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Preface

Liquid crystals are a state of matter which most of the population is aware of through its
application in low power, flat panel displays, ranging from simple pocket calculator displays,
via their mobile phones and tablets, all the way to the sophisticated screens on lap tops and
televisions. Much less so are people aware of the fact that they are surrounded by liquid
crystals in the form of washing detergents or cell membranes and the like.

Liquid crystal research is a well established field, which started far more than a century
ago, mainly through the synthesis of shape-anisotropic molecules which formed partially
ordered states through a process now known as self-assembly. It became a niche topic around
the time of the middle of the last century, due to the lack of apparent applications, while solid
state and semiconductor devices conquered the world. It was not until the beginning of the
70s, with the invention of the dynamic light scattering and twisted nematic displays, that
liquid crystal research boomed.

Today we are looking at a mature field of research, which nevertheless still develops
rapidly with the discovery of novel phases, new electro-optic effects, hybrid materials like
polymer dispersed and polymer stabilized liquid crystals, or liquid crystal - particle
dispersions with added functionality. Liquid crystal research is a field of multidisciplinarity,
which brings together physicists, chemists, biologists, and device engineers, experimentalists,
theoreticians and computer simulation scientists.

Being anisotropic liquids with elastic properties, liquid crystals fall into the general class of
materials known as "soft matter". Two areas of liquid crystal science are broadly
distinguished, thermotropic and lyotropic liquid crystals. While the former phases occur
simply through a temperature or pressure change, the latter liquid crystal phases appear as a
function of concentration of mostly amphiphilic molecules in an isotropic solvent, often
water. Both classes of liquid crystals will be covered in this volume.

The present book results from a special issue of the journal "Materials" covering liquid
crystals in a broad sense. It is divided into five parts with about four to five peer reviewed
contributions each. These can be review papers, which are normally found at the beginning of
each part to provide a general introduction. They are followed by a number of original
research papers, which are more specific and report recent research results in their category.
Part I is related to liquid crystal-nanoparticle dispersions, with a general article about Janus
particles by Slobodan Zumer and his group. Part II covers polymer-modified liquid crystals.

An introductory review is provided by Ingo Dierking, which is on the subject of polymer-



XII

stabilized ferroelectric liquid crystals. In Part III lyotropic liquid crystals are discussed. Many
lyotropic liquid crystals are derived from cellulose, which is reviewed by Maria Helena
Godhino, Pedro Lucio Almeida and Joao Luis Figueirinhas. A second review is contributed
by Pawel Pieranski on the physics of free-standing lyotropic films. In Part IV the reader is
introduced to some aspects of synthesis and characterization, for example discotic liquid
crystals, properties of smectic phases and the design of dimers containing gold nanoparticles.
At last, applications of liquid crystals are discussed in Part V, especially also non-display
applications. Two reviews introduce to the topic: Emerging applications of liquid crystals
based on nanotechnology, by Jung Inn Sohn et al. and liquid crystal enabled active
plasmonics by Guangyuan Si and co-workers.

As can already be seen from the titles of the various contributions, these are widely
covering different aspects of liquid crystal research, and some are in fact interrelated across
the Parts organized in this publication. Taken all papers together, we hope that this volume
provides an interesting overview of some of the recent research interests of liquid crystals and

related materials.

Ingo Dierking
Joao Luis Figueirinhas

Maria Helena Godinho

Guest Editors









Part I: Liquid Crystal—Nanoparticle Dispersions

Janus Nematic Colloids with Designable Valence

Simon Copar, Miha Ravnik and Slobodan Zumer

Abstract: Generalized Janus nematic colloids based on various morphologies of particle surface
patches imposing homeotropic and planar surface anchoring are demonstrated. By using mesoscopic
numerical modeling, multiple types of Janus particles are explored, demonstrating a variety of novel
complex colloidal structures. We also show binding of Janus particles to a fixed Janus post in the
nematic cell, which acts as a seed and a micro-anchor for the colloidal structure. Janus colloidal
structures reveal diverse topological defect configurations, which are effectively combinations of
surface boojum and bulk defects. Topological analysis is applied to defects, importantly showing
that topological charge is not a well determined topological invariant in such patchy nematic Janus
colloids. Finally, this work demonstrates colloidal structures with designable valence, which could
allow for targeted and valence-conditioned self-assembly at micro- and nano-scale.

Reprinted from Materials. Cite as: Copar, S.; Ravnik, M.; Zumer, S. Janus Nematic Colloids with
Designable Valence. Materials 2014, 7, 4272-4281.

1. Introduction

Colloidal dispersions with particles of pre-designed shape, surface, size distribution, or bulk
material properties are today one of the prospective routes towards new micro- and nano-functional
materials [1,2]. Janus colloids are the type of colloids, where particles have specially designed
surfaces, characterized by distinct surface patches of diverse modalities. The classical example of
Janus colloids, as proposed by de Gennes [3], are colloidal particles with different chemical makeups
on their two hemispheres, for example, one side of the particle being hydrophilic whereas the other
hydrophobic. Even such relatively simple Janus colloids exhibit a variety of ordered and disordered
structures [4,5]. More generally, Janus particles can be polymeric, inorganic, and polymeric—
inorganic, and each kind of Janus particles can be spherical, dumbbell-like, half raspberry-like,
cylindrical, disk-like, or any of a variety of other shapes [6,7]. Offering such diverse versatility in
the surface functionality, morphology, shape, and chemical composition, the Janus particles indicate
a range of possible applications, including as solid surfactants, optical probes for microrheology,
self-assembled micro-materials, magnetic and magnetic—fluorescent bifunctional materials, and
optical and catalytic materials [6,8].

A new and in many ways unique functionalisation of Janus colloids is achieved by introducing
internal orientation—liquid crystalline—order into the Janus dispersions. This can be achieved by
either (i) designing macromolecules or particles with internal Janus liquid crystalline order [9,10] or
(i1) by dispersing Janus particles into a liquid crystal [11-13]. Under the first approach, the
manipulation of the structural fragments of the macromolecules or the topological defects allows for
variation of physical properties and thus potential applications, including possibly in the direction of




functional complexity found in living systems. Under the second approach, solid particles with one
hemisphere homeotropic (perpendicular) and one hemisphere planar surface anchoring are dispersed
in nematic liquid crystals, inducing distortions in the nematic field of Janus-type [11]. These
distortions were shown to cause attraction of particle pairs into pairs, with the potential strongly
dependent on the relative alignment of the hemispheres. The relative strengths of the anchoring on
the two hemispheres was shown to change the stable orientation of the Janus particles relative to the
far-field nematic director, by affecting the bistability of the two possible orientations of the half-planar-
half-homeotropic particles. And finally, by using laser illumination, the Janus particles in nematic were
demonstrated to act as rotators when exposed to the laser filed, with the frequency increasing with the
increasing intensity of light [12]. Recently, also defect topologies in a nematic liquid crystal near a
patchy colloid were explored using isothermal-isobaric Monte Carlo simulations [13].

In this paper, we go beyond the classical two-hemisphere nematic Janus colloids, and demonstrate
generalized nematic Janus colloids with multiple and diverse configurations of surface patches with
different—i.e., homeotropic and planar—surface anchoring. By using mesoscopic numerical
modeling, we explore multiple morphologies of surface patches—i.e., types of Janus particle—and
demonstrate a variety of novel complex colloidal structures, based exactly on the multi-valent
properties of these designed Janus particles. We show also a combined system of Janus particles and
fixed Janus posts (pillars), which act as seeds and micro-anchors for the structures of diverse
complexity. The nematic Janus colloidal structures reveal diverse topological defect structures which
effectively, prove to be combinations of surface boojum defects and bulk —1/2 disclination lines.
Topological analysis is applied to such defects, importantly showing that topological charge is not a
well determined topological invariant in such patchy nematic Janus colloids, acquiring various values
for same particle type.

2. Results and Discussion

The simplest design of a particle with heterogeneous anchoring separates the particle’s surface
into two hemispheres with different anchoring conditions, i.e., one homeotropic and one with planar
degenerate surface anchoring (see Figure la, Type 1). Typically, this type of particle surface
morphology is easiest to manufacture and was already reported in liquid crystals [11-13]. To extend
this idea further, and really explore the role of surface morphology, we increased the number of
distinct patches on the particle surface and used numerical simulations to probe the orientation
dependence of particle’s interaction with homogeneous nematic field (for more on modeling and
theory, see Section (3). In nematics, the elastic interaction is complemented and sometimes
superseded by topological interactions, mediated by topological defects—lines and points of
undetermined molecular orientation. This makes the interaction not only anisotropic, but creates
hysteresis and multiple metastable states. The capability of particles forming “covalent” bonds via
entangled defects, explored before for not-Janus homeotropic-anchoring-only particles with great
success [14—-16], can be exploited for stabilization of designed particle aggregates.

We used two surface types: homeotropic and planar degenerate in our construction of
higher-valence particles (Figure 1a). The standard two-hemisphere capped Janus particle in different
orientation to the far-field is shown in (Figure 1b). Snapshots of the director profile (in black) and
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corresponding defects (in red) are presented for angles 0°, 30°, 60°, and 90° of the symmetry axis
with respect to the far-field director. The particle induces a single boojum when aligned along the
symmetry axis, but when rotated beyond 60°, obtains a —1/2 defect line arc, tethered to the surface
at the line separating the two Janus hemispheres. The free energy varies with rotating the particle,
inducing a torque that restores the particle to the equilibrium state. Interestingly, two rotational
minima are observed: the global stable minimum at 0° and a metastable minimum at 90° giving
bistability of the two possible particle orientations. By changing the planar and homeotropic

anchoring strengths and their relative ratio one can control the relative stability or metastability of
the two minima.

Figure 1. Janus particle in nematic liquid crystal with diverse morphologies of surface
anchoring. (a) Janus Particles with various configurations of surface patches (Type 1-4)
of homeotropic and degenerate planar surface anchoring; (b—e) Type 1-4 particles in
homogeneously aligned planar nematic cell at various angles with respect to the far-field
nematic direction. The red isosurfaces denote regions of decreased nematic order, i.e.,
boojums, seams between patches, and defect arcs through the bulk; (f) Total free energy
of various-type Janus particles for different particle orientations shown in (b—e). Particles
of types 1 and 2 align with the symmetry axis parallel to the far-field.
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Figure 1c—e shows results for generalized Janus particles with more complex morphologies of the
surface patches. Type 2 particles have caps with homeotropic surface anchoring and a waist with
degenerate planar anchoring, Type 3 has planar caps and a homeotropic waist, and Type 4 have
planar and homeotropic stripes alternating in meridional wedges. When rotating the particles, the
defect configurations vary by typically either opening the defect cores or generating —1/2 defect arcs.
From the total free energy rotation profiles (Figure 1f) one can see that all three configurations have
their free energies in a roughly similar range, but with different equilibrium orientations.
The equilibrium particle orientations are sensitive to relative strengths of the homeotropic and planar
anchoring which could be used for optimization of desired particle orientations. To generalize the
behavior of colloidal particles with patterned surfaces, one can consider them as superpositions of



homeotropic-only and planar-only anchoring particles. Bulk pieces of the director field bordering to
proper surface regions of the “single-anchoring particle” are to be glued together to tile in the surface
of a patterned particle in order to build the director profile around a given patterned particle.

These generalized Janus nematic colloids show a variety of complex topological defect structures
in the nematic, which are typically generalized by considering a topological invariant called
topological charge [17,18], or the geometry-aware generalization called the defect rank [19].
The conservation of the topological charge ascribed to the particle generally—in non-Janus nematic
colloids—governs the creation of all defects accompanying the particle, such as point defects, Saturn
rings and boojums. However, around Janus particles the line defects do not generally form closed
loops, as seen in Figure 1 where defect arcs are observed. At the seams between patches of different
surface anchoring, the elastic free energy density is typically increased, turning the seams into
effective surface defects. Moreover, these defect seams naturally attract point defects, boojums and
act as a natural tethering spots for the defect lines or loops which then form defect arcs.
As a consequence, the particle itself no longer has a fixed topological charge and in the case of
tethering, no topological charge can be assigned at all because the director field has singularities at
the tethering points. Such particles have degrees of freedom available to minimize the elastic stress
surrounding it, as they are not bound by strict topological constraints. The freedom comes from the
choice of interpolation of the director field at the seams. The ambiguity of topological charge in Janus
nematic colloids is demonstrated in Figure 2. For instance, the particle with planar caps at the poles,
can assume three states with different topological charges (Figure 2). The seams can be thought to
carry a quarter winding number in two-dimensional the cross section, as the director makes a quarter
of a full turn there. However, this turn can be either clockwise or counter-clockwise (—1/4 or +1/4)
and the nematic director surrounding the particle as a whole can be in either of the two configurations.
The particle can be in a state with topological charge +1 with surrounding Saturn ring (Figure 2a), a
charge-neutral state (Figure 2b) or a state with topological charge —1 with an anti-Saturn ring
(Figure 2¢). Generally, the charge neutral state will expectedly have lowest free energy, because it
minimizes elastic stress and the cost of the defect core, and is therefore most likely to be observed in
experiments. The states with +1 and —1 topological charge are either metastable or entirely unstable.
If the particle is allowed to rotate, states with defect arcs and ill-defined topological charge are also
observed (as in Figure 1d). This mechanism is universal and the more patches a particle has, the less
elastic deformation it imparts to its surroundings. In the limit of many patches, the particle can be
considered having a “rough” surface with effectively no anchoring. The only thing that remains is
the reduced degree of order at the surface, which could give rise to wetting and depletion forces.

