field the
homochiral structure can be recovered. In this respect, chirality changes induced by
the electric field waveform have been previously reported in ref. [15]. However, in
that work the behaviour was the opposite we have found here, since the triangularwave electric field favored the racemic state, whereas the square-wave induced the
homochiral state.

Figure 5.2 Optical textures of compound I after electric field application at 110ºC, (a)
(600µm wide) with the field on (20 V/µm) and (b) (600µm wide) once the field is
removed. In both pictures racemic and homochiral states coexist.

It must be also pointed out that the homochiral state presents very small sized
domains, which gives rise to a very low birefringence in the ground state.
Consequently, chiral domains can be observed when uncrossing the polarizers (see
fig. 5.3(a)-(b)). Optical activity can also be observed as we enter the mesophase from
the isotropic state with the field on. Large chiral domains are clearly visible against a
dark background before the birefringent texture grows over them as the temperature
goes down (fig. 5.4). Therefore it can be concluded that the field is responsible for
the segregation of domains with different chirality, the same as for the dark phase of
the compound described in the next chapter.
SHG measurements confirmed the antiferroelectric character for the ground state:
null signal without field and nonzero with the field on. However, the polarization
switching current under a triangular-wave voltage shows only one peak per half
cycle [16] (polarization about 400 nC/cm2). Furthermore, compared with other bentcore liquid crystals [17], the saturated signal (with 30 V/µm) is about five times
higher (as well as in compound II). Assuming that the sample is formed by a random
distribution of domains whose size is smaller than the SHG coherence length, the
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second order dielectric susceptibility components dij can be roughly estimated to be
about twice those of P-8-O-PIMB [18]. Taking into account that the molecules have
only one active leg possessing a TTF group, the synthetic strategy of using such units
can give rise to materials with even higher nonlinear optical efficiencies. For
example, a similar bent-core molecule with a TTF group in each leg would double
the values of the dij components, i. e. four times those of P-8-OPIMB. Using the data
of this compound found in [18], we would obtain really remarkable dij coefficients of
about 20 pm/V. This proves the validity of the TTF donor group as a good choice to
enhance the nonlinear optical properties in this kind of materials, despite the πsystem is not optimized in the present molecules since the ester group breaks the
conjugation. The high threshold electric field prevented us from carrying out a more
accurate SHG efficiency characterization in aligned samples [18] and even a rough
estimation for compound III (see below).

Figure 5.3 Chiral domains of the homochiral phase (right side) coexisting with racemic
domains (left side) of compound I at 110ºC. The optical activity can be observed due to
the small domain size in the homochiral phase, which gives rise to an almost optically
isotropic texture without electric field. In (a) and (b) polarizers are slightly uncrossed in
both senses.

Figure 5.4 Large chiral domains are visible at 156ºC on cooling from the isotropic
phase with the electric field applied (12 V/µm) by uncrossing the polarizers (1200 µm
wide).
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5.2. Results obtained for compound II
Fig. 5.5 represents the small-angle X-ray diffraction diagram obtained at 110 ºC
on cooling. The indexing of the pattern was carried out on the basis of an oblique 2D
lattice, the cell parameters being a = 39 Å, c = 48 Å, and β = 78º. The validity of the
indexing scheme was checked at different temperatures on heating and cooling. A
continuous variation of the lattice parameters was detected, and β reduces in 2º at
95ºC. The high intensity of the peak indexed as (01) suggests a strong lamellar
character. From its corresponding periodicity, a tilt of 46º is obtained if a molecular
length of 67Å deduced from molecular modeling in an all-trans conformation is
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Figure 5.5 X-ray diffraction pattern of compound II at 110ºC, together with the peak
indexation proposed. Intensity is plotted against 2θ, where θ is the Bragg angle. The
inset shows an enlarged view of the small peaks appearing to the right of the largest
one. Arrows indicate the theoretical positions of the maxima.

The optical textures observed during the electrooptical studies for this material are
shown in fig. 5.6. On cooling from the isotropic state a texture possessing pale colors
with birefringence between 0.04 (greenish yellow) and 0.10 (brownish orange) is
obtained (fig. 5.6(a)). If a large electric field is applied (30V/µm, 10 Hz, square
wave) the texture becomes green (fig. 5.6(b)) with Δn = 0.14. It should be stressed
that no optical switching is observable while a polarization current is detected (two
current peaks per half cycle of the triangular-wave voltage [16]), and the green
texture remains after the field is removed. Furthermore, SHG is detected only when
the field is on, indicating that the material is ferroelectric under field and
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antiferroelectric without field. Consequently, the lack of optical switching means that
the polarization inversion occurs through molecular rotations about their long axes
(chiral switching). The high birefringence of the texture in fig. 5.6(b) indicates that
the arrangement is synclinic (both in the ground and in ferroelectric states). Hence,
fig. 5.6(a) corresponds to a disordered bulk where the molecular dipoles are mainly
parallel to the glass plates. Then, the field effect is just to rearrange the structure by
orienting the dipoles in the direction perpendicular to the glasses with the consequent
increase of Δn (fig. 5.6(b)). A similar electro-optic effect has been previously
reported in columnar phases of other bent-core materials [19, 20]. In the present case,
after the molecular reorientation, no electrooptic effect is further detected, even if the
field is removed.

Figure 5.6 Optical textures of compound II at 105ºC: (a) (240µm wide) on cooling from
the isotropic phase and (b) (200µm wide) after applying the electric field (20 V/µm).
Once the field is applied, the texture is the same as (b) with or without field.

In order to propose a structural model for the mesophase of our material, first we
must analyze and choose the appropriate 2D electron density distributions among
those in agreement with the observed X-ray diagram, as in chapter 3. In the case of
this compound, the density maps obtained for any of the sign combinations are very
similar to that shown in fig. 5.7. The lamellar character and a modulation of the
electronic density are clearly present. The combination of signs was chosen in order
to maximize the length of the white areas in the map, where the electronic density is
higher, with the aim of allowing for suitable molecular packing and reducing empty
regions as much as possible. Fig. 5.8(a) represents a possible structural model for the
mesophase. Molecular directors have been set in such a way that are compatible with
the observed optical tilt and almost perpendicularly to the longest direction of the
brighter areas in the map of fig. 5.7. This arrangement permits to obtain the best
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packing. The phase resembles a SmCSPA phase undulated like a sawtooth wave. The
structure is racemic since it is synclinic antiferroelectric, therefore blue and red
molecules must be present in equal proportion. It is important to point out that, as the
phase is not strictly smectic, the tilt angle must be understood as the angle of the
molecular director with respect to the (001) direction, i.e. perpendicular to a vector in
fig. 5.7. Another alternative to fig. 5.8(a) is a racemic synclinic organization but with
the polarity reversing along the a direction. This arrangement has the advantage that
the aromatic rod-like wings become aligned parallel and this is expected to have
lower energy (see e.g. fig. 18 in ref. [21]). With conventional nonresonant X-ray
diffraction these alternatives cannot be distinguished.
Finally, figs. 5.8(b) and 5.8(c) illustrate the chiral switching mechanism under
inversion of the electric field polarity: red molecules become blue or vice versa. The
three structures in fig. 5.8 are optically indistinguishable, and correspond to the
texture in fig. 5.6(b).