Morphology of the surface patches could be related to the “valence” of the particle for forming
structures, by imparting a desired symmetry in the arrangement of the patches. Figure 3 demonstrates
the stability of a cluster containing a Janus “core” with two homeotropic caps and a planar waist and
two homeotropic-only “satellite” particles. The seams of the Janus particle provide tethering points
that bind the Saturn rings of the satellite particles to the core if the caps of the Janus particle are
facing the satellites (Figure 3b). The particles are confined to a thin homeotropic cell, which prevents
them from arranging into a chain along the direction of the field, which is a preferred arrangement
in the bulk. However, the orientation with caps toward the satellite particles is unstable. The caps
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tend to orient along the uniform bulk director set by the homeotropic cell boundaries (see Figure 3).
In our broader testing of different Janus configurations, we discovered this instability is universal,
because the homeotropic “pull” of the uniform ambient field overpowers the binding to the satellite
particles, except in the configuration of the chain along the uniform field, when these two interactions
are parallel.

Figure 2. Ambiguity of topological charge in Janus nematic colloids. A simple
composite particle with planar degenerate poles and homeotropic equator can select from
three director configurations at the seams, causing the resulting defect charge (rank, [19])
to be either (a) +1; (b) 0; or (¢) —1. The +1 structures require a defect ring defect which
is energetically unfavorable and makes these structures metastable or unstable relative to
the 0 charge structure. The seams between the patches can be considered as surface defect
lines with a quarter winding number.

The orientation instability becomes irrelevant if a Janus particle is replaced with a fixed vertical
Janus post which then serves as a micro-anchor for the colloidal structure. Indeed, recent experiments
with microfabricated arrays of microposts provide a promising starting ground for physical
realization of such Janus posts [20]. We simulated a “Janus” micropost with four patches of alternating
homeotropic and planar degenerate anchoring (Figure 4). Just like with the spherical Janus particle,
we observe strong preference of the satellite particles to bind to the homeotropic patches on the post’s
surface, and because the post cannot tilt, we obtain a stable state. The particle binds strongly to the
middle of the homeotropic patch with a partial Saturn-ring arc, tethered to the seams between
homeotropic and planar patches, while its free energy is the highest in the vicinity of the planar
denegerate patch. The free energy profile (Figure 4b) reveals a torque that forces the particle into the
stable configuration. Both the seams between the planar and homeotropic anchoring and the corner
between the post and the cell walls are a high free-energy regions that traps defects. We observe a
hysteresis effect when rotating the particle around the post: the tethered disclination line latches on
to the lower or upper corner, creating a high-energy metastable state that can decay via thermal
fluctuations or minute vertical movement of the particle, which we ignored in our simulations
(Figure 4a).



Figure 3. Designing colloidal superstructures with Janus particles. The bivalent Janus
particle binds two non-Janus homeotropic particles by tethering their Saturn ring defects
to the seams around the caps. The Janus particle in the desired orientation with the
symmetry axis in the x direction is stable under rotations around the vertical (z) axis, but
unstable under rotations about the horizontal axis (). Its lowest energy state aligns the
caps with the external director along the z axis (b). The stable configuration of the
superstructure is shown in (a, bottom right).
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Figure 4. A homeotropic non-Janus particle bound to a Janus post within a nematic cell.
The Janus post is segmented into 4 alternating patches of homeotropic (shaded) and
planar degenerate anchoring. (a) We observe two bound states (one stable, one
metastable) when the particle is centred next to the homeotropic patch. The metastable
state (upper panel) has the defect line tethered to the bottom corner of the post, whereas
in the stable state the defect line tethers to the Janus seams of the post; (b) Free energy
study of the particle binding shows that the maximum or minimum of the free energy are
found when the particle is positioned exactly symmetrically at the homeotropic or planar
patch, respectively.
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3. Perspectives for Future Studies

Because the shape and stability of the disclinations are topologically protected, the choice of
particle size, confinement, liquid crystal elastic anisotropy and strength of surface anchoring has little
effect on the qualitative behavior of the Janus nematic coolids, but does affect the free energy
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landscape and thus interaction strength and kinetics of assembly. We explored this extensive phase
(material) space only in a very narrow region; therefore, one could improve and fine-tune the desired
phenomena. The conformation in the stable state depends more strongly on the surface morphology,
relative distribution and size of the Janus patches. Further studies could reveal other interesting and
potentially useful states with diminished symmetry and possibly a randomized lattice. For example,
using particle types with three caps could prevent formation of straight homogeneous chains by
breaking the symmetry. Larger clusters of such particles could still form complex structures of lower
symmetry even if highly symmetric valence states were unstable. Such frustration and symmetry
breaking could potentially lead to glassy states or quasi-crystals, which were already observed with
colloidal platelets [21]. The proposed mixing of Janus particles with different surface patterns opens
a combinatorial variety of possibilities for particle arrangement.

Using a fixed Janus post in the homeotropic cell (far field director is along z direction) to trap and
bind particles via horizontal disclination arcs which we propose here, could be used on one hand as
a structural seed and on the other hand as a micro-anchor for the colloidal aggregation. The surface
pattern can be engineered to set the valence that promotes desired lattice geometry. A fixed lattice
could provide a long-range order, while the satellite particles are still movable to provide switching.
Alternatively, free-floating cylinders, confined to prevent turning, could provide translational
freedom to build lattices, but without instability to rotation around a horizontal axis, providing the
best of both worlds.

4. Modeling and Theory Section

Numerical modeling based on minimization of the phenomenological Landau-de Gennes free
energy was uses as the central approach for modeling the described Janus nematic colloids.
This approach was in recent years demonstrated to give qualitative and quantitative results when
compared to experiments and in details described in the reference [22]. The approach is based on the
free energy functional written in terms of the nematic order parameter tensor (Q-tensor),
approximated on a discrete finite difference mesh. The free energy is minimized by using a
quasi-time-step relaxation scheme that mimics real orientational dynamics in the absence of material
flow. For homeotropic surface patches, the Rapini-Papoular type uniform surface anchoring free
energy is assumed, whereas for degenerate planar anchoring patches the surface energy formulated
by Fournier and Galatola [23] is used. In order to model the Janus particles with various surface
morphologies surface patterned particles, logical conditions are set to discriminate between planar
and homeotropic surface regions. Despite their spherical shape, beads with patterned surfaces are
anisotropic with the anisotropy arising from the patterning. Their orientation with respect to the
undisturbed (far-field) director is in general characterized by two angles or by just one if the surface
patterning is rotationally symmetric.

In the simulations, the following material parameters, 4 =—1.72 x 10° J/m?, B=-2.12 x 10 J/m?,
C=1.73 x 10% J/m?, L = 40 pN, characteristic for a typical (5CB) nematic liquid crystal described in
the single-elastic constant approximation were used in the free energy of the form described in [22].
The surface anchoring strengths on both homeotropic and planar degenerate parts characterized by
W =1072 J/m? are in the limit of strong anchoring. The chosen value has been used in simulations of
liquid crystal colloids before, with excellent agreement with experiments [ 14]. The particle diameters



are 1 um in Figures 1-3 and 0.9 um in Figure 4. The choice of parameters ensure the regime of the
disclination loops that are stable against a collapse into point defects and the strong anchoring that
keeps the disclinations away from the surface. Variations of particle size, anisotropy of elastic
constants, and anchoring strength have only a minor effect on the general behavior of defects
and interactions of the Janus particles, as long as the parameters allow for the realization of the
same regime.

5. Conclusions

To conclude, the generalized Janus nematic colloids could be used as a novel route towards
particle functionalized structures in nematic liquid crystal colloids. By designing the morphology or
surface patches with homeotropic or planar surface anchoring, the elastic distortion of the
nematic orientation field and inter-particle interaction potentials can be varied and engineered to
high-complexity and spatial anisotropy. As a possible platform for valence-determined assembly of
colloidal structures, a colloidal superstructure is shown, where two non-Janus particles bind to the
bivalent Janus colloidal particle, by pinning their (Saturn-ring) defect loops to the tethering spots
generated at the contact lines between the surface patches at the Janus particle. The capacity to control
the valence and stability of free-floating spherical particles is hindered by a multitude of topological
states. We avoid this problem by suggesting binding of colloidal particles to a fixed Janus post in a
nematic cell, which forms a micro-seed and micro-anchor for the colloidal particles in such hybrid
confined structures.

The nematic profiles of multi-valent Janus colloids are shown to be dominated by the emergence
of topological defects, which are effective combinations of surface boojums, possibly spread into
lines of reduced order, and bulk segments of +1/2 or —1/2 defect line, which typically form defect
arcs. The topological analysis also demonstrated the ambiguity of the topological charge
as a topological invariant in Janus nematic colloids, as it can acquire multiple values for one given
particle type.

Finally, the basic motivation for this research originates in assembling novel functional
micro- and sub-micro-materials with unusual and possibly unique properties that could be used in a
range of fields, from complex optics, photonics, metamaterials, to plasmonics and biotechnology.
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Preparation of Nanocomposite Plasmonic Films Made from
Cellulose Nanocrystals or Mesoporous Silica Decorated with
Unidirectionally Aligned Gold Nanorods

Michael G. Campbell, Qingkun Liu, Aric Sanders, Julian S. Evans and Ivan I. Smalyukh

Abstract: Using liquid crystalline self-assembly of cellulose nanocrystals, we achieve long-range
alignment of anisotropic metal nanoparticles in colloidal nanocrystal dispersions that are then used
to deposit thin structured films with ordering features highly dependent on the deposition method.
These hybrid films are comprised of gold nanorods unidirectionally aligned in a matrix that can be
made of ordered cellulose nanocrystals or silica nanostructures obtained by using cellulose-based
nanostructures as a replica. The ensuing long-range alignment of gold nanorods in both cellulose-based
and nanoporous silica films results in a polarization-sensitive surface plasmon resonance. The
demonstrated device-scale bulk nanoparticle alignment may enable engineering of new material
properties arising from combining the orientational ordering of host nanostructures and properties of
the anisotropic plasmonic metal nanoparticles. Our approach may also allow for scalable fabrication
of plasmonic polarizers and nanoporous silica structures with orientationally ordered anisotropic
plasmonic nanoinclusions.

Reprinted from Materials. Cite as: Campbell, M.G.; Liu, Q.; Sanders, A.; Evans, J.S.; Smalyukh, L.1.
Preparation of Nanocomposite Plasmonic Films Made from Cellulose Nanocrystals or Mesoporous
Silica Decorated with Unidirectionally Aligned Gold Nanorods. Materials 2014, 7, 3021-3033.

1. Introduction

Nanostructured materials are poised to revolutionize scientific instruments, technologies, and
consumer devices. Liquid crystalline intermediate phases confer long-range orientational order that
has been previously used to improve the properties of fibers and deposited films for biomedical [1],
optical [2], and electronic [3,4] applications. Liquid crystals (LCs) can act as smart hosts that align
anisotropic nanoparticle inclusions and leverage nanoscale anisotropy into device scale polarization
sensitivity [5]. Self-assembly of plasmonic nanoparticles in LCs has been extensively studied
recently [6-8]. Gold nanorods (GNRs) have two surface plasmon resonance (SPR) modes, the
transverse mode at 525 nm and red-shifted longitudinal mode dependent on the aspect ratio,
associated with short and long axes of the rod, respectively [9]. Aligning GNRs allows one to produce
so-called “plasmonic polarizers”, which have been previously realized in stretched polyvinyl alcohol
films [10] and magnetically tunable LC systems [11]. Here we report the first plasmonic polarizers
in a cellulose-based LCs derived from natural materials and in a silica system that potentially confers
greater device stability than its organic alternatives.

Scalability of nanofabrication is an important consideration for massive industrial production of
solar energy photo-conversion and optical devices. Gold nanoparticles can be produced through
numerous scalable syntheses [12] and are currently widely commercially available. Cellulose, the
most abundant biopolymer on earth, is naturally found in wood and cotton as a blend of amorphous
regions and rod-like crystallites with diameters of ~3—10 nm and lengths of 100—-300 nm [13]. Facile
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sulfuric acid hydrolysis dissolves the amorphous regions leaving a charge stabilized colloidal
suspension of rod-like crystallites that act as the building blocks of LC phases. Cellulose nanocrystals
(CNCs) and mesoporous silica have been utilized as templates to assemble and synthesize
nanoparticles [14—16], but the alignment of rod-like nanoparticles in these hosts has not been
achieved. In this work, we first use these colloidal dispersions of CNCs to align co-dispersed GNRs
of much shorter aspect ratio, with a longitudinal SPR peak within the visible optical spectrum, and
then use the ensuing cellulose-gold colloidal nano-dispersion to obtain thin solid films with
orientationally ordered organization of both cellulose and gold nano-colloids. Furthermore, we
demonstrate that these structured films can be converted into mesoporous silica films decorated with
aligned GNRs. Because of the combination of ordered plasmonic nanostructures, relatively large
surface areas, and easy surface functionalization, the new composite mesoporous silica films may
potentially offer many applications in optics, nanophotonics, biodetection, etc.