Figure 5.7 2D electron density map calculated
from the data of fig. 5.5 for compound II. The
brighter regions represent the areas of higher
electron density. In this particular case the
signs chosen in eq. 3.3 for the structure factors
are (− − − − +). The order of signs corresponds
to the appearance of the peaks in fig. 5.5. The
unit cell parameters are also sketched on it.
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Figure 5.8 (a) Arrangement of the molecules
proposed for compound II together with the
corresponding structures (b) and (c) under
field. The molecular packing is in agreement
with the electron density in fig. 5.7. The
antiferroelectric ordering of the dipoles is
based on the SHG measurements, but their
exact distribution is unknown.
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5.3. Results obtained for compound III
On cooling this compound from the isotropic phase the texture shown in fig. 5.9 is
obtained. Circular domains with the extinction crosses parallel to the polarizers are
observed, pointing towards an anticlinic order of the molecules in the mesophase.
This texture is maintained down to room temperature. Upon application of a large
electric field (20 V/µm) the birefringence increases somewhat but no appreciable
switching is observed. The sample degrades if larger fields are applied.
Small angle X-ray diffraction experiments were also performed in this compound.
Fig. 5.10 shows the diffraction profile at 138ºC. Four peaks are unambiguously
detected, and a small hump also appears by the side of the largest one. All of them
were indexed using a simple two-dimensional rectangular lattice with cell parameters
a = 141 Å and c = 52 Å. No substantial changes were observed at other temperatures
within the mesophase, indicating that the rectangular geometry of the lattice is not
accidental. Therefore the symmetry of the structure is orthorhombic, which implies
an anticlinic molecular arrangement (a synclinic arrangement is always monoclinic).
Modeling the molecule in an all-trans conformation, a molecular length of 82 Å is
obtained and the resulting tilt is 51º. This tilt angle and the anticlinic order should
give a low value for the birefringence, so the reddish color in fig. 5.9 is mainly
attributed to the large absorption of the material in the blue region. The fact that the
peak indexed as (01) is the largest strongly suggests a lamellar character.

Figure 5.9 Optical texture of compound III at 163ºC on cooling from the isotropic
phase with the sample between two glass slides. The red colour is due to the absorption
of the compound. Picture is 240 µm wide.
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Figure 5.10 X-ray diffraction pattern of compound III at 138ºC, together with the peak
indexation proposed. Intensity is plotted against 2θ, where θ is the Bragg angle. Arrows
indicate the theoretical positions of the maxima.

SHG measurements were also performed, but no signal was detected even with a
large field applied (20 V/µm). Therefore, fields below the threshold for the dielectric
rupture (about 25 V/µm) are not enough to induce the ferroelectric order.
The rectangular symmetry of the electron density map and the existence of the
(01) reflection restrict the possible plane groups of the density map to pm2m and
pm2g [22]. These symmetries imply the two following possible relations among the
h

structure factors: F ( hl) = F ( h l) or F ( hl) = ("1) F ( h l) , respectively (see chapter 3).
Many of the sign combinations in eq. 3.3 produce the same density maps with shifts
in the origin of the coordinate system. This fact leaves only a few different
!
!
possibilities. Examining the electron density graphical representations obtained for
the different sign choices, we can discard those possessing a non-lamellar character.
Taking those facts into account one ends up with the possibility shown in fig. 5.11. A
clear modulation of the layer density is noticeable. One peculiar feature of the
density map is the existence of two maxima per molecular core. This can be
understood as being originated by the two TTF-groups at the end of the core, which
are by far the molecular parts with the highest electron density. This characteristic is
very unusual and is due to the especial molecular chemical structure. In addition, the
positions of the two maxima determine the molecular orientation, which is
compatible with the anticlinic arrangement and with the magnitude of the tilt angle
calculated above.
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It is interesting to compare this map with that of compound II, where the double
maximum per molecular core is not visible. From a mere experimental viewpoint this
fact occurs because of the small size of the (02) reflection (see fig.5.5) in comparison
with the corresponding peak in compound III (last maximum of fig. 5.10). In
compound II there is only one electron-rich group per molecule and this implies on
the one hand a smaller average electronic density. But, on the other hand and more
importantly, it also gives rise to a larger disorder in the smectic layer since two TTF
groups per molecule (compound III) permit a better orbital overlap in neighboring
molecules and lead to a more efficient molecular packing through the connection
between TTF groups. As a consequence thereof, the electron-rich region is smeared
out in the map of compound II but is clearly visible in the present case.
A plausible arrangement of the molecules in this phase is sketched in fig. 5.12.
The proposed structure implies the existence of defect regions to accommodate
molecules with opposite tilt. The higher disorder expected in these areas diminishes
the effective charge density corresponding to the TTF-groups. It is difficult to
determine the precise molecular arrangement at the defects but probably the
connections at these regions are achieved through splay of the polarization [23].
The structure in fig. 5.12 is not the unique possibility but it is certainly one of the
simplest. The phase would be homochiral and antiferroelectric. Essentially, the
structure is an undulated SmCP (USmCP) phase and the modulation within a layer
can be understood as due to a packing fault or defect where the density is smaller
than in the rest of the layer. The defects would occur at the crests and troughs of the
undulation [24]. This molecular organization corresponds to the so-called
SmCPUA[S] structure as defined in ref. [25]. Here U means undulation, A indicates
opposite slopes in adjacent stripes and [S] denotes that adjacent stripes have the same
chirality. Other possible arrangements compatible with the X-ray and SHG data are
the antiferrolectric racemic SmCPUA[S,A] structures (two kinds of defects between
adjacent stripes, one with the same chirality and one with the opposite chirality in
successive stripes).
Since the tilt alternates along the layer and not between consecutive layers (as in
the traditional SmCAPA) it seems that the switching should be strongly hindered. This
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is in fact experimentally observed since the material undergoes dielectric breakdown
before showing any switching.

Figure 5.11 2D electron density map calculated from the data of fig. 5.10 for compound
III and unit cell parameters. The brighter regions represent the areas of higher electron
density. The signs chosen in eq. 3.3 for the structure factors are (+ − − − −). The order
of signs corresponds to the appearance of the peaks in fig. 5.10.

Figure 5.12 Arrangement of the molecules proposed for compound III. The molecular
packing is in agreement with the electron density in fig. 5.11. The antiferroelectric
ordering of the dipoles is based on the SHG measurements, but their exact distribution
is unknown.

Finally it is worth mentioning the unusually small enthalpy associated with the
mesophase-isotropic liquid transition (see fig. 5.1). This small enthalpy is compatible
with the existence of an important amount of cybotactic groups in the isotropic
phase. These smectic clusters were evidenced by X-ray measurements, which
revealed an abnormal persistence of a broadened smectic peak several degrees above
the clearing point.

5.4. Photoresponsivity and deracemization
Compound I responds to the UV light in a peculiar way, showing
photoconductivity and, in some circumstances, changing its mesomorphic properties.
Indeed, large chiral domains are segregated under an electric field from an initial
racemic phase in a few minutes time.
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Figure 5.13 Electrical resistance of the sample versus temperature, where the expected
behaviour before illumination (black dots) can be observed. The photoconductivity
effect appears as a drastical decrease in the resistance when the sample is illuminated
with UV light (red dots). In the mesophase the effect is especially noticeable.

We carried out photoconductivity studies in this material by measuring the sample
electrical resistance. For the experiment, a 10 MΩ resistor was set in parallel to the
sample (LinkamTM cell) and the equivalent resistance was measured by using a HP
34401A multimeter. Prior to the irradiation with UV light, the resistance was
measured from room temperature up to the isotropic liquid. Sample resistance values
appear in fig. 5.13. As expected, conductivity increases with temperature and in the
glassy state the material presents very large resistance. After this preliminary
characterization, the sample was illuminated with an ELC-403 halogen lamp
(Electro-lite Co.) and the irradiation on the sample in the wavelength range 340-380
nm was about 50 mW/cm2. The red dots in fig. 5.13 show the conductivity behaviour
versus temperature of the sample upon illumination. As can be seen, the conductivity
increases noticeably in the light-on state. This effect is especially remarkable in the
SmCP phase, where the increment is larger than one order of magnitude.
Photoconductivity is also observed in the low temperature glassy state but the effect
is less important (the conductivity is about twice larger for the illuminated sample at
room temperature). In all the phases the effect is reversible and its response time is
much shorter than one second. During the illumination process the sample texture
remains unaltered. The conductivity values are similar in the virgin dark state as in
the field-induced SmCAPA phase. The general features of the photoconductivity and,
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in particular the ratios between the dark current and the photocurrents in the three
phases are similar to those found in liquid-crystal materials especially designed for
presenting photoconductive properties [26].

Figure 5.14 Texture of a region of the sample after illuminating it with UV light near
the clearing point. Top: with the field on (20 V/µm, 10 Hz, square wave), and the
polarizers crossed (left) and uncrossed 30º (right). Bottom: with the field off, and the
polarizers crossed (left) and uncrossed 10º (right). Both with and without field the chiral
domains are clearly seen inside the illuminated area by uncrossing the polarizers. The
width of the pictures is about 3 mm.

An unusual behaviour is observed if the illumination is carried out in the SmCP
phase at a temperature close to the isotropic liquid (approximately less than 5 ºC
below the clearing point). Under these conditions, if the sample is irradiated in the
field induced birefringent state the texture becomes dark gradually, being perfectly
isotropic after about 1 minute of illumination. After light removal, the texture
remains dark and no chiral domains can be observed when uncrossing the polarizers.
Contrarily to the non-illuminated sample, a subsequent electric field application does
not result in a change to a birefringent texture. However, under electric field, the dark
texture develops chiral domains of opposite handedness (fig. 5.14) whose size
increases noticeably in a short period of time (fig. 5.15). This field-induced texture
demonstrates the mesomorphic character of the dark texture after turning off the
light. If the sample is heated up to the clearing point and subsequently cooled down
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to the mesophase, the birefringent texture is no longer obtained after electric field
application. A grainy yellow texture embedded in the dark one is instead observed.
This yellow birefringent texture relaxes into the chiral dark state after field removal.
This effect is observed whenever the sample has been illuminated near the clearing
point, either in the original dark state or in the field-induced birefringent state.

Figure 5.15 Growth of chiral domains under electric field (18 V/µm, 20 Hz, square
wave). The texture is obtained under electric field after light irradiation in the
mesophase near the clearing point. The photographs (a)-(c) were taken subsequently in
time intervals of 40 seconds. Arrows indicate polarizers orientation. (d) The same as (c)
but with the polarizers uncrossed in the opposite sense.

In order to clarify the light-induced transformation near the clearing point, smallangle X-ray diffraction studies were carried out in a powder sample at 152 ºC. In this
experiment the irradiation conditions are similar to those described above. After 1
minute of illumination the first-order peak in the diffraction pattern (see section 5.1)
clearly decreases and remains steady during the rest of the irradiation period (see fig.
5.16). After switching off the light the peak recovers its initial value. This result
indicates that, on illumination, part of the sample undergoes a phase transition to the
isotropic liquid. The inner portion of the sample remains in mesomorphic state
probably due to the strong light absorption of the material.
It is important to point out that the electric field induces a fast chiral segregation
in the dark texture that has been exposed to UV light near the clearing point (see fig.
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5.15). Presumably this segregation takes place even in the virgin mesophase after
field application, in fact the texture is homochiral. However, as the material is
birefringent, rotatory power is not observed. Field-induced chiral segregation has
also been reported in calamitic racemic mixtures [27, 28] but with much longer time
scale (months) [28]. In bent-core mesogens, as it has been already mentioned, the
compound reported in chapter 6 shows a similar chiral segregation when cooling
from the isotropic phase under field.
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Figure 5.16 Small angle X-ray diffraction pattern at 152 ºC. Red, blue and green points
correspond respectively to data before, during and after the illumination of the sample
with UV light. The second-order smectic peak is hardly visible because of the short
exposure time to the X-ray beam (about 1 minute).

It is interesting to remark that the disappearance of the birefringent texture and its
substitution by the optically isotropic mesophase after illumination is an irreversible
process. Even the procedure of heating the material up to the isotropic liquid and
cooling down again under field is insufficient to reproduce the birefringent phase.
The starting point for the change of texture is likely to be the generation of charge
carriers. In addition, at temperatures close enough to the isotropic liquid, a molecular
modification takes place under light, which is evidenced by a transition to the
isotropic liquid. Probably this modification involves a change of the molecular shape
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from the bent profile (adequate for promoting the mesophase) to something different.
The investigation about the origin of these light-driven molecular changes is in
progress1. A similar isothermal transition to the isotropic liquid has also been
observed upon illumination with blue light in some mesogens (including bent-core
materials) whose molecules have azo or azoxy groups [30-33], as described also in
chapter 3. In these cases the molecular shape is changed by the passage from trans to
cis conformations, and the effect is reversible. In the present case, however, the
material “remembers” the transition to the isotropic liquid and is irreversibly
transformed.
As mentioned above, the effect is different at lower temperatures far from the
isotropic liquid. In these temperatures the light is unable to induce any transition to
the isotropic phase and, as a consequence thereof, the behaviour of the material under
field is normal (i.e., birefringent domains appear under field instead of a dark
conglomerate phase). This indicates that the decrease of the electrical resistance upon
illumination is due to the photogeneration of charge carriers that do not alter the
chemical nature of the molecules. The investigation of the character of the
photocurrent (ionic or electronic) has not been performed. To analyze this point it
would be very interesting to carry out time-of-flight measurements on highly pure
samples [34,35]. The conduction can be electronic in the mesophase due to the
relatively high π-π overlap in the TTF groups of the constituent molecules because of
their efficient packing in this kind of structures. This idea is supported by the fact
that the resistance ratio between light-off and light-on states would be expected to be
equal or larger in the isotropic phase than in the mesophase if the conduction was
exclusively ionic [26]. On the contrary, in our case this ratio is 30% higher in the
mesophase.

5.5. Conclusions
Three different mesophases have been found in three bent-core liquid crystals
with TTF units in their lateral structures: a lamellar optically isotropic phase, a twodimensional oblique phase and a two-dimensional rectangular phase, the latter two

1

Late results based on UV and infrared spectroscopy suggest that bent-core molecules with TTF units
actually dimerize upon illumination near the clearing point [29].
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with a high degree of “lamellarization”. The first one undergoes a transition to a
SmCP phase above a threshold electric field. On the other hand, according to the
SHG results, the ground state of the three materials is clearly antiferroelectric.
Furthermore, the SHG efficiency of compounds I and II under field is rather good,
confirming that the TTF units work satisfactorily as donor groups in bent-core
molecules.
Moreover, in compound I just below the clearing point, illumination with UV
light induces a transition to the isotropic liquid, which creates a permanent memory
in the material and suppresses the formation of macroscopic SmCAPA domains. A
dark conglomerate phase appears instead, where the electric field segregates chiral
domains of opposite chirality. Furthermore, it exhibits photoconductivity in all the
temperature range. The effect is especially remarkable in the mesophase and
isotropic phase. This fact suggests the possibility of electronic conduction in the
mesophase because of the TTF units.
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The origin of the strong distortion in the sponge-like model for the dark phase is
not evident. Three different hypothesis have been proposed: a) steric reasons
(different cross-section areas required by different molecular segments) leading to an
intralayer frustration, b) escape from a macroscopic spontaneous polarization in
SmCPF phases, and c) molecular conformational chirality [1]. In this chapter, the
behaviour of a material where the dark phase comes from a conventional SmCP
phase perturbed by a strong electric field is described in order to discuss these
hypothesis. On the other hand, besides electrooptic measurements, the study is also
based on second harmonic generation measurements, proving their capabilities to
analyze the molecular switching dynamics even with some advantages over standard
techniques such as dielectric measurements.
Furthermore, an LCD mode based on the optically isotropic phases is described.
Despite the intensive activity in basic research, very few studies refer to possible
applications of bent-core liquid crystals. This is due to several factors such as the
high working temperatures, the chemical instability of many of these materials and
the difficulty of obtaining well-aligned cells. In addition, there is still a certain lack
of knowledge in some important aspects of the physics of several mesophases.
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Nontheless, the properties shown by the dark phase described here look promising in
this sense.