2. Results and Discussion
2.1. Cellulose Films with Aligned GNRs

The quality of alignment in films thicker than the size of nanorods is commonly characterized by
the three-dimensional (3D) orientational scalar order parameter:
(3cos?0 — 1)
S=——F5—"— &)
2
where 6 is the angle between the long axes of rods and the director n (describing local average
orientation of these constituent rods). In our system, S is equal to the scalar order parameter
corresponding to the longitudinal transition dipole moment. Therefore, the order parameter of GNRs
can be deduced from the polarized optical transmission data by first determining the absorbance A'
and At at the longitudinal SPR peak for polarizer orientations parallel and perpendicular to n,
respectively and then using the expression
Al — At
S = aryzat @
We found that the simple by-hand shearing of CNC-GNR co-dispersions produced films of variable
quality with some relatively large areas of uniform alignment (Figure 1a,b) with the GNRs having
scalar order parameter S = 0.49, as determined from the optical extinction data (Figure 1¢,d). This is
comparable to the order parameter of ~0.35-0.65 for shear-oriented pure CNCs [17]. Previous
studies, which optimized the mechanical shearing conditions, reported achieving films of highly
aligned CNCs [18]. Therefore, one can expect that by controlling the shearing speed and
concentration, it may be possible to reproducibly create even more highly aligned thin films with
GNRs. If the shearing method is further optimized, it could potentially allow for large-scale
production of uniform thin films composed of CNCs and GNRs on various thin substrates.
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Figure 1. Cellulose films decorated with Gold nanorods (GNRs) produced by use of
shear alignment of Cellulose nanocrystal (CNC)-GNR co-dispersions. (a,b) Bright field
polarized microscopy images with analyzer aligned perpendicular (a) and parallel (b) to
the director n show that nanorods are generally aligned along n, with absorption due to
the transverse and longitudinal SPRs yielding pink and blue colors, respectively. (¢,d)
The extinction spectra of a thin dried film of CNCs and GNRs for linear polarizations
perpendicular (¢) and parallel (d) to n, confirming that the transverse and longitudinal
SPRs with peaks at 525 nm and 680 nm, respectively, are significantly stronger in the
perpendicular and parallel orientations, respectively.
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However, we also find that the gravity-assisted alignment method could consistently produce
higher quality aligned films without the need for any mechanization. This alignment is accomplished
with a CNC-GNR liquid crystalline co-dispersion droplet stretched along the flow direction,
becoming roughly semi-cylindrically-shaped with the contact lines parallel to the gravity-induced
flow direction and the droplet’s thickness gradient perpendicular to it. Due to evaporation, the
concentration of CNCs within a droplet is the highest along the edges, which causes a LC phase to
first emerge at the boundary [19]. In the process of gravity-assisted alignment, there are flow forces,
which tend to align n along the direction of flow [18], and LC elastic forces, which tend to align the
liquid crystalline dispersion at the edges with n parallel to the contact line and orthogonal to the
thickness gradient in the meniscus to avoid elastic-energy-costly director distortions [20]. Thus, in
such an experimental deposition geometry, these two forces act in the same direction and augment
each other in producing the desired unidirectional alignment of the LC. Consequently, the films
tended to have the most uniform alignment parallel to both the contact line and the direction of flow,
with the alignment quality being the best near the edges where both forces were present. Slow water
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evaporation retains this alignment relatively intact while producing orientationally-ordered solid
films of CNCs. Bright field polarizing optical microscopy (POM) images shows that GNRs are
generally aligned along n (Figure 2a,b). The dried films possess two well-defined extinction peaks,
which were maximized when the incident light has linear polarization parallel or perpendicular to
the uniformly aligned director n. The observed peaks in the obtained spectra correspond to
longitudinal and transverse SPR effect, respectively, indicating a high degree of orientational
ordering of plasmonic GNRs in the matrix of an aligned CNC-based thin film. Two-photon
luminescence (TPL) images with the polarization parallel (Figure 2¢) and perpendicular (Figure 2f)
to n indicate that the GNRs are well aligned along the LC director of the CNC matrix. A cross
sectional TPL image (Figure 2g) shows that this signal is strong over a vertical distance of ~2 pm,
which indicates that the thickness of the film is on the order of 1 um, since the vertical resolution is
~500 nm. The typical extinction spectra for a film with a 3D orientational order parameter of S = 0.67
are shown in Figure 2h, in which the longitudinal SPR wavelength (680 nm) is the same as that of
GNRs in CNCs by shearing alignment. The scalar order parameter varied somewhat, depending on
exact details of the thin film preparation, but was typically found to be as high as S = 0.67.

Figure 2. Aligned CNC films with aligned GNRs obtained by the gravity-assisted
method. (a,b) Bright-field polarizing optical microscopy (POM) images with
polarizations parallel (a), and perpendicular (b), to the director n show different colors
associated with the two SPRs, respectively. POM images of a film between crossed
polarizers (¢) and with an inserted 530 nm retardation plate (d) with one polarizer parallel
to n, allowing us to visualize imperfections in the alignment. (e,f) Two-photon
luminescence (TPL) micrographs for polarization parallel (e) and perpendicular (f) to n
demonstrate that GNRs are well dispersed within the film (no big aggregates observed
within the uniform background due to the TPL signal from nanorods) align along n, with
a stronger signal seen in (e). (g) The corresponding vertical cross-section for linear
polarization of excitation light parallel to n. (h) Extinction spectra measured for
polarization parallel and perpendicular to n.
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To elucidate the nanoscale morphology of films, we used a combination of focused ion beam
(FIB) milling and scanning electron microscopy (SEM) to probe the structural organization of CNCs
and GNRs within the thin films. The images using the in-lens (IL) detector allow us to reveal the
alignment of the CNCs (Figure 3a) while the energy selective in-lens backscattered detector (ESB)
image emphasize the GNRs, which are aligned with the cellulose LC director field (Figure 3b). The
interior structure of the film was revealed in an extended region where the conductive coating had
collapsed due to nearby FIB milling. The interior structure of the CNC film can be understood as a
nanoporous network-like arrangement with GNRs distributed throughout the bulk while exhibiting
no positional but long-range nematic-like orientational ordering (Figure 3c,d). Furthermore, we used
FIB to remove the top layer from a cross-sectional area to determine the thickness of the films, which
was determined to be approximately 300-500 nm (Figure 3e). In the studied thin films, the
unidirectional alignment could be seen extending over large distances over which the nanorods were
uniformly dispersed (Figure 3f) and unidirectionally aligned (inset of Figure 3f).

Figure 3. SEM imaging of thin films of CNCs with embedded GNRs (with a thin carbon
coat to improve conductivity). (a,b) Co-located images obtained with (a) in-lens (IL), and
(b) energy selective in-lens backscattered detector (ESB), detectors at 5 kV, allowing for
simultaneous visualization of the unaligned CNC orientation field and the orientation of
GNRs embedded in the film. (¢) Everhart-Thornley (ET) imaging at low resolution and (d)
IL imaging at high resolution reveal an interior network-like structure of the film at the site
of'a carbon film collapse induced by focused ion beam (FIB) in a nearby region. FIB allows
for visualization of the cross-section of the film. ET imaging at 5 kV. (e) Tilt corrected for
the 54° angle of the FIB milling, shows that the GNRs are distributed inside the bulk of the
~300 nm thick GNR film. The underlying glass substrate is visible in the bottom of the
panel. (f) Low resolution ET imaging at 500 V demonstrates the long-range order of the
film (no carbon layer is present). The inset shows the local orientation of GNRs.
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2.2. Free-Standing Mesoporous Silica Films with Aligned GNRs

We also created thin free-standing films which consisted of only silica and GNRs by using a
method previously reported in the literature [21], with certain modifications described below in the
methods section. To obtain nematic-like ordering within the film we placed a drop of the solution on
aluminum foil, where at the meniscus, the CNC LC experiences elastic forces which align it parallel
to the receding contact line (in order to minimize elastic distortions and their free energy cost) [20].
Once the CNC-GNR films with nematic-like ordering were used as a replica for patterning nanoscale
morphology of silica films, as described in the materials section, we found that the orientational
ordering of GNRs persisted in the silica matrix upon removal of CNCs via the high-temperature
treatment (Figure 4). Previous work [22] has shown that PVP capped GNRs are not stable at high
temperatures and will transform into spheres in less than an hour at a temperature of 250 °C.
However, we found that by using silica capped rods, the resultant films still possessed a well defined
polarization-dependent SPR effect, indicating that silica capped GNRs maintained their rod-like
structure. Using low-voltage SEM, we observed that the films had a mesoporous structure, which
was consistent with what was previously observed for such films without GNRs [21]. GNRs tended
to be evenly dispersed throughout the film, with a lower degree of alignment than in the cellulose films.
The estimated scalar order parameter of GNRs that we could achieve by polarization-dependent
extinction spectra in this case was S = 0.25. The reduced value of the orientational order parameter
may be partially due to the high-temperature treatment known to affect gold nanoparticles [22]. The
longitudinal plasmonic peak shifted from 680 nm (Figure 1d, 2h) to 630 nm (Figure 3c) due to a
combination of two effects, the nanorods being deformed by heating and the silica having different
dielectric properties than the cellulose. However, it is interesting that the alignment persisted upon
removal of CNCs, providing a potentially useful approach for scalable fabrication of composite
mesostructured films with orientationally ordered plasmonic nanoparticles in a silica matrix. These
obtained hybrid thin films can be practically useful. The mesoporous silica surface, which encloses
the GNRs, can be functionalized with various chemicals, and the unique absorption properties of the
film could be used to study chemical reactions, or to create a catalyst for chemical reactions. The
presence of orientationally-ordered plasmonic nanostructures in such films may provide the means
of efficient use of light for controlling and guiding reactions and processes in various applications.
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Figure 4. Mesoporous silica films containing aligned GNRs. (a,b) Bright field polarizing
microscopy images with the polarization parallel (a) and perpendicular (b) to the director.
(c) Absorption spectra of the film as measured with polarization parallel (red) and
perpendicular (blue) to the director. (d,e) TPL images of GNRs taken with polarization
parallel (d) and perpendicular (e) to the director, confirming alignment of the gold
nanoparticles with their long axes on-average parallel to the director. The homogeneous
TPL signal in the images confirms uniform distribution of GNRs. (f,g) SEM images of
the mesoporous film showing (f) alignment of GNRs and (g) the porous morphology. To
minimize charging, images (f) and (g) were acquired using ET at 1 kV and 2 kV primary
beam acceleration voltage, respectively.
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2.3. Discussion

Unlike their dichroic dye based counterparts, plasmonic polarizers allow for very precise control
over the operational spectrum of a polarizer as well as the ability to polarize light of different
wavelengths, including the ultraviolet and infrared parts of an optical spectrum [23]. The transverse
plasmonic absorption is generally a function of the material used for the rod-like nanoparticles, with
nickel having an absorption peak at 380 nm, silver absorbing at 420 nm, gold at 525 nm and copper
at ~580 nm [23]. The longitudinal SPR is red shifted by an amount determined by the aspect ratio of
the nanoparticle. Thus, a plasmonic polarizer potentially offers precise control of both the transverse
and longitudinal device scale absorption across the electromagnetic spectrum, ranging from the
ultraviolet through the visible and into the infrared [23]. Although plasmonic polarizers can
be achieved by a number of different methods, such as stretching of polymer films with incorporated
anisotropic plasmonic nanoparticles, our approach offers benefits of utilizing abundant
cellulose-based nanomaterials and scalable self-assembly-based fabrication. The deposition of
structured films from co-dispersions of anisotropic nanoparticles demonstrated with the example of
metal nanorods and CNCs can be potentially extended to a variety of other technologically interesting
nanoparticles, such as semiconductor-based quantum rods and discs as well as upconversion
nanoparticles. Thus, a broad range of hybrid materials with different functionality can be potentially
obtained using this approach.
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Mesoporous silica films decorated with GNRs provide a more permanent structure that can
potentially be incorporated into optical glasses. Furthermore, the mesoporous structure of these films
allows for infiltration of solutions so that one can potentially use them in different forms of chemical
and biological detection, exploring how exciting either the longitudinal or transverse plasmonic mode
of a nanoparticle changes the catalytic activity. The pore size can be somewhat tunable by changing
the source material of the cellulose, depending on the need of particular applications.

3. Experimental Section
3.1. Synthesis of Cellulose Nanocrystals

CNCs were synthesized using a known acid hydrolysis method [13,21]. Ten grams of bleached
cotton was hydrolyzed in 150 mL of 65 wt.% sulfuric acid under continuous stirring in a 45 °C water
bath. Every hour the mixture was sonicated for 5 min and a small amount of the solution was
extracted and observed using POM to determine if the hydrolysis was complete. About 700 mL of
deionized (DI) water was added to the completed reaction to quench the acid hydrolysis. Within a
24 hour period of time, the more concentrated dispersion of CNCs sedimented to a bottom layer,
which constituted about 1/3 of the total volume, and the supernatant was removed. The cellulose was
washed several times via redispersing in DI water, centrifugation, and removing the supernatant,
which resulted in an increase of the pH to ~1. To further reduce the sulfuric acid content, the solution
was placed inside of a dialysis tube (MWCO 12000-14000, Thermo Fisher Scientific Inc.) and
dialyzed against DI water. The DI water was occasionally replaced, and the dialysis continued until
the DI water maintained a constant pH, which normally took 2—3 days. After this, suspensions were
filtered through Millipore filter with 3 um holes. At this stage, the concentration of CNCs was
normally 2-3 wt.% and was used in our experiments as described below.

3.2. Functionalization of GNRs

Cetyltrimethylammonium bromide capped GNRs with mean diameters and lengths of 20 nm and
50 nm respectively were synthesized in aqueous solution using a well-known method [24]. In order
to protect against the acidic environment of the cellulose solution, the rods were recapped with
methoxypolyethyleneglycol thiol (mPEG-SH, JemKem Technology) by a method described in [25].
Briefly, 300 puL of aqueous GNRs with optical density of ~100 and 300 pL of an aqueous 10 wt.%
mPEG-SH solution were added to 10 mL of water. The solution was left at room temperature for
12 h to ensure that the mPEG-SH had bonded to the surface of GNRs. The solution was centrifuged
for 10 min at 10,000 rpm, and the supernatant was decanted. After this, the GNRs solution was
re-dispersed using sonication. The capping procedure was repeated to ensure a complete coating of
mPEG on the nanorods.