6.1. Results and discussion
The chemical structure of the material and its phase sequence in the absence of
field is shown in fig. 6.1. The synthesis and a preliminary characterization of the
compound were published in [2]. Previous dielectric and optical studies were
reported in refs. [3] and [4], respectively. Fig. 6.2 shows the optical textures at T =
146 ºC after cooling the material from the isotropic phase under a strong squarewave field (12 V/µm, 10 Hz) and its subsequent removal. The dark phase with the
chiral domains is clearly visible by slightly uncrossing the polarizers (fig. 6.2(a) and
(b)). On further application of fields the texture (fig.(a)6.2(c)) becomes highly
birefringent (Δn = 0.14). This indicates a SmCSPF structure.

(a)

(b)

X 67.7ºC dark conglomerate 156.5ºC Iso

Figure 6.1 Chemical structure and phase sequence of the studied material. X represents
a solid crystal phase.

(a)

(b)

(c)

(b)Figure 6.2 Homochiral phase.
(c) Textures observed at 10ºC below the transition

temperature after cooling from the isotropic phase under a square-wave electric field
(12 V/µm, 10 Hz). After field removal, domains of opposite chirality can be clearly
seen uncrossing the analyzer slightly, as shown in pictures (a) and (b) (600 µm wide).
Picture (c) (240 µm wide) shows the texture with the field on (12 V/µm). Arrows
indicate polarizers directions.

(c)
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(a)

(b)

Figure 6.3 Racemic phase. Textures observed at 10ºC below the transition temperature
after cooling from the isotropic phase and then applying a square-wave electric field (15
V/µm, 10 Hz): (a) (1200 µm wide) after field removal; (b) (150 µm wide) under a field
(b) directions.
of 8 V/µm. Arrows indicate polarizers

A different behaviour results if the field is applied after cooling the material into
the normal SmCP phase. In this case, again, a dark texture is obtained after field
removal (fig. 6.3(a)) but now there are no chiral domains. Furthermore, the texture
aspect after a subsequent field application (fig. 6.3(b)) is clearly different from that
of the preceding case. The most abundant colour of the photograph corresponds to a
small birefringence (about Δn = 0.06). Sometimes a variety of colours can be found,
indicating an inhomogeneous birefringence. The interpretation of this texture is not
straightforward. As can be seen, the texture exhibits circular domains with extinction
brushes rotated 45º with respect to the polarizer directions. This fact rules out the
possibility of a simple racemic anticlinic structure (SmCAPF). However, the
birefringence is smaller than that corresponding to a synclinic state. A possible
explanation of this fact could be made in terms of an unbalanced arrangement of
chiral domains (SmCSPF) of both hands along the sample thickness. In fact, in a first
approximation, the birefringence should be smaller since the indicatrix of the
adjacent domains of opposite chirality approximately alternate their fast and slow
axes due to the proximity of the tilt to 45º [4]. Under this model the sample could be
considered, from an optical point of view, as a synclinic structure of smaller
birefringence and, therefore, the brushes of the circular domains should appear
rotated 45º. The birefringence value must be roughly the enantiomeric excess
proportion multiplied by the birefringence of the homochiral structure (Δn = 0.14).
The domains with birefringence Δn = 0.06 should be composed of a proportion of
different chiralities 70:30%. A comment must be made regarding the dark state
corresponding to this texture. If the proportion of different chiral domains remained
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after field removal, the optical activity should be about 40% of that of the chiral dark
state of figs. 6.2(a)-(b) and, therefore, gyrotropic domains should be easily observed
taking into account our experimental resolution. However, this is not the case since
the dark state (fig. 6.3(a)) is optically inactive. This fact would imply a reversible
field-induced chiral segregation in this material.
The existence of a racemic variant of the optically isotropic state means that the
electric field is not able to segregate irreversibly the different chiralities from the
(presumably racemic) SmCP original structure. This behaviour contrasts with what
we have obtained on cooling the isotropic liquid under field. However, in both cases
a dark phase has been induced by the field treatment. An important conclusion can
be deduced from these observations: at least in our compound, chirality
(supramolecular or conformational) does not play any relevant role in the generation
of the dark phases. This is in agreement with the theoretical model of ref. [5], where
macroscopic chirality is not necessary to induce the curvature of the flat smectic
layers. It is not easy to explain why the chiral domains are separated if the field is
applied in the isotropic phase. Probably in the isotropic phase there already exist
some clusters of molecules with definite supramolecular chirality (cybotactic groups)
segregated by the action of the field. However, the chirality segregation is less
efficient and reversible if the field is applied to an already condensed racemic
mesophase. A possible mechanism driving the chirality segregation was proposed by
Pyc et al. [6], and is based on the change of chirality of layer regions by molecular
rotations about their long axes. It seems that in our material this mechanism is
completely effective only when the layers are being formed from the isotropic phase.
We have found that although the presence of an electric field is necessary to induce
the dark phases, once they are formed, remain stable without any sign of relaxation
into the normal SmCP phase, at least for time periods about 60 h.
An important point to be clarified in this material is what the structure of the dark
phase at a microscopic scale is. According to X-ray measurements the molecules
form a tilted lamellar structure [2]. However, determining the type of polar
arrangement of the phase (ferroelectric or antiferroelectric) is not trivial due to the
distortion of the structure that the material presents at a mesoscopic scale. In this
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respect, several experimental results pointing to a ferroelectric ground state have
been reported up to now but none of them can be considered as conclusive.
A short-pitch ferroelectric helical structure was proposed by Etxebarria et al [4]
on the basis of the observation of a deformed helix regime under a triangular-wave
electric field. In that work, it was assumed a macroscopic domain size in which the
optical isotropy was achieved by averaging the dielectric tensor for all the azimuth
angles of the molecular director due to the short pitch proposed for the helix [4].
However, in this compound a racemic variant of the dark phase appears, wherein
helical arrangements cannot be justified. Therefore, the isotropic texture shown in
figure 6.3(a) cannot be explained assuming a macroscopic domain size.
According to Diez et al. [3] the polarization-current response, under a triangularwave electric field, presents two main peaks per half period, as is the case in an
antiferroelectric arrangement. The measured value of the polarization is 900 nC/cm2.
However, as also reported in that work, this behaviour is in contrast with the high
values of the dielectric strength of the dominant mode ( "# $ 70 ), which suggests a
ferroelectric structure. A short-pitch ferroelectric helical structure was also proposed
by the authors to make both results compatible. Recently, however, Pociecha et al [7]
!
have shown that an intense dielectric mode (antiphase phason mode) exists in
antiferroelectric smectic phases with weak antiferroelectric interaction (such as bentcore liquid crystals) and significant quadrupolar interlayer coupling. In addition, the
predicted profile for the dielectric strength of this mode vs. bias field is similar to that
reported for this compound in ref. [3].
The assumption that the dark phase is a disordered sponge-like phase in which the
coherence length of the smectic arrangement is mesoscopic, seems to be compatible
with all the experimental observations. However, the dipole ordering between
adjacent layers in the ground state of the structure is not clarified yet. With that
purpose, we carried out a comparison study between the switching dynamics of the
SHG signal and the light transmission between crossed polarizers. The idea for that
study is as follows. It is well known that for typical materials possessing dark phases
the characteristic relaxation time to the dark state after the removal of an electric
field is much longer than the time involved in the ferroelectric switching [8-14].
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Therefore, if the phase presented antiferroelectric order, a difference between both
characteristic times should arise that, in principle, could be detected. SHG and light
transmittance measurements were carried out, after a sudden electric field removal,
in order to measure both characteristic times. Measurements were carried out both in

E (V/µm)

the homochiral and racemic variants of the dark phase.

Figure 6.4 SHG measurements as a function
of time performed under the electric field
depicted in (a) at 10 °C below the clearing
point. The 90%–10% fall times were obtained
for the homochiral (60 µs) and racemic (100
µs) phases from (b) and (c), respectively.

Figure 6.5 Optical transmission measurements as a function of time performed under
the electric field depicted in (a) at 10 °C below
the clearing point. The 90%–10% fall times
were obtained for the homochiral 130 µs) and
the racemic (170 µs) phases from (b) and (c),
respectively. The graphs are adapted to the
optimal cell thickness for maximum
transmission under field.