To incorporate the nanorods in mesoporous silica films using approaches that we will discuss
below, the mPEG-capped GNRs were recapped with silica as described in [26]; 26 uL ammonium
hydroxide (27% NH3 by weight) in 400 pL of H2O were mixed with 2 mL of ethanol. GNRs were
then added until the solution had a slightly opaque blue color. After this, 0.24 pL of tetramethyl
orthosilicate (TMOS) was added to the mixture. The mixture was then left overnight to react and,
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afterwards, the silica-capped GNRs were transferred into an aqueous solution by centrifugation
and redispersion.

3.3. Shearing of Liquid Crystalline Co-Dispersions of CNCs and GNRs

The mPEG-capped GNRs dispersion was mixed with CNCs dispersed in water with a
concentration ~3 wt.%, which was close to the critical concentration at which a chiral-nematic phase
spontaneously forms (and was readily observed at drop edges and as water evaporated). To ensure
that the nanorods were well dispersed, the sample was sonicated for at least 30 min. To shear the
solution, a razor blade or pipet tip was held close a glass slide. A small amount of co-dispersed
aqueous CNCs and GNRs was pipetted so that it formed a meniscus between the substrate and the
glass slide. The razor blade or pipet tip was then moved back and forth at a slow speed. Each time it
was moved back and forth, a thin coating of cellulose nanocrystals and gold nanorods was deposited.
After water evaporation, the procedure was repeated again with another small amount of the solution.
This was continued until approximately 50—150 microliters of solution had been deposited on a
substrate with about one square centimeter area.

3.4. Gravity-Assisted Alignment of CNCs and GNRs

A glass substrate was placed at an oblique angle of 70-80° from the horizontal. A small drop of
concentrated solution of mPEG capped GNRs and 3 wt.% CNCs co-dispersed in water was placed
at the top of the slide and allowed to flow down under the action of gravity. After the solution reached
the bottom, it was recovered with a pipet and again placed at the same location at the top of the slide.
This process continued until the film reached a desired thickness, which was typically between
200 nm and 1 um. The length of these aligned films is typically several inches long. We characterized
the resultant film by use of a combination of focused ion milling and scanning electron
microscopy techniques.

3.5. Free-Standing Mesoporous Films with Aligned GNRs

To create mesoporous silica films, we used a method developed by Shopowitz et al. [21], which
we modified to achieve nematic-ordering by drying more quickly. 5 vol.% TMOS was added to an
aqueous solution of 3 wt.% CNCs and dissolved by use of 30 min of sonication. Then an aqueous
dispersion of silica capped GNRs was added slowly until the solution had a dark purple appearance.
The solution was heated in an aluminum foil bowl on a hotplate with occasional agitation to prevent
formation of a film of dried cellulose on top of the liquid. After the solution had dried, the ensuing
dry films were peeled off the aluminum foil. To remove the cellulose from the films, the free-standing
films were heated to 100 °C at a rate of 120 °C per hour and maintained at 100 °C for two hours.
Then, the samples were baked at 540 °C for eight hours, and subsequently ambient-air-cooled down
to the room temperature. This thermal treatment assured that all CNCs were eliminated from the
mesoporous films obtained through the above-described preparation procedure. The size of these
silica mesoporous films with aligned GNRs is on the scale of millimeters.
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3.6. Nonlinear Optical Luminescence Imaging

TPL imaging was performed on an inverted IX-81 Olympus microscope using 850 nm excitation
light from a tunable Ti:Sapphire oscillator (Chameleon Ultra II, Coherent) with 140 fs pulse width
and 80 MHz repetition rate at an average power < 1 mW in the sample plane. A 60x oil objective
with NA = 1.42 was used for epi-detection of TPL within a 400-700 nm range (selected by an
appropriate interference filter) by a photomultiplier tube (H5784-20, Hamamatsu). To probe spatial
patterns of orientation, the linear polarization direction of the excitation light was controlled using a
half-wave retardation plate placed immediately before the objective. The experimental setup and
technique are described in details elsewhere [2].

3.7. Focused lon Beam Milling and Scanning Electron Microscopy

The nano-scale structure and morphology of the resultant films of CNCs and silica with GNRs
were characterized using a combination of FIB milling and SEM by means of a FIB-SEM (Auriga,
Carl Zeiss). The studied films were poor electrical conductors and, therefore, a variety of charge
reduction techniques were employed to create images of sufficient resolution without distortion and
artifacts. In the case of mesoporous silica, the imaging was performed for free-standing films, and
low resolution imaging of long range order in CNC films was obtained as deposited on glass slides.
To eliminate the effects of charge accumulation for these samples, an acceleration voltage close to
the secondary emission crossover point was chosen [27]. However in the case of high resolution and
bulk characterization of CNCs with GNRs, a charge dissipation layer of carbon (~50 nm in thickness)
was sputtered over the film and glass coverslip. To clearly identify the GNRs, CNCs or mesoporous
silica, the energy of secondary electrons collected was controlled by choice of detector.
Three detectors were used: an IL, a standard Everhart-Thornley (ET), and ESB to choose from low
energy-high angle, mixed energy-angle insensitive, and high energy-high angle secondary electrons,
respectively. Low energy-high angle secondary electrons reveal the surface structure of films,
whereas higher energy secondary electrons provide material contrast emphasizing GNRs.
The interior structure of the film was revealed by milling the sample with the FIB, and imaged either
at the site of the milling or at a location where the sputtered carbon film had collapsed.

4. Conclusions

We have demonstrated that rod-like cellulose nanocrystals forming liquid crystalline phases can
confer alignment to gold nanorods within thin solid films prepared by several different deposition
methods. We have also demonstrated scalable fabrication of thin mesoporous films of silica
decorated by orientationally ordered anisotropic gold nanoparticles. These simple, reproducible
methods for fabrication of plasmonic nanostructured thin films with orientational ordering and
polarization sensitivity of optical properties demonstrate the power of self-assembly to create unique
optical characteristics in thin composite films. The achieved combination of ordered nanoscale
morphology in both silica and organic cellulose-based films, along with the long-range
oriented metal nanostructures, are of great interest for renewable energy, optical, catalytic and
anti-counterfeiting technologies.
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Directional Scattering of Semiconductor Nanoparticles
Embedded in a Liquid Crystal

Braulio Garcia-Camara, José Francisco Algorri, Virginia Urruchi and
José Manuel Sanchez-Pena

Abstract: Light scattering by semiconductor nanoparticles has been shown to be more complex than
was believed until now. Both electric and magnetic responses emerge in the visible range.
In addition, directional effects on light scattering of these nanoparticles were recently obtained.
In particular, zero backward and minimum-forward scattering are observed. These phenomena are
very interesting for several applications such as, for instance, optical switches or modulators. The
strong dependence of these phenomena on the properties of both the particle and the surrounding
medium can be used to tune them. The electrical control on the optical properties of liquid crystals
could be used to control the directional effects of embedded semiconductor nanoparticles. In this
work, we theoretically analyze the effects on the directional distribution of light scattering by these
particles when the refractive index of a surrounded liquid crystal changes from the ordinary to the
extraordinary configuration. Several semiconductor materials and liquid crystals are studied in order
to optimize the contrast between the two states.

Reprinted from Materials. Cite as: Garcia-Camara, B.; Algorri, J.F.; Urruchi, V.; Sanchez-Pena, J.M.
Directional Scattering of Semiconductor Nanoparticles Embedded in a Liquid Crystal. Materials
2014, 7, 2784-2794.

1. Introduction

Active plasmonics has recently appears as an emergent research field [1]. The active tuning of
plasmonic phenomena could be determinant for the design and development of all-optical devices for
manipulating light at the nanoscale. Plasmon resonances could be modified through the variation of the
size, shape or composition of the nanoparticle or by changing the refractive index of the surrounding
medium. While any change in the geometrical and structural properties of the particle introduces static
modifications, the variation of the effective refractive index of the host medium
can be dynamic, reversible, and controllable [2]. Liquid crystals are probably one of the most important
active dielectric media, due to their small elastic constant and high birefringence [3], thus their
refractive index can be easily modified. In addition, there are several ways to control it. Electrically-
controlled [4], light-controlled [5] and also thermal-controlled [6] techniques have been reported to
modify both the refractive index of a liquid crystal and then the plasmon resonance of nanoparticles
embedded on it. This has led to the emergence of active devices based on complex metamaterials
composed of plasmonic nanostructures embedded in LC [7]. For instance, optical switches [8,9],
modulators [10,11] or filters [12], among others.

Recent works have shown that semiconductor nanoparticles, e.g., silicon, germanium, efc., present
Mie resonances in light scattering with a similar behavior to plasmon polaritons [13,14]. The interest
on these phenomena has grown rapidly due to important advantages respect with plasmonic
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nanoparticles. This first one is that semiconductor nanoparticles has lower absorption in the visible
range than metallic ones; thus, thermal effects on them are less important. Although these effects are
interesting for some applications such as photothermal therapies, the heating suffering the
nanostructures produce degradation. The second one is the CMOS compatibility of semiconductors
and then, the easy integration of this kind of devices on chips. In addition, these nanoparticles have a
magnetodielectric response in the visible range, never observed before. They present both electric and
magnetic response in this range [13]. This effect has certainly been a wake-up call in the nanoscience
field. Coherent effects between electric and magnetic contribution, producing certain control over the
spatial distribution of the scattered light, were suggested more than 30 years ago [15]. However,
they were unable to be experimentally demonstrated until now. Both zero-backward and
minimum-forward scattering has been finally observed in the laboratory [16—18]. The control of
directionality of light scattering can be very useful for applications ranging from biosensors [19] to
all-optical devices for computing [20,21] or renewable energies [22].

Herein, we numerically study the possibility to control the directionality of light scattering of
semiconductor nanoparticles embedded in a liquid crystal through controlling the optical anisotropy
of this active medium via an external electric field. For this task, we have considered semiconductor
nanoparticles for which the directionality conditions proposed by Kerker and coworkers [15] are
satisfied in the visible range. In order to maximize the change in the scattered energy at certain
directions, several materials and liquid crystals have been considered.

2. Theoretical Background

The electromagnetic scattering by a homogeneous and isotropic sphere of radius r
illuminated by a linearly polarized plane wave of wavelength A is properly explained in the Lorentz-
Mie theory [23,24]. The different dependences of light scattering on the properties of both the particle
and the surrounding medium are quite interesting for a great range of applications. These
dependences are usually studied through the extinction and scattering efficiencies. These parameters

)

can be expressed as a multipolar expansion given by [24]:
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where an and bx are, respectively, the electric and magnetic n-polar Mie coefficients; and x is the size
parameters, defined as x = kr; k being the light wavenumber. Extinction refers to the part of the
incident beam that is extinguished due to the two main light-matter interaction phenomena: scattering
and absorption. Unlike metals, considered semiconductors present dominant scattering in the visible
range. Thus, scattering and extinction are mainly equal in the present case. However, hereinafter, we
will still consider the extinction efficiency as a representative parameter of light-matter interaction.
In addition, the spatial distribution of the scattered energy by the particle is also quite interesting
due to its use as antennas [25]. The angular dependence of this energy is usually described via the
differential scattering efficiency (Quip) [24]:
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where 7, and T introduce the angular dependence through the Legendre functions of first kind. The
particular cases of the differential scattering efficiencies at the forward and backward directions are
described via the forward scattering (Qrs) and the radar backscattering (Qras) efficiencies, and are
given by [20]:
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For subwavelength particles, this is nanoparticles in the visible range; the multipolar expansion can
be well approximated by the first two electric and magnetic terms (a1, a2, b1 and b2). Under this
approximation, previous expression can be reduced in the following way. The extinction efficiency
of the nanoparticle is given by:

O = %[3 Re(a, +b,)+5Re(a, +b,)] (6)
X

whereas the Quifris described by
| |3 @ +bc0s6)+ 3 (3a, cos 6+ 6b, cos’ 6-35,)

2

S 2 ™
+ ‘% (a,cosO+b,)+ % (6a, cos® 0-3a, +3b, cos 6)‘
Finally, the Oras and QFrs for such small particle have the following expressions [24]:
1 2
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Coherent effects can occur between different dipolar and quadrupolar terms in the forward
and backward directions. In particular, previous works showed that the electric and the magnetic
dipoles can interfere constructively or destructively producing minima in either the backward or the
forward scattered intensity at certain light frequencies [15]. The relationships between the first
two Mie coefficients to achieve the zero-backward or a minimum forward scattering are denoted as
generalized Kerker’s conditions. These are easily predicted from Equation (6) and are described
as [15,26]:

a, =b,

R(a,)=NR(b,) and I(a,)=-3(b) 9)

These conditions were unachievable for several years, because conventional materials did not
present both electric and magnetic response in the visible range. However, very recently these
phenomena are observed in semiconductor particles [16—18].
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On the other hand, nematic LC is a complex medium composed of long helical rods or organic
molecules producing a certain order in the direction of the components, labeled by a unit vector, or
the director n. This anisotropic structure involves a uniaxial optical symmetry with two principal
refractive indexes, the ordinary refractive index (n,) and the extraordinary refractive index (7).
While n, it is seen for electromagnetic radiation with the electric field perpendicular to the director,
ne 1s related to polarized radiation with the electric field parallel to the director [3]. This optical
anisotropy is usually characterized through the birefringence parameter, which is defined as
An = n. — no. The variation of the refractive index seeing by an incident beam can be controlled by
the polarization of light, but also by electric-field driven methods [2,4] or heat-driven methods [2,6],
among others. In particular, we have considered the nematic LC E7 that is widely used. This is a
mixture composed of 4-cyano-4’-n-pentyl-biphenyl (5CB), 4-cyano-4’-nheptyl-biphenyl (7CB),
4-cyano-4’-n-octyloxy-biphenyl and 4-cyano-4’’-n-pentyl-p-terphenyl. It has a birefringence of 0.2
in the visible range and works in the nematic phase in a wide temperature range, from —10 to
59 °C [27]. In addition, its dielectric anisotropy is positive (Ae = 13.8) and it is commercially
available [4].