A periodic stepwise electric field (see fig. 6.4 (a)), synchronized with the laser
trigger, was applied perpendicular to the sample substrates (LinkamTM cell) with 20
V/µm step amplitude. The relative phase between the trigger of the laser and the
electric field at the sample could be shifted in steps of 0.01º. This permits us to
determine the dynamic response of the SHG signal. The sample was positioned at
oblique incidence making an angle of 35º with respect to the laser beam. Figures
6.4(b) and 6.4(c) show the SHG intensity versus time at 146ºC for the homochiral
and racemic phases, respectively, for the falling part of the step electric field. By
monitoring the 90%-10% fall-times, 60 µs and 100 µs were obtained for the
homochiral and racemic phases, respectively.
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The light transmittance experiments were carried out using the polarization
microscope. The light intensity was detected using a photodiode connected to an
oscilloscope. Figures 6.5(b) and 6.5(c) represent the transmitted intensity versus time
under crossed polarizers for the homochiral and racemic phases respectively at the
same conditions of temperature as in the SHG experiment and under a 20 V/µm
electric field. Using the same strategy to obtain the fall-times, the obtained values
were 130 µs and 170 µs for the homochiral and racemic phases, respectively. The
fall-times for both the SHG and transmittance experiment were checked to be
independent of the intensity of the applied electric field in all the cases.
According to the results, it can be stated that the material is antiferroelectric in
both variants of the dark phase since the fall-times characteristic of the SHG
measurements are shorter than those of the light transmittance. This fact implies a
faster process for the switching from the ferroelectric to the antiferroelectric states
than the time required for the structure to relax to the dark state.
It should be pointed out that in this compound the relaxation to the dark state,
which implies a layer distortion at a mesoscopic scale, is extremely short in
comparison to the standards in bent-core compounds [8-14]. Another important
conclusion that can be drawn, at least for this compound, is that the layer distortion
characteristic of the dark state is not driven by the escape of the polar order, since the
ground state is antiferrolectric. As a consequence it seems reasonable to assume that
this distortion is due to steric reasons. However, the threshold electric field that must
be applied in the isotropic phase (homochiral case) or the virgin SmCP phase
(racemic case) to provoke the dark state can be understood as a promoter that
enhances the steric interaction probably due to higher order induced inside the layer.
As a complementary measurement, fig. 6.6 shows the SHG intensity for both
phases when the material is subjected to a bipolar triangular wave of 30 Hz. The rest
of the conditions are the same as in the above SHG measurements. These curves are
a measure of the polarization response of the material, since, roughly, the SHG signal
should be proportional to the polarization squared. Therefore they can be considered
as an alternative to the most common polarization current method [15] for studying
the switching dynamics.
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Figure 6.6 SHG signal as a function of time performed under the 30 Hz triangular-wave
field shown in (a) at 10 °C below the isotropic transition, for both (b) homochiral and
(c) racemic phases. In the inset (wave amplitute 12 V/µm) the bottom of the main peak
is detailed to highlight the anomalous behavior in the homochiral phase (see text). The
scale used for SHG intensity is the same in all the graphics.

Surprisingly, whereas the observations are as expected for the racemic sample, the
dynamics in the appearance and disappearance of the SHG signal in the homochiral
structure occurs through an unexpected two-step process. The existence of two
mechanisms is especially evident (see the inset in fig. 6.6 (b)) if the applied voltage
is not high enough to reach the SHG saturation. (under the step-wave field the
second small hump can also be seen in fig. 6.4 (b)). This behavior is perfectly
reproducible at different temperatures and illuminating different sample areas. In
contrast, the switching of the racemic samples always takes place in a single process.
Thus it seems that chirality is in some way involved in the explanation of the
difference. One can speculate that there should be some structural differences in both
dark phases. Evidently, though the proposed models for these phases do not rely on
chirality [5], its existence can alter to some extent the resulting structures. To what
extent these modifications are important remains an open problem.
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6.2. One possible application: a dark phase liquid crystal
display
Up to now, only two LCD applications with bent-core mesogens have been
proposed [16, 17]. One proposal is a scattering-type LCD using SmCP phases and is
based on the different scattering cross-sections of an unaligned sample depending on
the clinicity of the phase [16]. This phenomenon has been explained in ref. [18] in
terms of the different size of the sample regions where the macroscopic optic tensor
is homogeneous. This size is larger for anticlinic states that, therefore, are more
transparent than the synclinic states. In any case, the difference between the
transmission of both states is difficult to control and small in practice, which has a
negative effect on the contrast and the grey levels
The second LCD mode using bent-core materials has been proposed very recently
[17]. In this mode a SmA-type phase is used. This phase is not a classical SmA phase
but an unusual uniaxial, polarly ordered phase with a randomized interlayer
structure. It was called SmAPR in ref. [19] and it can be aligned homeotropically
using standard silane coupling agents. Without any electric field the sample is black
between crossed polarizers. By applying an in-plane field light transmission is
attained. The characteristics of the resulting display are very good: high contrast,
wide viewing angle, small response time, continuous grey level and small threshold
voltage. One possible problem is that the compounds possessing this phase are
scarce, especially if a wide temperature range is required.
An alternative type of LCD could take advantage of the properties found in the
dark phases of bent-core liquid crystals such as that of the compound described here.
The working principles of the display are simple and appear sketched in fig. 6.7.
Without field the cells are dark between crossed polarizers (fig. 6.7(a) and (b)).
Under an electric field the smectic layers become partially unfolded and the material
presents light transmission (fig. 6.7(c) and (d)), since now the sample is a disordered
cell of a SmCP-type phase. Both in the homochiral and racemic variants the field-on
state consists of very small domains oriented at random. The switching is reversible
and, due to the averaging process of the domains, the amount of light transmitted
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through an integrated area larger than 100 × 100 µm2 is independent of the field polarity (fig. 6.8).

Figure 6.7 Working mechanism of the display. In the field-off state (left side cartoon)
the smectic layers are strongly folded at a mesoscopic scale (plumber´s nightmare
structure) and as a result the material is perfectly isotropic. In the field-on state (right
side cartoon) the smectic layers flattens to form a SmCP phase composed of very small
domains oriented at random. In this state the material presents birefringence, which
gives rise to the bright state of the display. In the figure the view of the molecular
arrangement corresponding to some index ellipsoids is also depicted. (a) Texture of the
homochiral isotropic state under crossed polarizers. (b) Texture of the racemic isotropic
state. (c)-(d) Textures of the material under crossed polarizers in the field-on state for
the homochiral and racemic samples respectively.

Some features of the display are shown in fig. 6.9. Under a bipolar step wave the
resulting rise and fall times of the electrooptic response are plotted as a function of
the amplitude of the electric field. For these measurements LinkamTM cells were
used. The field was applied with an AgilentTM arbitrary waveform generator and a
KepcoTM amplifier (×1000). Almost no field dependence is found for the fall times
whereas the response upon field application varies between 0.35 ms and 0.08 ms.
These characteristic times increase somewhat on decreasing temperature, but fast
response below 0.5 ms is achieved in all the temperature range.
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Figure 6.8 Transmittance of the sample between crossed polarizers at 146 ºC in the
racemic phase (points) together with the applied electric field (lines).

Figure 6.9 Optical transmission fall times
(full circles) and rise times (open circles)
obtained under a bipolar step wave, as the
one shown in figure 6.8, at 146 ºC for both
(a) homochiral and (b) racemic phases.

Figure 6.10 Optical transmission measurements as a function of time performed under
a 30 Hz triangular wave field at 146 ºC for
both homochiral (grey symbols) and racemic
(black symbols) phases. No threshold field is
observed in the switching for any of the
phases. The graphs are adapted to the optimal
cell thickness for maximum transmission
under field.

Fig. 6.10 shows the transmission as a function of the electric field. An almost
perfect V-shaped switching is achieved without any threshold field for the
electrooptic response. This permits the realization of continuous grey levels. The
contrast ratio is rather high (about 300:1) for the homochiral variant and somewhat
smaller (about 100:1) for the racemic variant. This is due to the presence of more
defects in the ground state of the latter.
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Finally, a few words about the viewing angle of the device. Though no detailed
analysis about this point has been carried out, a rather wide viewing angle is
expected for the display. This idea is based on the perfect isotropy of the field-off
states (rigorously independent of the illumination direction) and on the compensation
effects on the angle dependence of the light transmission that the random orientation
and small size of the domains (fig. 6.7(c) and (d)) produce in the field-on states. In
particular, due to these specific characteristics of our device the contrast ratio does
not depend on the azimuth angle of the viewing direction.

6.3. Conclusions
In a bent-core compound where two types of optically isotropic phases
(homochiral and racemic) can be induced by an electric field, SHG and electrooptic
measurements indicate that the local ordering of dipoles in adjacent smectic layers is
antiferroelectric in the ground state of both structures. As a result, the main reasons
for the folding of the smectic layers seem to be steric effects. Chirality effects are
ruled out, and the field induced polar order can perhaps reinforce the layer distortion
since it promotes the separation of incompatible molecular fragments in different
sublayers. However, the saddle-splay distortion must be of steric origin. Probably it
is due to the mismatch of areas required by the different molecular fragments if they
have to accommodate in flat layers [1, 20].
Because of the properties of this optically isotropic phase, it would be possible to
use it in displays. Such an LCD is fast, has quite large contrast ratio, permits to
obtain continuous grey levels, and has wide viewing angles. As an additional
advantage, there is no necessity for alignment, which is very important in practice
and adds robustness to the device. The reported LCD mode compares very
favourably to other existing display types such as vertical alignment, in-plane
switching and ferroelectric LCD modes. However, more synthetic work is necessary
to overcome the drawbacks of bent-core liquid crystals and to obtain materials
possessing the adequate phases and characteristics in appropriate temperature ranges.
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7. B4 phase revisited: a new local
structure proposal

Given the important features of the B4 phase that still remain unclear, it seems of
interest to continue with the study of this structure. Some new structural results on
this phase in the classical bent-core compounds P-n-OPIMB are presented in this last
chapter. The chemical structure and phase sequence of the studied compounds are
depicted in fig. 7.1.

n = 12

B4 140.9ºC SmCP 169.9ºC Iso

n=8

B4 142.7ºC B3 151.9ºC SmCP 17.6ºC Iso

Figure 7.1 Molecular structure and phase sequence of P-8-OPIMB and P-12-OPIMB
together with the reference frame of the molecule. The temperatures correspond to those
obtained by Differential Scanning Calorimetry (DSC) on cooling.

7.1. Results and discussion
Fig. 7.2 shows the general characteristics of the B4 textures in two different
samples. The textures are dark under crossed polarizers (figs. 7.2(a)-(c)) and, chiral
domains are visible when slightly uncrossing the polarizers (figs. 7.2(b)-(d)).
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However, it must be pointed out that there are differences depending on the
thicknesses, aligning agents and thermal history of the different samples. For
example, fig. 7.2(a) presents an almost perfect isotropic phase (EHC planar cell of 7
µm thickness). In contrast, the texture of fig. 7.2(c) exhibits much more birefringent
domains embedded in an isotropic dark background (Linkam planar cell of 5 µm
thickness). It is not easy to deduce a general rule to predict the amount of
birefringent inclusions in the different samples. However, there exists a clear
correlation between the proportion of inclusions and the SHG signal detected in the
samples, i.e. the more birefringent domains, the higher the SHG signal.

Figure 7.2 B4 phase textures in two different samples of P-12-OPIMB. (a) and (b) were
obtained in a commercial 7µm thick EHC cell, and (c) and (d) in a 5 µm thick Linkam
cell. The textures under crossed polarizers, (a) and (c), show different amount of
birefringent inclusions. Slightly uncrossing the polarizers chiral domains are easily
observable in both samples ((b) and (d)). All photos are 500 µm wide.

These correlations can be explained assuming that the B4 phase is intrinsically
SHG active but mainly consists of domains of a mesoscopic scale and randomly
distributed. Under this scheme the birefringence would essentially vanish as a
consequence of the averaging. Only a small proportion of the domains would be
macroscopic, giving rise to the birefringent inclusions embedded in the dark texture.
These domains are also responsible of the SHG signal.
As previously mentioned we also prepared homemade cells with in-plane
electrodes. By applying an electric field of 15 V/µm parallel to the substrate in the
SmCP phase, it is possible to align the material. Surprisingly, after cooling down into
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the B4 phase a previously aligned SmCP sample under dc field the alignment
remained. Fig. 7.3 shows the texture of the sample between crossed polarizers. As
can be seen, a good quality alignment has been obtained between the electrodes. Fig.
7.3(a) indicates that the principal directions of the optical indicatrix are set along the
electric field direction and its perpendicular. In fig. 7.3(b) the sample has been
rotated about 45º. The texture shows a grey color, which implies a birefringence

"n = 0.02 (sample thickness 5 µm). This value is compatible with the currently
available model for the B4 phase proposed in ref. [1] (see fig. 7.4) if the TGB axis is

!

arranged along one of the principal axis (presumably the electric field direction). In
fact by modelling the molecule as two uniaxial wings with ordinary and
extraordinary refractive indices no = 1.5 and ne = 1.7 respectively, and with a bending
angle α = 120º, the birefringence value of a smectic layer can be obtained. The
optical indicatrix of the TGB structure can be deduced by averaging along its helix
axis the dielectric tensor corresponding to the constituent smectic blocks filled with
non-tilted molecules. Under this scheme a theoretical birefringence value "n = 0.026
is obtained, which is in good agreement with the experiment. It must be pointed out
that it is the first time that the B4 phase has been aligned. The result is remarkable
!
and implies that the B4 phase is not intrinsically isotropic but can appear with
different domain patterns. Previously, Thisayukta et al. [2] obtained in this material a
large spherulite domain in the B4 phase after cooling down a sample previously
aligned hometropically in the SmCP phase. However, in our case, order has been
obtained in a given direction since the helix axis is parallel to the applied electric
field in the whole sample.

Figure 7.3 Aligned domain obtained by cooling a sample of P-12-OPIMB from the B2
phase into the B4 phase with a large in-plane dc field. (a) Shows the extinction of the
domain along the polarizer directions. (b) Shows the same domain rotated 45º (photos
are 500 µm wide).
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z
y
x
Figure 7.4 TGB-like structure proposed by Araoka et al. in ref. [1] for the B4 phase.
The laboratory reference frame is also shown.

In order to ascertain the structure of fig. 7.4 it is interesting to calculate the second
order susceptibility tensor corresponding to this structure. Assuming the model
proposed by Araoka et al. [3] the SHG signal is mainly driven by the longitudinal
molecular hyperpolarizability along the lateral wings of the molecules. This
hypothesis implies two main hyperpolarizability coefficients, "#$$ and "### , referred
to the (ξηζ) frame in fig. 7.1. If perfect molecular order is assumed, the second order
susceptibility tensor corresponding to a smectic structure can be described as usual
!
!
with only two independent components D = Nf 3"#$$ and d = Nf 3"### (see section
2.3). The second order susceptibility tensor of the TGB structure can be obtained by
averaging those of the smectic blocks along the helix pitch. In the xyz frame of fig.
!
!
7.4 it is given by:

" 0
0
0
0 0 D 2%
$
'
d = $D 2 d D 2 0 0 0 ' .
$
'
0
0
D2 0 0 &
# 0

(7.1)