3. Results and Discussion

Light scattering by high-refractive-index semiconductor nanoparticles (e.g., silicon, germanium)
with radius of few hundreds of nanometers presents Mie resonances for incident wavelengths in the
visible range, as was commented above. In contrast with plasmonic nanoparticles, the spectrum of
the scattered radiation by semiconductor nanoparticles is more complex, showing both electric and
magnetic resonances [13,14]. However, the spectral behavior is similar and they depend on both the
size and shape of the nanoparticles, and the refractive index of the surrounding medium. This allows
the use of active mediums, such as liquid crystals, to tune the scattering properties of semiconductor
nanoparticles. Figure 1a shows the extinction efficiency, Qex, of a silicon nanoparticle with a radius
of R =100 nm embedded in a nematic LC, in particular, in an E7 LC. Both ordinary and extraordinary
states of the LC are considered. Experimental refractive indexes have been used for these and other
semiconductor materials and liquid crystals. They were obtained from references [28,29],
respectively. As can be seen, the shift from the ordinary to the extraordinary state, meaning a change
of the refractive index of the LC from 1.52 to 1.73 at room temperature [29], produces a slight
modification of the extinction spectrum. In order to obtain a deep knowledge of the variations as well
as the origin of each resonant peak, the spectral evolution of the first four dipolar contributions of
the extinction efficiency (see Equation (4)) are plotted in Figure 1b. The magnetic modes, related to
Mie coefficients b1 and b2 are predominant and the change from the ordinary to the extraordinary
state only produces on them a small decrease of the maximum value. Any spectral shift is negligible.
Electric modes, related to a1 and a2, suffer both a slight spectral shift and a decrement of the
maximum Qex. As was commented above, these resonances are mainly presented in light scattering,
unlike metals whose resonances are mainly related to the absorption.
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Figure 1. (a) Extinction efficiency of a silicon nanoparticle (R = 100 nm) embedded
in an E7 LC when either ne or no 1s considered; (b) four first multipolar contributions of
the extinction efficiency when either the ordinary or extraordinary state of E7 LC
is considered.
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The existence of both electric and magnetic resonances in light scattering of semiconductor
nanoparticles allows the appearance of coherent effects. As was previously cited, interferential
phenomena between the dipolar electric and magnetic contributions produce anisotropy in the
angular distribution of the scattered radiation. In particular, almost null backward and minimum
forward scattering can be obtained when the dipolar Mie coefficients satisfy the expressions of
Equation (7), respectively [15,26]. From Figure 1b, it seems that these conditions could be fulfilled
at these wavelengths for which a1 and b1 contributions cross each other. Although the changes in the
Qext spectrum, when the surrounding refractive index changes from 7, to ne, are not remarkable, the
slight shifts could affect the satisfaction of these conditions. Checking the scattering patterns at these
wavelengths, we can observe that Kerker’s conditions are satisfied at 840.9 nm and 719.7 nm,
respectively, when the incident light sees the ordinary refractive index of E7 LC. If the state of the
LC is modified such that the incident light sees its extraordinary index, wavelengths of Kerker’s
conditions shift to 840.8 nm and 700.7 nm, respectively. As can be seen, while the zero-backward
condition is quite steady, the minimum-forward condition is much more dependent on the boundary
conditions [30]. Figure 2 attempts to show how these variations affect the angular distribution of the
scattered light. Figure 2a shows Quy of the silicon nanoparticles at A = 840.9 nm when the
surrounding refractive index corresponds with either 7, (solid blue line) or n. (dashed red line) of E7
LC. Figure 2b shows Quir when the incident wave fulfills the second Kerker’s condition,
A =719.7 nm, under both refractive indices of E7 LC. While the zero-backward condition (Figure 2a)
is almost unalterable with a deep decrease of light scattering in the backward direction (6 = 180°) at
both considered scenarios, the distribution of the scattered radiation under the minimum-forward
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condition (Figure 2b) slightly changes, in particular in the backward hemisphere (60 = 90°-270°).
As it was related in several works [16,30], the forward condition is hard to obtain. Moreover,
its observance strongly depends on the refractive index of the surrounding medium [19]. For this
reason, as the refractive index of E7 LC ranges from 1.5 to 1.7, a proper minimum-forward scattering
cannot be observed.

Figure 2. Differential efficiency (Qui) of a single silicon nanoparticle (R = 100 nm)
embedded in an E7 nematic LC when the incident wavelength satisfies (a) the first
Kerker’s condition and (b) the second Kerker’s condition. The ordinary (solid blue lines)
and the extraordinary (dashed red line) index of E7 LC are considered.
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Previous polar plots do not show remarkable changes in the scattered radiation at the forward
and backward directions when the state of the LC changes. Similar results are obtained for other
semiconductor nanoparticles embedded in different LC. However, a more precise observance of
these phenomena can be made through the analysis of the forward scattering (QOrs) and the radar
backscattering (Oras) efficiencies. These parameters give us information about light scattering at
these certain directions, and they can be expressed as a function of Mie theory, as can be seen in
Equations (3) and (6) for a complete or approximated situation, respectively. As we are interested in
the modification of these parameters when the refractive index of the LC changes by means of an
electric control, variations of both efficiencies from the ordinary to the extraordinary configuration
are considered. Figure 3a shows the variation of Oras of a particle with a radius of 100 nm and made
of different semiconductors, expressed in dB, and as a function of the surrounding LC when the
refractive index of the LC changes from the ordinary to the extraordinary one. The incident
wavelength is such that the first Kerker’s condition is satisfied in the ordinary state. On the other
hand, Figure 3b represents the change of Ors when the incident wavelength satisfies the second
Kerker’s condition in the ordinary state. As can be seen, larger variations are obtained in the
backward scattering (Figure 3a). In particular, A/Sh nanoparticles seem optimum for these tasks,
presenting a maximum variation of —3.5 dB when they are embedded in £44 LC. However, silicon
nanoparticles also present large variations. Among the considered liquid crystals, £7 and E44

produce the maximum variations.
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Figure 3. Variation of (a) the radar backscattering efficiency (Qrss) and (b) the forward
scattering efficiency, in dB, of a spherical particle of R = 100 nm embedded in a LC
that changes its refractive index from the ordinary to the extraordinary value versus
the surrounding LC. The incident wavelength satisfies the first and second Kerker’s
conditions, respectively, when the LC presents the n.. Several semiconductor materials
are considered.
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From Figure 2b it can be seen that the larger variation of light scattering when the
minimum-forward scattering condition is fulfilled does not occur in the forward direction (6 = 0°), if
not in the backward direction (8 = 180°). For this reason, Figure 4 shows the variation of the Qrss
when the incident wavelength satisfies the second Kerker’s condition. In this case, the variation is
positive and the differences between different LC and semiconductor materials are larger. In this
sense, TiO2 nanoparticles present maximum values when they are embedded in SCH, E7 or E44.
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Figure 4. Variation of the radar backscattering efficiency (QOrss), in dB, of a spherical
particle of R = 100 nm embedded in a LC that changes its refractive index from the
ordinary to the extraordinary value versus the surrounding LC. The incident wavelength
satisfies the minimum-forward scattering condition when the LC presents the 7.. Several
semiconductor materials are considered.
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4. Conclusions

Active plasmonic devices have arisen for several applications. These devices usually considered
plasmon structures, e.g., metallic nanoparticles or structures, embedded in electrically and optically
active media, for instance liquid crystals. The recent discover of resonant behaviors in light scattering
of semiconductor nanospheres have been appeared as an important stimulus for Plasmonics. In
particular, the presence of both electric and magnetic allows the appearance of coherent effects and
thus a certain control over the spatial distribution of the scattered energy by these particles. In this
work, we have analyzed the possibility to vary these directional behaviors of light scattering by
embedding these semiconductor nanoparticles in a LC. We have observed that the influence of the
refractive index of the LC when it changes from its ordinary to the extraordinary value is weak for
the considered LC. Maximum values of —3.5 dB are observed. In addition, the relative high refractive
index of LC frustrates a minimum-forward scattering compared with other scattering directions.
For these reasons, the analysis of backward scattering is more appropriate. Present results could be
optimized through the use of high-birefringence and low-refractive-index liquid crystals. The electric
control over the spatial distribution of light scattering could be useful for several applications, e.g.,
optical switches; therefore, its analysis is interesting.
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Dispersion of y-Alumina Nano-Sized Spherical Particles in a
Calamitic Liquid Crystal. Study and Optimization of the
Confinement Effects

Sergio Diez-Berart, David O. Lopez, Nerea Sebastian, Maria Rosario de la Fuente, Josep
Salud, Beatriz Robles-Hernandez and Miguel Angel Pérez-Jubindo

Abstract: We report an experimental study on confined systems formed by butyloxybenzylidene
octylaniline liquid crystal (40.8) + y-alumina nanoparticles. The effects of the confinement in the
thermal and dielectric properties of the liquid crystal under different densities of nanoparticles is
analyzed by means of high resolution Modulated Differential Scanning Calorimetry (MDSC) and
broadband dielectric spectroscopy. First, a drastic depression of the N-I and SmA-N transition
temperatures is observed with confinement, the more concentration of nanoparticles the deeper this
depression is, driving the nematic range closer to the room temperature. An interesting experimental
law is found for both transition temperatures. Second, the change in shape of the heat capacity peaks
is quantified by means of the full width half maximum (FWHM). Third, the confinement does not
noticeably affect the molecular dynamics. Finally, the combination of nanoparticles and the external
applied electric field tends to favor the alignment of the molecules in metallic cells. All these results
indicate that the confinement of liquid crystals by means of y-alumina nanoparticles could be optimum
for liquid crystal-based electrooptic devices.

Reprinted from Materials. Cite as: Diez-Berart, S.; Lopez, D.O.; Sebastian, N.; de la Fuente, M.R;
Salud, J.; Robles-Hernandez, B.; Pérez-Jubindo, M.A. Dispersion of y-Alumina Nano-Sized
Spherical Particles in a Calamitic Liquid Crystal. Study and Optimization of the Confinement
Effects. Materials 2014, 7, 1502—-1519.

1. Introduction

The importance of liquid crystals in the field of materials science is enormous, from theoretical
and experimental reasons and, also, from the point of view of applications. Liquid crystal research
covers many disciplines, from chemistry (design and synthesis), physics (fundamentals, models,
characterization...), biology and medicine (many lyotropic liquid crystals are biocompatible and
many biomolecules and macromolecules are mesogens), food and soap industries, thermal,
mechanical, electronic and optical engineering (thermometers, biomechanic robots, displays, wave
guides, lasers...) [1,2], etc.

Among all these industrial applications, liquid crystal-based electro-optical devices are largely
spread and very well known. The duality of liquid-like fluidity and crystal-like anisotropy makes
these materials ideal for such applications. On the one hand, the intrinsic dielectric and optical
anisotropies imply a great variety of technical possibilities, as the compounds can be used in the
construction of polarisers, filters, modulators, displays, efc. On the other hand, the fluidity of
mesophases like the nematic (N) or smectic A (SmA) phases, among others, makes the molecules of

the liquid crystal likely to orient ad /ib by the application of small perturbations to the material




36

(in form of electric or magnetic fields, simple chemical surfactants...). Putting these properties of
liquid crystals together, the utility of such compounds in this field of technology is pretty obvious.

In order to design any electro-optical device based on liquid crystalline properties, optimizing not
just the electrical and optical, but also the thermal properties of the mesogens, is one of the priorities.
The importance of the thermal behavior lies in the fact that the device must be designed to work in a
particular temperature range, the so called temperature window, depending on the application itself.

One simple way to tune the thermal, optical and electrical properties, improving some effects and
reducing some others non-desired, is by means of confinement [3—37]. Quenched random disorder
on liquid crystals may induce smooth and/or drastic variations in their physical properties and,
therefore, an exhaustive study of these systems is of great importance. Furthermore, liquid crystals
in a device are strongly perturbed by confining interfaces, which means that under adequate
confinement techniques, we are able to study how the properties will behave in actual micro- or
nano-sized devices, and we may, indeed, be hitting two targets with one shot.

In this work, we are studying the influence on the thermal, dielectric and dielectric properties of calamitic
liquid crystals affected by the random disorder induced by the dispersion of nano-sizedy-alumina
particles, which are used for the first time for confining purposes. As shown recently [35], this kind
of nanoparticles noticeably reduces the undesired ionic effects on liquid crystals, which goes in the
good direction when the optimization of electrical properties is pursued. Furthermore, as we are about
to demonstrate, they shift the phase transition temperatures down, in a very much drastic way as
compared to other structures used for confinement purposes like, for example, Anopore membranes
or Aerosil silica particles.

The material object of the present research is the butyloxybenzylidene octylaniline, hereafter
refered as 40.8, a smecto-nematogenic compound whose thermal properties in bulk [38,39], confined
in silica aerogel matrices [12] and confined under the dispersion of Aerosil particles [13,14] have
been analyzed earlier. This is, however, the first time their dielectric properties, in bulk as well as
under confinement, are reported, as it was claimed to be non-polar so far [13,38]. We show in this
work that the molecule has a small (compared to common cyanobiphenyls) but measurable dipolar
transversal moment, which induces a negative dielectric anisotropy.

The results presented in this manuscript, all for bulk and confined samples, are addressed in two
parts, one for each of the studied properties: (1) We start with the calorimetric data, in which we can
observe the deep depression in phase transition temperatures and the change in the shape of the heat
capacity (Cp) peaks in the confined samples. Both effects are higher as the concentration of
nanoparticles in the liquid crystal increases. A comparison between dispersions of y-alumina and
Aerosil nanoparticles is performed; (2) The behavior of the static and the complex dielectric
permittivities, which allow us to interpret the molecular dynamics, is presented and discussed.

2. Results and Discussion

In order to check the influence of the random confinement on the analysed physical properties of
the 40.8 compound, we have prepared ten different samples: one bulk 40.8 sample (ps = 0), seven
more with different concentrations of y-alumina nanoparticles (ps = 0.01 g-cm ™2, ps = 0.05 g-cm >,
ps=0.13 g-em >, ps=0.17 g'em >, ps = 0.19 g-em >, ps = 0.23 g-cm > and ps = 0.28 g-cm >, where
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ps accounts for density in grams of y-alumina per cm’® of 40.8) and the last two with hydrophilic
Aerosil dispersions (ps.as = 0.05 g-cm > and ps,as = 0.23 g-cm?). The main difference between the
hydrophilic silica Aerosil and y-alumina nanoparticles is that the formers are surrounded by OH
radicals, whereas the latters are radical-free. In the case of hydrophilic Aerosil, when the weight
concentration, ps,as, of these particles exceeds a certain threshold (ps,as~0.01 g-cm™), the OH groups
tend to get attached forming hydrogen bonds, which induce the formation of thixotropic gelly
structures. Depending on the concentration, these gels can be soft (0.01 g-cm™ < psas < 0.1 g-cm ™)
or stiff (ps,as > 0.1 g:cm ™), and the quenching of the mesogenic material becomes more pronounced
as the concentration increases. Alumina nanoparticles, however, are not able to form these hydrogen
bonds, as they are not coated with any functional group. They are spherical and have diameter lengths
ranging between 3 and 30 nm, as can be observed from the transmission electronic microscopy
(TEM) photo in Figure 1, being the average diameter about 15 nm.

Figure 1. Transmition Electronic Microscopy picture of the y-alumina nanoparticles.

2.1. Thermal Analysis

The first issue to check is how the mesophases are affected by the dispersion of the nanoparticles.
As mentioned above, 40.8 is a smecto-nematogenic liquid crystal, and presents the following phase
sequence on heating from room temperature: Crystal-Plastic Crystal-SmA-N-I. For the thermal
analysis, we are focusing on the SmA-N and N-I phase transitions.

Figure 2 shows the excess heat capacity, ACp, behavior as a function of temperature, for bulk 40.8
and two of the y-alumina dispersed samples (ps = 0.05 g:cm™> and ps = 0.23 g-cm ), around the
N-I phase transition. The SmA-N phase transition AC, peaks of the same three samples are displayed
in the inset of Figure 2.

It can be observed that neither of the mesophases, SmA nor N, is suppressed by confinement.
Furthermore, the more the concentration of nanoparticles, the more the transition temperatures are
shifted down. It should be stressed that we are proving that the depression in transition temperatures
is much more pronounced for confinement via y-alumina than via Aerosil for the same concentration
of nanoparticles, as shown in the values listed in Table 1. It can be seen how our data (in Aerosil) are
quite in accordance with those from the work by Haga and Garland [13]. As it can be observed, and
as a very interesting first result, moderate concentrations of y-alumina nanoparticles are capable of
shifting the SmA-N and N-I transition temperatures down to values around ten degrees below the
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bulk, and even more, while similar concentrations of Aerosil just make them decrease about two or
three degrees.

Figure 2. Heat capacity data as a function of temperature near the N-I phase transition
(and near the SmA-N phase transition in the inset) of the system 40.8 + y-alumina, for
the samples with concentrations ps = 0 (bulk, blue circles), ps = 0.05 g-cm™> (green
circles) and ps = 0.23 g-cm > (red circles). Dashed lines indicate the N-I (and SmA-N in
the inset) transition temperatures for each of the samples.

TNl
_. s8f | ]
3 \
"_c.’ 6 L L x=0 ]
)
a :
% 4r 330 335 340 ! i
I
2 B 3
335 340 345 350 355
T [K]

Table 1. N-I and SmA-N phase transition temperatures and nematic range (NR) for the
studied samples.

ps (gem™) T (K) Tax (K) NR (K)
0 (bulk 40.8) 351.19 336.42 14.77
0.01 349.35 (~1.84) 334.86 (~1.56) 14.49
0.05 346.43 (-4.76) 333.34 (-3.08) 13.09
0.13 343.64 (~7.55) 331.34 (~5.08) 12.30
0.17 342.93 (-8.26) 330.95 (-5.47) 11.98
0.19 342.44 (-8.75) 330.34 (~6.08) 12.10
0.23 341.32 (-9.87) 329.86 (=6.53) 11.46
0.28 340.88 (~10.31) 329.26 (~7.16) 11.62
ps.as = 0.05 349.54 (~1.65) 334.64 (~1.78) 14.90
ps.as = 0.23 348.48 (—2.71) 333.89 (~2.53) 14.59

Figure 3 shows the dependence with concentration of the absolute value of the depression of the
transition temperatures divided by the bulk transition temperature for the N-I (full circles) and
SmA-N (empty circles) phase transitions. The experimental points for the studied concentrations can
be fitted using the following equation (lines in Figure 3):

= \anIPs

T
1 — _NLps (1a)

TNI,bulk
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Tan ps
1———% = v @anPs (1b)

TAN,bulk

being Tnrps the N-I phase transition temperature at the considered concentration, ps; Tnreuik the
N-I phase transition temperature for the bulk, and aas the fitting parameter for the N-I phase
transition, while Tun.ps, Tan,butk and a4n are corresponding parameters for the SmA-N phase transition.
In the inset of Figure 3, we can see how the corresponding linear fittings are quite good. This result
suggest that the depression of transition temperatures with concentration follows a monotonous
behavior. However, when trying to obtain similar relationships with the Aerosil data this is not
possible, as they clearly present a change of behaviour when passing from the soft-gel regime to the
stiff-gel regime (~0.1 g-cm ). These results seem to indicate that with y-alumina nanoparticles there
is not such a distinction between soft and stiff-gel regimes as with Aerosil, which is in accordance
with the fact that the former do not have functional groups in the surface.

Another important outcome of this research is that the values of the fitting parameter a
are 3.2 x 107 cm’-g"! for the N-I phase transition and 1.6 x 107 cm?-g! for the SmA-N phase
transition. There is a factor of about 2 between both transitions. The fact that the N-I transition
temperatures become more affected than those of the SmA-N one, may indicate that, even if both
transitions are weakly first order in nature, the latter is more continuous (more directed to second
order). What is really impressive is the ratio of about 2 between both anr and a4n parameters, which
shall be object of further research.

Figure 3. Absolute value of the depression of the transition temperatures divided by the
bulk transition temperature for the N-I (full circles) and SmA-N (empty circles) phase
transitions. Straight and dashed lines indicate the fittings to Equations (1a,b), respectively.
The inset shows the corresponding linear relationships coming from squaring
Equations (1a,b).
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In addition to the change in transition temperatures, the influence of the confinement is remarkable
in the shape and height of the C, peaks in both the SmA-N and N-I phase transitions. As the
concentration of nanoparticles increases, the Cp peaks become broader, rounded and shorter in height.
This effect, that can be observed for the samples with ps = 0, 0.05 and 0.23 g-cm* in Figure 4a
(N-I phase transition) and 4b (SmA-N phase transition), is qualitatively similar to what occurs in
other types of liquid crystals under confinement [4,10,11,13,16,24,28,31,33]. A quantitative measure
of the broadening of the peaks is done by means of their full width at half maximum (FWHM). The
values of the FWHM in the N-I C, peaks increase from 0.1 K in the bulk sample to ~0.3 K in the
ps = 0.01-0.19 g-cm > samples, arriving up to ~0.5 K in the ps = 0.23 g-cm >, 0.28 g-cm > samples.
For the SmA-N peaks, FWHM goes from 0.2 K in the bulk to ~0.5 K in the confined samples. These
values are similar to those corresponding to the dispersion of Aerosil nanoparticles in the same liquid
crystal for small concentrations (soft-gel regime), as confirmed by the psas = 0.05 g-cm™ sample,
where the FWHM is 0.3 K for the N-I peak and 0.5 K for the SmA-N one. Nevertheless, such values
are much smaller than those for high concentrations (stiff-gel regime) of Aerosil in 40.8, as for the
psas = 0.23 g-cm™> sample, the FWHM of the N-I and SmA-N peaks are 0.8 K and 1.4 K,
respectively. This confirms the fact that, at least, the y-alumina particles do not form stiff-gels, as the
Acerosil particles do. But the FWHM values are close to those samples comparable in concentration
with Aerosil soft-gel regime ones, which means that FWHM measurements do not rule out the
formation of soft-gels with y-alumina nanoparticles. The question is, therefore, if y-alumina
nanoparticles can form any kind of soft-gel or similar, even if they cannot form hydrogen
bonding networks.

Regarding the experimental results about the drastic shifting down of transition temperatures
together to the lower (compared to Aerosil) effect in the C, peak-shapes for the confinement by
means of y-alumina nanoparticles, we may propose a possible explanation: Might be that when
Aerosil particles form thixotropic gel structures small “islands” of liquid crystal are embedded inside
the gel hollows. Such structures are much more uniform and homogeneous than the combination of
the liquid crystal with dispersing y-alumina particles, which might just act like “simple” impurities. The
homogeneity of the LC + Aerosil structures could induce local anisotropic disordering, implying a
drastic change with respect to the nature of the bulk liquid crystal, which is reflected in a marked
variation in the nature of the phase transitions and, so, in the shape of the C peaks at the transitions.
In the other hand, the LC + y-alumina system simply lowers the transition temperatures but, at the
same time, it just slightly changes the transitions’ nature. The y-alumina nanoparticles do not
considerably alter the liquid crystalline structure, but they do introduce an isotropic disorder that just
shifts the mesophases down in temperature. Such a distinction between gel structures and LC +
impurities becomes clearer when particle concentration is high, which could explain why at low
concentrations (soft-gel regime for Aerosil) the C, peak shapes in both N-I and SmA-N phase
transitions are similar for both kinds of confinements. Anyhow, this remains an open question and
more experiments must be performed in order to clarify and understand the behaviour of such
confinements. Following this argument, we are now carrying on studies with y-alumina nanoparticles
dispersed in other kinds of liquid crystals [40].
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Besides, the broadening of the C, peaks means that the weakly first order phase transitions become
even weaker with confinement and, eventually, might be driven to second order in nature [28,33].
Further exhaustive studies should be done in order to determine the critical behavior of these phase
transitions, and see how it evolves with changing the concentration of nanoparticles, but such an

analysis is beyond the scope of the present work.

Figure 4. Comparison of the excess heat capacity peak shapes near the (a) N-I and
(b) SmA-N phase transitions for different concentrations of the 40.8 + y-alumina system:
ps = 0 (blue circles), ps = 0.05 g-cm > (green circles) and ps = 0.23 g-cm > (red circles).

Dashed lines indicate the phase transitions.
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2.2. Dielectric Analysis

First of all, it must be said that, in the dielectric measurements, the depressions in phase transition
temperatures are not as pronounced as in the calorimetric ones. The difference in the samples
themselves as well as the added interaction of the applied electric field, drastically change the
transition temperatures behaviour with respect to the high resolution calorimetry experiments.
Anyway, in this section we will just focus on the dielectric properties of the bulk 40.8 and the
influence of confinement in these properties alone. It should be stressed that such kind of studies are
being performed for the first time in bulk 40.8.

Several studies have claimed for the non-polarity of 40.8 [13,38]. Nevertheless, the 40.8
molecule has a mainly transverse dipole moment due to the imine group, as can be seen in Scheme 1.

There is another transverse dipole due to the oxygen atom, that can be ruled out, in comparison
with that of the imine group. Therefore, 40.8 should present a negative dielectric anisotropy due to
the mainly transverse dipole moment. In order to measure this response, measurements of the static
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and the complex dynamic dielectric permittivitty in the I, N and SmA phases have been performed,
for bulk 40.8 and for confined samples.

Scheme 1. Butyloxybenzylidene octylaniline (40.8) molecule.
CyHo-0 <>~ CH=N—3-CgH,,

2.2.1. Static Dielectric Permittivity

As the perpendicular component of the static dielectric permittivity, €1, is higher than the parallel
component, g|, the dielectric anisotropy of the molecules is negative (Ae = ¢|| — €1). This can be
checked in Figure 5, were both components are presented versus T-Tni, for two of the bulk, along
with the static dielectric permittivity value in the isotropic phase. These measurements have been
performed at 10 kHz, a frequency high enough to rule out the conductivity and ionic contributions
and, at the same time, lower than that of the orientational contributions. The behavior of g|| and €,
for bulk as well as for confined samples, is the typical of calamitic liquid crystals with negative
dielectric anisotropy [41]. Comparing to the bulk, the confined samples have a smaller dielectric
anisotropy (in absolute value) in the N mesophase, which is nearly zero close to the N-I
phase transition.