According to expression 7.1 the SHG signal corresponding to a macroscopic
domain of the
! B4 phase must be of the same order of magnitude as that of a SmCPF
phase [4]. In fact, the obtained d tensor is equal to that of a SmCAPF structure with a
tilt angle of 45º and perfect molecular order (expression 2.14). To check this
theoretical result we carried out SHG measurements in the oriented sample of fig. 7.3
at normal incidence in two different configurations: polarizer and analyzer set
parallel or perpendicular respectively. It seemed reasonable to expect similar SHG
signals in this sample and in the SmCP phase under electric field. However, the
efficiency in the SmCAPF resulted to be higher in two orders of magnitude than that
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of the B4 phase. This fact unambiguously indicates that the aligned region of the
sample cannot be a ferroelectric TGB domain as depicted in fig 7.4.
In order to clarify this question we carried out X-ray measurements both at small
and wide angle. The measurements were performed also in the B4 phase of the
homologous compound P-8-OPIMB for the sake of additional information. Fig 7.5
shows the X-ray patterns in the B4 phase for both the P-12-OPIMB (orange symbols)
and P-8-OPIMB (green symbols). No appreciable changes were found at different
temperatures within the B4 phase. Black symbols represent the corresponding data
for the P-12-OPIMB in the SmCP phase. In the B4 phase both compounds exhibit, at
small angles, several peaks (blue arrows in fig. 7.5), which correspond to different
harmonics of a given periodicity compatible with the layer spacing. In both
compounds the obtained values imply a non-tilted structure taking into account their
molecular lengths in the most extended configurations. As expected, the layer
spacing of the P-12-OPIMB is larger than that of the P-8-OPIMB due to its larger
aliphatic chain. In both compounds harmonic reflections (00l) are visible up to l = 6,
indicating well-formed layers. Remarkably, some of these reflections are missing (l =
4, 5 for P-8-OPIMB; l = 3, 4 for P-12-OPIMB). Their widths are not resolution
limited, indicative of short-range local lamellar order.

Intensity (arb. units)

100

1

(00l)

(hk0)

-

10

2
2

1

4

3

(210)
(110)
(200)
(020)

6
5

8

6

12

16

20

24

28

2θ (deg)
Figure 7.5 X-ray diffraction patterns of the B4 phase of P-8-OPIMB (green) and P-12OPIMB (orange) and the B2 phase of P-12-OPIMB (black). The indexation for the main
peaks of the B4 phase is shown. Numbers corresponding to the blue arrows indicate the
l value of the (00l) reflections.
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At wide angles the broad diffuse maximum characteristic of the SmCP phase
splits into 4 different main peaks (red arrows in fig. 7.5). These reflections are not
harmonic of the small angle ones, indicating that other periodicities are present apart
from the smectic ones. In addition the shapes of these peaks show the contribution of
other weaker reflections. As can be seen in fig. 7.5 the angular position of the main
peaks almost coincide in both compounds. This fact can be understood if these peaks
are indexed in the form (hk0) since the condition l ≠ 0 would imply a different
angular position, as the smectic layer length is different in both compounds. On the
other hand, the four main peaks appear in a narrow angular interval and, therefore, a
plausible indexing scheme excludes the presence of the (100) and (010) reflections.
In fact the results are unambiguous under the (hk0) indexation hypothesis. A
-is depicted
magnification of these peaks for P-12-OPIMB with the resulting indices(110)
2

in fig. 7.6. As can be seen, it has not been possible to index the satellite peaks(114)
with

reflections of the form (hk0) (black arrows). Since the phase is monoclinic and chiral
1
0.9
0.8

the only possible point group is C2. Furthermore, some expected (hkl) reflections are
0.7

18

19

20

21

missing since probably they are hidden in the main reflections. P-8-OPIMB
and P2θ (deg)
(200) with the
(110) The structure is monoclinic
12-OPIMB present a similar indexation scheme.
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-
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monoclinic c axis perpendicular to the smectic layers. The indexation parameters
are
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0.7
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Figure 7.6 Magnification of the wide angle peaks(210)
from the X-ray pattern of P-12(203)
OPIMB. Red arrows indicate (hk0) main reflections and black arrows satellite peaks.
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"( x, y ) =

F (000) 1
+ # ± F ( hk0) cos[2$ ( hx + ky )] .
A
A hk

(7.2)
2

The quantities F ( hk0) are related to the (hk0) intensities as I ( hk0) = F ( hk0) . As
! 4 different (hk0) reflections, there are 24 distinct sets of sign combinations
we have

for the Fourier components F ( hk0) of the charge density, from which 8 can be
!
!
omitted as they are related to the rest by a general sign inversion. Not all of the 8
remaining combinations are independent since some of them give rise to density
!
maps related by an origin translation. From the independent set of signs, the
combination (+-++) (signs correspond to the peaks assorted in increasing angular
position) has been selected on the basis of molecular packing criteria. The resulting
density charge map is depicted in fig. 7.7. Although the map shows that the structure
is almost centered, it is not the case since the reflection (2 1 0) does appear (h + k =
2n+1). The structure is mainly determined by the packing requirements of the cores
inside the layer. Actually the distance between two consecutive density minima (d in
!
fig. 7.7) is roughly compatible with the length of the projection of the molecular core
wings in the ab plane assuming a molecular bending angle between them of 120º. In
addition, this distance is almost equal in the P-8-O-PIMB and P-12-O-PIMB since
both molecules present the same core. Therefore, it can be deduced that every highdensity region corresponds to one molecule. In this sense, it is interesting to note that
the resulting B4 structure has a molecular density that is intermediate between the
solid and the isotropic liquid. For example, for P-12-OPIMB, using crystal volume
increments [5], the theoretical molecular volume in the solid is Vmol,sol = 1281 Å3 and
the density ρsol = 1.156 g/cm3. In the isotropic liquid Vmol,iso = 1630 Å3 and the
density ρiso = 0.908 g/cm3, obtained by assuming an average packing coefficient K =
= 0.7 in the solid and K = 0.55 in the liquid [6]. The average density is then ρ =1.032
g/cm3. This compares well with the value deduced from the measured unit cell
volume Vcell = abc sinγ, giving ρ = 1.039 g/cm3. This agreement gives additional
support to the proposed structural model.
Finally it should be pointed out that the aliphatic tails only weakly affect the
projected density map. According to ref. [7] the chains are melted in an isotropic
liquid forming planes parallel to the smectic layers above and below the cores. These
tail regions should however permit a correlation transfer between the positions of

http://www.e-lc.org/dissertations/docs/2009_04_06_04_49_05

electronic-Liquid Crystal Dissertations - April 08, 2009

148

7. B4 phase revisited: a new local structure proposal

cores in adjacent layers. Otherwise the wide-angle reflections would not be visible.
This can be seen easily taking into account that the lack of correlation works
mathematically as a kind of Debye-Waller factor that in our case results
2M = 4 " 2 S//2 uS2// . This quantity reduces the reflections intensities via the factor

e"2M (equivalent to the temperature factor). In the above expression S// is the
!

component of the diffraction vector parallel to the ab plane and uS2// is the square

!

mean value of the displacements in the direction of S// . In our case!
S// =

1 $ h 2 k 2 2hk ! '
cos " ) ,
& + #
sin 2 " % a!2 b 2 ab
(

(7.3)

and the following values result for the temperature factor of the (1 1 l) reflections
!
when small displacements
are considered:

uS2//

!
!
!
!

e"2M

1 Å

0.153

!
1.5 Å

0.0147

!
2 Å

0.00055

!

!
!

Figure 7.7 Two-dimensional electron density map (ab projection) of P-12-OPIMB
obtained from the X-ray intensities of the four main (hk0) reflections. The unit cell is
depicted together with the twofold axes (red). The distance d corresponds to the length
of the projection of one molecular core on the ab plane.
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According to this result, the intensity of the (1 1 0) reflection would be drastically
reduced if the lack of correlation between layers involves displacements larger than
about 10% of the cell parameters.

!

Figure 7.8 Schematic view along the c-axis of the in-layer molecular arrangement
proposed for the B4 phase (a) and a three-dimensional image of the structure (b). The
twofold axes are depicted in red and the unit cell is highlighted in dark grey.