Figure 5. Static dielectric permittivity vs. temperature for the ps = 0 (bulk) and
ps = 0.28 g-cm > samples of the 40.8 + y-alumina system: Empty circles correspond to
the isotropic phase; triangles correspond to the perpendicular component of the static
dielectric permittivity in the mesophases, empty triangles for the ps = 0 sample and full
triangles for the ps = 0.28 g-cm > sample; squares represent the parallel component of
the static dielectric permittivity in the mesophases, empty squares for ps = 0 and full
squares for ps = 0.28 g-cm>. The dashed line marks the N-I phase transition.
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2.2.2. Molecular Dynamics: Relaxation Modes

Bulk Sample

Figure 6 shows both the real and imaginary parts of the complex dielectric permittivitty for bulk
40.8, in both the I and N phases, the latter in a likely-planar alignment (molecules mainly parallel to
the cell surfaces and perpendicular to the probing electric field). Spontaneously, the sample adopts a
mixed alignment when placed into the metallic cell. When a bias DC field of 35 V is applied, the
compound adopts a likely-planar alignment, as the material has a negative dielectric anisotropy. Any
attempts to get the homeotropic alignment (molecules perpendicular to the cell surfaces and parallel
to the probing electric field) was unfruitful. It can be observed the existence of two relaxation
processes in both the I and N phases, the one at higher frequencies (around 1-10 GHz) with higher
amplitude (about 3—5 times, depending on temperature) than the one at lower frequencies (1-10 MHz).
Such a ratio in the strength of the modes is coherent with the fact that the dipolar moment is almost
transverse (negative dielectric anisotropy). The low frequency mode (denoted as wi, from now
on [42]) is due to the end-over-end rotations of the molecules around their short axis and the high
frequency one (denoted as w2, from now on [42]) is due to the coupling of two types of molecular
motions: rotations around their long axes and precessions around the nematic director. When cooling
down to the SmA phase from the N, the behavior of the modes does not change significantly, being
the spectra similar in both mesophases.

Figure 6. Frequency dependence of the real (full circles) and imaginary (empty circles)
parts of the complex dielectric permittivity of the bulk 40.8 (a) in the isotropic phase
(T=353 K) and (b) in the nematic phase (7 = 343 K) in a likely-planar alignment. Black
solid lines are fittings according to Equation (2). Red and blue lines represent deconvolution
into the imaginary parts of the m1 and w2 modes, respectively. For simplicity, the direct
current conductivity contribution (cdc) is not drawn, but is considered in the fitting procedure.
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The experimental results of the complex dielectric permittivity, €(w), have been fitted through

the empirical function:

(®) = z Agy N .Opc
Ho) = - [1+ (iwTy)**]Br Eoo looso (2)

where the summation is extended over the two relaxation modes, and each one is fitted according to
the Havriliak-Negami function; & = 1, 2 are the different relaxation processs; Ag, and T, are the
dielectric strength and a relaxation time related to the frequency of maximum dielectric loss,
respectively, of each relaxation mode; a;, and {3, are the parameters that describe the shape (width
and symmetry) of the relaxation spectra; €, is the dielectric permittivity at high frequencies (but
lower than those corresponding to atomic and electronic resonance phenomena) and opc is the
electric conductivity. According to the fits, w1 is a Debye relaxation mode (oo = B = 1). The high
frequency mode (m2) lays in the brink of the frequency window and, therefore, the values coming
from the fitting of such a mode must be taken with extreme caution. Although in Figure 6 the w2
mode is in the brink of the frequency window, it can be characterized at sufficiently low temperatures.
This way, we have been able to fit the parameters of such a mode through Equation (2) at high
temperatures, coming from lower temperatures and following a coherent behavior in their
temperature dependences. Anyway, these fitting values must be taken with extreme caution, and we
can temptativously say that w2 is a Cole-Davidson mode (o = 1 # ), with § ranging from 0.8 at high
temperatures to 0.9 near the SmA-N phase transition.

Figure 7. Arrhenius plot of the relaxation frequencies of the i (circles) and 2
(triangles) modes for the bulk 40.8 (empty symbols) and ps = 0.28 g-cm ™ (full symbols)
samples of the 40.8 + y-alumina system. Dashed lines indicate the N-I phase transitions
for both samples.
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The frequency dependence on temperature for both modes can be seen in the Arrhenius plot in
Figure 7 (empty symbols). The presence of two relaxation modes in the isotropic phase is typical of
materials with an anisotropic rotational diffusion tensor. The behavior of both modes is as expected
for these kinds of molecular reorientations. The frequency jump for the w2 mode at the N-I phase
transition is very smooth, and the activation energy of this relaxation is quite low, as expected for
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this kind of reorientations. On the other hand, o1 jumps down clearly in frequency when going from
I to N and its activation energy is higher than that corresponding to the ®2 mode. The validity of the
fitting of w2, although limited, can be taken as optimal as its tendency is typical of these kind of
relaxation modes in rod-like molecules [25,26,28,43], as can be seen from the Arrenius plot in Figure 7.

Confined Samples

The results of the confined samples (40.8 + y-alumina as well as 40.8 + Aerosil) do not show
noticeable differences with respect to the bulk ones, nor in amplitudes, neither in frequencies of the
relaxation modes, but only the fact that they spontaneously adopt a planar alignment without a DC
bias. In some cases, the spontaneous arrangement of calamitics in untreated metallic cells tends to be
planar or nearly planar [43,44], though this is not always true and, sometimes, the cell surfaces
must be treated with some surfactant in order to achieve the desired planar alignment of the
molecules [25]. Fluidity of the nematic phase induces an average disorder of the molecules and,
therefore, of the global nematic director, which translates in an inhomogeneous alignment of the
sample, as is the case of the bulk 40.8 sample. Nevertheless, the introduction of nanoparticles
(y-alumina as well as Aerosil) produces a decrease in fluidity and. Intriguingly, even if it induces
random disorder, when combined with the applied electric field, it seems to increase the orientational
order in a molecular planar alignment. Hence, the inhomegeneity within the metallic cell diminishes
and the molecular arrangement is more planar-like. If this were the case, it should induce the
homeotropic molecular alignment in samples of liquid crystals with positive dielectric anisotropy
confined by the dispersion of hydrophilic (polar) nanoparticles. We are currently trying to study this
phenomenon with some liquid crystals with longitudinal net dipole moments.

With respect to the relaxation modes, the behavior is similar to that of the bulk sample, with the
same o1 and @2 modes. As in the bulk, w1 is Debye-like and 2 is, temptatively, Cole-Davidson, with
B ranging from 0.6 to 0.8 as temperature decreases. Full symbols in Figure 7 show the frequency
dependence on temperature of both modes for the ps = 0.28 g-cm™ sample. As it can be observed
from this figure, the values are similar to those from the bulk sample, and this result can be
reproduced for each of the studied samples. Such results mean that not only qualitatively, but also
quantitatively, the dielectric behaviour of the planar samples is the same, irrespective of the given
concentration (from ps = 0 to ps = 0.28 g-cm ) and the nature (y-alumina or Aerosil) of nanoparticles.
As can be deduced from these results, fluidity differences between bulk and confined samples do not
influence at all molecular reorientations.

3. Experimental Section
3.1. Preparation of the Materials

The pure 40.8 compound was synthesized and purified at the Institute of Chemistry, Military
University of Technology, Warsaw, Poland. Its purity was stated to be 99.6% and no further
purification was made.

The alumina nanoparticles, in the y-phase, were commercially obtained from Tecnan (Los Arcos,
Spain) and their purity was claimed to be 99.995%. The density of the nanoparticles is about
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3.65 g-ecm ™ and they have a surface area of about 110 m?-g™'. The particles, which are not coated
with any functional group, are spherical and have diameter lengths ranging between 3 and 30 nm, as
can be observed from the transmission electronic microscopy (TEM) photo in Figure 1, being the
average diameter about 15 nm.

The silica spherical particles, of the type Aerosil 300, were commercially obtained by Degussa
(Frankfurt, Germany). They are hydrophilic, with OH radicals in the surface and an average diameter
of 7 nm. The quoted values of density and surface area are 2.6 g-cm > and 300 m?-g ™!, respectively.
TEM measurements confirm that, as the y-alumina particles, Aerosil particles present a
polydispersive nature.

The dispersion of the nanoparticles in the pure compound was made mechanically, in an
ultrasound bath in the isotropic phase (I) at temperatures slightly above the N-I transition temperature
for the pure compound. The homogeneity of the mixtures was stated by the high resolution heat capacity
measurements and the methodology of preparation was validated by comparison with bibliographical
data for the Aerosil dispersions of the same liquid crystal [13].

3.2. Transmission Electronic Microscopy

A field transmission electronic microscope JEOL JSM-7001F was used. The sample was
metallized with Pt-Pd, and the photo of Figure 1 was obtained at 200 K and 120 keV.

3.3. Heat Capacity Measurements

Static heat capacity data at constant pressure were obtained through the Modulated Differential
Scanning Calorimetry (MDSC) technique via a commercial TA instruments Q-2000 (New Castle,
DE, USA), for which extensive details can be found elsewhere [45]. Similar to an AC calorimeter,
the MDSC technique, in addition to heat capacity data, simultaneously provides phase shift data (d)
that allow determining the phase coexistence region in weakly first order transitions. The
experimental conditions were adjusted in such a way that the phase delay (6) between the modulated
heat flow (the response to the perturbation) and the induced temperature oscillations (perturbation)
was nearly zero out of the phase transition, and the imaginary part of the complex heat capacity
data vanished.

Typically, measurements were performed on heating from the crystal phase up to the isotropic
phase; the temperature rate was 0.01 K-min™! with a modulation temperature amplitude (temperature
oscillations) of £0.07 K and a period of 23 s.

3.4. Dielectric Measurements

Measurements of the static dielectric permittivity, €s, were performed using the HP 4192A
impedance analyzer. We have used two different kind of square glass cells, depending on the desired
alignment of the molecules with respect to the probing electric field. For measuring the parallel
component of the static dielectric permittivity homeotropic alignment (molecules perpendicular to
the cell surfaces) is required. Otherwise, for the study of the perpendicular component of the static
dielectric permittivity, molecules must be in planar alignment (parallel to the cell surfaces). Both
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types of cells are from Instec (Boulder, CO, US), with an electrode surface of 1 cm? and thicknesses
of 9 um (homeotropic cells) and 8 pm (planar cells). The temperature control was made by a Linkam
THMSG-600 hot stage and a Linkam TMS-94 temperature controller (Waterfield, Surrey, UK).
Measurements of the complex dielectric permittivitty were performed by means of two different
equipments, depending on the analyzed frequency range. For radio frequencies (1 MHz to 1.8 GHz)
the measurements were made by means of a HP 4291 A impedance analyzer. For audio frequencies
(1 kHz to 10 MHz) the HP 4192 A impedance analyzer was used. The cell consists of two gold-plated
brass electrodes (diameter 5 mm) separated by silica spacers, making a plane capacitor of about
50 pm thick. A modified HP 16091A coaxial test fixture was used as the sample holder. It was held
in a cryostat made by Novocontrol (Hundsangen, Germany), and both temperature and dielectric
measurements were computer controlled. Additional details of the experimental technique can be
found somewhere else [43,45,46]. Dielectric measurements were performed on cooling with
stabilization at different temperature steps and a temperature control on the order of 20 mK.

4. Conclusions

In the present work, we have presented a high resolution calorimetric and dielectric study both in
40.8 bulk and in confined samples of y-alumina nanoparticles dispersed in 40.8.

The dispersion of y-alumina nanoparticles in 40.8 shifts downwards both N-I and SmA-N phase
transition temperatures. The higher the concentration of nanoparticles, the lower the transition
temperatures are with respect to the bulk. This effect is typical of confined systems, but in this case
the decrease of the phase transition temperatures is much more pronounced than with any other type
of confinement studied so far. For comparable concentrations of nanoparticles (y-alumina and
Aerosil), the Tni shifts down three times more (low concentrations) and four times more (high
concentrations) in the case of y-alumina than in the case of Aerosil. Regarding the 7an, the shifting
down from the bulk is about twice more (low concentrations) and three times more (high concentrations).

An important experimental result to compare confinement by means of y-alumina or Aerosil is
the possibility of fitting data with y-alumina to Equations (1a,b), which cannot be done for Aerosil
data, in which there is a clear change of behavior. This suggests that y-alumina nanoparticles, unlike
Aerosil, do not present two different regimes, i.e., a soft-gel regime below concentrations of about
0.1 g-cm and a stiff-gel regime above. The relationship of these fittings between both N-I and SmA-
N phase transitions is really intriguing as there is a correspondence of about 2:1 between the ans and
the aan fitting parameters. Additional studies should be undertaken.

The other thermal effect caused by the confinement is the change in the shape and height of the
heat capacity peaks at phase transitions. In the studied case, this change of shape (reflected as a
brodening) is not as noticeable as for the confinement by means of Aerosil. The values of the FWHM
of the Cp peaks of the 40.8 + y-alumina are similar than those of Aerosil dispersions for the so-called
soft-gel regime (ps < 0.1 g-cm™>), but are much smaller for the stiff-gel regime (ps > 0.1 g-cm™). In
summary, y-alumina nanoparticles introduces a disorder in the compound, i.e., it favours the more
disordered phases with respect to the more ordered ones, as observed by a notable lowering of both
N-I and SmA-N transition temperatures. Althoug this also happens by means of Aerosil dispersion,
with the y-alumina it is much more pronounced. At the same time, confinement by means of
y-alumina does not affect the nature of the phase transitions as much as Aerosil particles do for high
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concentrations (ps > 0.1 g-cm ). This seems to indicate that the y-alumina nanoparticles, at least do not
form stiff-gels, like the Aerosil does.

The most noticeable change in the dielectric results consequence of the confinement is that the
dielectric anisotropy is less negative than in the bulk. The dynamic dielectric properties are similar
for bulk and confined samples, presenting two relaxation modes (reorientations around short and
long molecular axes) whose frequencies do not depend on nanoparticles concentration whatsoever.
There is, nevertheless, one interesting influence of the y-alumina (and Aerosil also) particles, which
is the induced ordering of the molecules facilitating planar configurations in metallic samples, when
bulk 40.8 adopts an inhomogenous fashion.