Fig. 7.8 shows a view along the c axis of the molecules contained in the ab plane
together with a three-dimensional representation of the inlayer structure. As can be
seen molecules with opposite dipoles are related by twofold axes, and therefore the
inlayer arrangement is antiferroelectric.
Moreover, the proposed structure allows explaining the optical properties of this
phase. On the one hand, the optical dielectric tensor of this structure is identical to
that of the ferroelectric arrangement. Therefore, assuming a TGB axis close to the
polar direction, as in the model proposed by Araoka et al. in ref. [1], both structures
result to be optically equivalent. Consequently the agreement between the
experimental and calculated birefringence values for the sample of fig. 7.3 remains
valid in this new structural scheme. On the other hand, now it is possible to account
for the low SHG efficiency that this phase presents. Taking into account the
conformational chirality of the molecules [7-11] that exclude the existence of a
mirror plane perpendicular to the twofold axis, the symmetry space group is P2 (see
fig. 7.8). This symmetry allows for the existence of SHG. However, the SHG
efficiency is expected to be small as the molecules are antiferroelectrically arranged,
and hence the nonlinear response of the structure is expected to be greatly reduced.
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7.2 Conclusions
Texture observations, SHG and X-ray diffraction measurements point toward a
TGB structure for the B4 phase with antiferroelectric arrangement of the molecules
inside the layer. The birefringence of an aligned sample with the helix axis parallel to
the substrate indicates that the TGB axis in the B4 phase has to be close to the polar
axis. On the other hand, the low SHG efficiency measured in that sample is
compatible with the proposed structure, whose symmetry permits the existence of
nonlinear response but the antiferroelectric arrangement of the molecules results in a
low performance.
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“Veritatem dies aperit”
(Time discovers truth)
Lucius Annaeus Seneca,
On Anger, 2, line 22

Banana molecules looked promising compounds in the very beginning and now
there are still many open questions about them. This thesis gives no definite answer
but it provides evidence to support some of them. Moreover, it also recalls other
questions. Would it be possible to enhance molecular photocontrol or nonlinear
optical properties in these mesophases through appropriate moieties? Could they be
improved? Why or why not? In the end, all this work will turn out useful as long as it
opens new questions or inspire other experiments.
With regard to the contents, it is divided into two main parts. The first one
(chapters 3 to 5) covers the study of new bent core materials synthesized by the
group of liquid crystals at the University of Zaragoza, Spain. Chapters 3 and 5 deal
with the characterization of two series of compounds containing azo or azoxy units
and TTF units, respectively. In both cases, columnar and smectic phases were found,
with slight differences between the two series. Furthermore, electron density maps
deduced from X-ray diffraction intensities were used for the first time in order to
confirm the structure of the undulated and columnar phases. In contrast to standard
X-ray studies, where the sizes of the peaks are seldom used to get any structural
information, these maps turn out to be extremely valuable to find out more details
about the molecular arrangements. The columnar phases of the diazo and the short
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mono-TTF compounds (C1 and II, respectively) seemed to suffer a field-induced
transition above a threshold value of the electric field, a conclusion based on the
changes of the textures. This point is still to be confirmed.
Concerning their properties, on the one hand, azobenzene and TTF units enhance
the nonlinear optical capabilities. The former work as bridges leading to high
mobility of electron density transfer between donor and acceptor groups, whilst the
latter are good donor goups. Although quantitave measurements could only be
performed on the diazo compound, with similar results to imine-based bent-core
materials, qualitative estimations for the TTF compounds suggest that their SHG
efficiency might be twice larger than the highest values reported so far. On the other
hand, they were originally designed as functional materials and actually show
photoinduced effects. The azo- or azoxybenzene structures, due to the trans-cis
photoisomerization, add photocontrol capacities on some of their physical properties.
One of the TTF-derivative compounds exhibits photoconductivity in all the
temperature range. This feature suggests the possibility of electronic conduction in
the bent-core mesophase of these materials. In addition, UV light induces a transition
to the isotropic phase near the clearing point and suppresses permanently the
formation of macroscopic domains. A dark conglomerate phase appears instead,
where the electric field segregates chiral domains of opposite chirality. Although the
change might be related to a photochemical reaction, it permits us to observe the
field-induced deracemization, which occurs in a short period of time.
These results support the synthesis strategy: certain functional groups at the wings
of bent-core mesogens can improve or give rise to new properties in liquid crystals.
Actually, in chapter 4 we demonstrate that the molecular hyperpolarizability can be
improved. According to the data and the theory currently available, it would be
accomplished by using new donor and acceptor groups, as well as certain spacers
between them. On the other hand, not only is the bent molecular shape clearly
superior to the rod-like shape of calamitic liquid crystals for the design of nonlinear
optical materials, but their polar stereocontrol is also far better. As a proof of this
conclusion, a bent-core compound is presented which shows the largest nonlinear
coefficients ever reported for a liquid crystal. Therefore, the main objective of our
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research is surpassed since the obtained result is better than the target value (about 50
pm/V) for technological applications in devices such as electrooptic modulators.
Instead of focusing on new materials as the first part of the dissertation, the
second (chapters 6 and 7) is devoted to two open questions in the world of bent-core
liquid crystals. First, the optically isotropic or dark phase is studied by means of
electrooptic and SHG measurements in a compound that develops two versions of
such a mesophase, homochiral and racemic, since a field-induced deracemization
process takes place and it depends on the field treatment. This remarkable
phenomenon is clearly seen due to the optically isotropic texture. Moreover, the
structural characteristics of these phases are also challenging, as the observations
point towards a kind of mesoscopic arrangement between the microscopic smectic
layering and the macroscopic domains. Our results support the sponge-like model
and establish that its origin is due to steric reasons. Polarity and chirality are ruled
out because the ground state is antiferroelectric and there exists a racemic variant of
the dark phase. On the other hand, despite the handicap of temperature and stability,
we show that it would be possible to use this phase in displays due to its properties:
fast switching between dark and bright states, large contrast ratio, continuous grey
level scale, wide viewing angle and no need for alignment. Such capabilities
compare very favourably to those of other existing LCD types.
In the last chapter, the B4 phase is studied. Again, because of the mesoscopic
features of its structure, results from microscopic information and macroscopic
observations are combined to obtain a further insight on this controversial phase.
Here, the diffraction diagram appears fully indexed for the first time. These data,
together with texture observations and SHG measurements, evidence a TGB
structure with its axis close to the polar axis. However, contrary to the current model,
we conclude that the molecular arrangement inside the layers is actually
antiferroelectric. The proposed structure, whose symmetry permits the existance of
nonlinear response, is compatible with the low SHG efficiency measured.
Furthermore, in both chapters SHG turns out to be a powerful technique for the
analysis of the phase polarity or the molecular switching dynamics, with some
advantages over other methods, such as polarization current measurements. Ionic
currents or other slow relaxation processes that usually affect this kind of
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measurements can be overcome by using SHG. In any case, it is necessary to
combine several techniques in order to get unambiguous results. Every method has
its own subtleties, artifacts and drawbacks.
Finally, a personal comment on this subject from the modest point of view of my
brief experience. Liquid crystal science implies a team research among people from
several fields such as chemistry, physics or engineering. Unfortunately, I think that
sometimes this kind of collaborative work becomes difficult due to a diversity of
interests and levels of expertise, and we easily end up in multidisciplinary rather than
interdisciplinary work. In the future, maybe bent-core liquid crystals do not take us
anywhere. Perhaps this field of research is a dead end with no practical application in
real life. However, in my opinion we still have a lot to learn about them in order to
fully comprehend their behaviour. As the “curious” physicist Richard P. Feynman
stated, “nearly everything is really interesting if you go into it deeply enough… no
problem is too small or too trivial if we can really do something about it”, since “the
worthwhile problems are the ones you can really solve or help solve”, “our
responsibility is to do what we can, learn what we can, improve the solutions, and
pass them on”. I am sure that all of the available results will be useful for the liquid
crystal science in time to come: condensed matter properties, phase transition theory,
new functional materials, molecular self-organization, biological systems. Life! Such
a huge effort done so far, trying all the thinkable combinations, searching for certain
properties or enhancing others, will have its reward if we do not fool ourselves, if our
quest is led by pure curiosity for the nature of things.
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