Finally, we would like to say that the 40.8 + y-alumina system could be an optimal candidate for
electro-optical applications, for the following reasons: (1) the nematic range can get closer to room
temperature with concentration of nanoparticles and, so, more accessible for device applications;
(2) dielectric properties do not suffer significant changes due to confinement, which is interesting in
the meaning that molecular dynamics is not slowed down and electro-optical response is, therefore,
fast enough for switching applications; (3) it seems that y-alumina nanoparticles improve the
molecular orientational ordering with the dipolar moment parallel to the applied electric field.
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Part II: Polymer-Modified Liquid Crystals

A Review of Polymer-Stabilized Ferroelectric Liquid Crystals
Ingo Dierking

Abstract: The polymer stabilized state of ferroelectric liquid crystals (FLC) is reviewed; and the
effect of a dispersed polymer network in an FLC outlined and discussed. All fundamental material
aspects are demonstrated; such as director tilt angle; spontaneous polarization; response time and
viscosity; as well as the dielectric modes. It was found that the data can largely be explained
by assuming an elastic interaction between the polymer network strands and the liquid crystal
molecules. The elastic interaction parameter was determined; and increases linearly with increasing
polymer concentration.

Reprinted from Materials. Cite as: Dierking, I. A Review of Polymer-Stabilized Ferroelectric Liquid
Crystals. Materials 2014, 7, 3568-3587.

1. Introduction
1.1. Liquid Crystals [1-3]

Liquid crystals are anisotropic fluids, which are thermodynamically located between the isotropic
liquid and the three-dimensional crystal. Two broad classes of liquid crystals are distinguished,
lyotropic phases [4,5], which are formed by variation of the concentration of amphiphilic molecules
in a suitable solvent, and thermotropic phases, which are observed by temperature variation. The
former class of liquid crystals will be disregarded in this review, while the latter is further
distinguished by the molecular shape of the constituent molecules. Calamitic phases are formed by
cylinder-like mesogens, discotic phases by disk-shaped molecules, and bent-core phases [6,7] by so
called banana liquid crystals.

Numerous liquid crystal phases can be observed, depending on the order of the constituent
mesogens [8]. The simplest of the phases is the nematic phase, which solely exhibits an average
orientational order of the long axes of the molecules (called the director n), while their centres of
mass are isotropically distributed (Figure 1a). The nematic phase is also the one observed at the
highest temperature. On cooling, fluid smectic phases are formed, which in addition to orientational
order also exhibit a one-dimensional positional ordering, i.e., a layered structure. Within a smectic
layer the centres of mass of the mesogens is again isotropically distributed. For the smectic A (SmA)
phase the layer normal k is parallel to the director n, while in the smectic C (SmC) phase it is inclined
by a temperature dependent angle called the tilt angle, 0 (Figure 1b,c, respectively). Further liquid
crystal phases are the hexatic phases, which exhibit short and long range two-dimensional positional
order, i.e., an additional feature of order within individual smectic layers.
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Figure 1. Schematic representation of the (a) nematic; (b) smectic A (SmA) and
(¢) smectic C (SmC) phase of calamitic (rod-like) mesogens. Molecular order increases
on cooling from the left to the right side of the diagram.
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smectic C

nematic

smectic A

In order to identify different liquid crystalline phases, a variety of experimental techniques is
generally employed, among them differential scanning calorimetry (DSC), small angle and wide
angle X-ray diffraction (SAXS, WAXS), and texture observation by polarizing optical microscopy
(POM) [8]. An example of the latter is shown in Figure 2, where the characteristic defects allow
a verification of the phase under investigation, in this case point singularities of a nematic phase
(Figure 2a, Schlieren texture), Dupin cyclides of a fluid smectic A phase (Figure 2b, focal conic
texture), and the broken fan-shaped texture of SmC (Figure 2c¢).

Figure 2. Characteristic polarizing microscopic defect textures of (a) the nematic

Schlieren texture; (b) SmA focal conic and (¢) broken focal conic texture of the SmC
phase. (Reproduced with permission from [8]. Copyright 2003 Wiley-VCH Verlag
GmbH&Co. KGaA).

1.2. Ferroelectric Liquid Crystals [9,10]

Introduction of chirality or “handedness” to liquid crystalline materials leads to exciting changes
of the phases. Novel structures are observed, like helical superstructures, novel phases, the so
called frustrated phases (Blue Phases [11], Twist Grain Boundary phases [12]), which only occur
in chiral systems, are formed, and novel effects can be seen. The latter are, for example, selective
reflection leading to photonic bandgaps [13], or extremely fast electro-optic modulation via the
electroclinic effect [14,15]. However, the most pronounced observation is that of ferroelectricity
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in fluid systems [16,17]. Indeed, ferroelectric liquid crystals (FLC) are the only fluid
ferroelectrics known to man.

The occurrence of a spontaneous polarization in the SmC* phase can easily be understood by
following the symmetry arguments of Meyer [16]. He deduced that all chiral titled smectic phases
exhibit a local spontaneous polarization and are thus pyroelectric. In the SmC* phase, as in some
others, this polarization is switchable between two stable states, thus ferroelectric. As depicted in
Figure 3a, the structure of the achiral SmC phase contains three symmetry elements, namely a
two-fold rotation axis, a mirror plane and therefore a resultant inversion centre. Application of those
local symmetry elements to a molecular dipole moment p = (ux, [y, 1z) gives Wi = (—px, —ly, —Uz),
giving a net dipole moment of the achiral SmC phase of usmc = (0, 0, 0), a vanishing spontaneous
polarization. For chiral molecules the mirror plane and the inversion centre are lacking and a dipole
moment pu = (px, Ly, Hz), wWhich is subjected to the only remaining symmetry element, the two-fold
rotation axis, becomes ot = (—x, —Hy, —lz) and the resultant dipole moment of the chiral SmC*
phase is psmc* = (0, py, 0). The spontaneous polarization is the sum of the non-vanishing lateral
dipole moment components per unit volume. Reversal of an applied electric field switches the
spontaneous polarization between two stable states, and the smectic C* structure is ferroelectric.

Figure 3. (a) Symmetry elements of the achiral SmC phase, explaining the absence of
a spontaneous polarization; (b) schematic helical superstructure of the chiral SmC* phase
(left) and associated polarized microscopic image of the equidistant line pattern (right).
(Reproduced with permission from [8]. Copyright 2003, Wiley-VCH Verlag
GmbH&Co. KGaA).
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This is not the whole truth though. For a bulk sample the spontaneous polarization compensates
by forming a helical superstructure, and the SmC* phase is more correctly called helielectric.
The helical structure of SmC* manifests itself in polarizing microscopy through the appearance of
an equidistant line pattern, as shown in the inset of Figure 3b Subjecting the SmC* phase to thin cells
with strong surface interactions and suppressing the helical superstructure leads to the so called
surface stabilized ferroelectric liquid crystal (SSFLC) [17]. This state is indeed ferroelectric and from
a virgin sample a domain structure is observed, which represents the two ferroelectric domains of
polarization up and polarization down. The latter is shown in Figure 3b.

1.3. Polymer Stabilization [18,19]

Polymer stabilisation of liquid crystals refers to a method first used on nematic and cholesteric
phases [20-24] in the development of reflective displays, or electronic paper [25-31]. It is now
widely used also for other liquid crystal phases and purposes. A small amount, generally less than
10% by weight, of a photoreactive monomer is mixed into the liquid crystalline phase, while care
has to be taken to stay below the solubility limit of the monomer. These photoreactive monomers can
be liquid crystalline by themselves, but do not need to be, as long as they exhibit a similar elongated
shape and form anisotropy as the liquid crystal host molecules. A minute amount of a photoinitiator,
often benzoin methyl ether (BME) is also added to the mixture. The latter will not be incorporated
into the actual structure, but is simply present as a catalyst to facilitate the chemical reaction, which
will take place when the mixture is subjected to UV illumination.

The mixture is filled into suitable cells, which promote a certain desired zero electric field
alignment. Since the monomers exhibit the same shape anisotropy as the liquid crystal molecules,
they will align along the local director of the liquid crystal. UV illumination then causes an open
polymer network to be formed by the photoreactive monomers. This polymer network will follow
the local director field in which it was formed, thus acting as a template of the liquid crystal
structure [32,33] (Figure 4). The network is phase separated from the liquid crystal, and the
interaction between both is thus of elastic nature. The liquid crystal may then be forced out of its
equilibrium orientation for example by electric or magnetic fields, and on turning the outside stimuli
off, the polymer network drives the liquid crystal back to its original director configuration. Other
scenarios may be envisioned. The liquid crystal can be washed out by a suitable solvent and be
replaced by a different material. A left handed helical polymer network structure may be filled with
aright handed cholesteric material of the same or a different pitch [34]. Polymerisation can be carried
out in the orthogonal SmA phase, and the transition into the tilted SmC phase can be investigated, a
scenario which we will come back to below. In all cases the fundamental idea is the same: a polymer
network is formed which stabilises the liquid crystal director configuration in which it was formed.
Elastic interactions between the large surface of the polymer network and the liquid crystal will aim
to drive the system back into its equilibrium orientation.
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Figure 4. Schematic of a polymer stabilized liquid crystal. The polymer network acts as
a template of the self-organised liquid crystalline phase that it was formed in.

A few examples of polymer networks formed in different liquid crystals are presented in
Figure 5 [33,35-37]. The images are taken by scanning electron microscopy, after coating the
polymer network with a thin layer of gold. In part (a) a s = +1 point defect is shown (left), which
clearly represents the expected director field from a defect of a Schlieren texture [35] (right) as
introduced in Figure 2a. Figure 5b demonstrates the helical superstructure of the cholesteric or chiral
nematic phase by an oblique cut through the helix from the top to the bottom substrate plates.
The pitch was adjusted to 10 um so that three half turns of the helix are visible in the 15 pm thick
cell [33] (left). The imaged structure is equivalent to a so called Bouligand cut (right), which is used
to demonstrate helical superstructures in biological systems. Similarly, the individual smectic blocks
of a twist grain boundary (TGB) phase can be imaged [36] (Figure S5c left), including the
discontinuous twist which is mediated via boundaries of screw dislocations (right). Also such
structures can be found in biological systems. In the SmA phase the polymer network is well oriented
along the director of a uniform sample (Figure 5d left) [36]. It can be seen that the individual features
of the polymer strands are on average about 0.1 um in size (Figure 5d right). The size of the voids
depends on various preparation conditions, such as monomer concentration, polymerisation
temperature, and UV dose [29]. In general, the polymer network formation process is completed
within about 10—-15 min.

2. Effects on SmC* Material Parameters

The first polymer stabilized ferroelectric liquid crystal (PSFLC) was made by Hikmet and
Lub [38] from Philips in 1995, in an effort to overcome the mechanical problems of surface stabilized
ferroelectric liquid crystals. Samples were polymerized in the SmC* phase and an oriented polymer
network along the smectic layer normal was observed. It was found [39] that polymer network
stabilization has a considerable influence on the electro-optic performance of FLCs and the physical
parameters as compared to the non-stabilized sample.



Figure 5. Exemplary scanning electron microscopy (SEM) images of polymer networks
formed in different liquid crystalline phases: (a) nematic s = £1 defect pair (top) and
schematic director field (bottom); image side length ~50 um (Reproduced with
permission from [35]. Copyright 2013 Royal Society of Chemistry); (b) helical
superstructure of the chiral nematic, N* phase (top), which can be illustrated by an
oblique cut called a Bouligand cut (bottom); image side length ~50 um (Reproduced
with permission from [33]. Copyright 1997 American Physical Society); (¢) different
director orientation in SmA* twist grain boundary (TGB) blocks (top) and schematic
representation (bottom); image side length ~5 pm. (Reproduced with permission
from [36]. Copyright 2009 Royal Society of Chemistry) and (d) well oriented SmA phase
(left) and close-up (right); image side length ~5 pum. The material used is the well known
RM257 from Merck, and the liquid crystal has been removed by a suitable solvent after
polymerization. For the SEM investigations the polymer network was then coated with a
very thin layer of gold.
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Figure 5. Cont.

2.1. Tilt Angle and Spontaneous Polarization

The two most fundamental parameters of the SmC* phase are the tilt angle and the spontaneous
polarization. The former is the primary order parameter for the transition between the non-tilted,
paraelectric SmA* and the tilted, ferroelectric SmC* phase, while the spontaneous polarization
represents the secondary order parameter of the transition, as it is coupled to the tilt angle. While
maintaining their general temperature dependence of increasing values for decreasing temperatures,
both the tilt angle and the polarization decrease for increasing polymer concentration [40—42].
This is demonstrated in Figure 6a,b, respectively. The reason for this behaviour can be found in
regions in the vicinity of the network that are strongly dominated by the polymer, thus not switching
at all, or at least only partially, in contrast to the saturated switching of the bulk regions. There is thus
a decrease of the effective tilt angle and the polarization. The polymer dominated regions become
more and more pronounced with increasing polymer concentration, and the two prime parameters of
the SmC* phase decrease for increasing polymer content. The electroclinic effect, describing an
induced tilt angle in the very close vicinity of the SmA*-SmC* transition is in our case practically
not affected by the process of polymer stabilization, most likely due to the fact that it is very small
and only observed over a narrow temperature regime. The situation appears to be different for large
electroclinic effect materials, as shown by Petit ez al. [43] in Figure 7. Here the increase in polymer
network density causes a decrease of the electroclinically induced tilt angle, as would be expected.
The fact that the respective investigations were carried out on short-pitch FLCs in contrast to the
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normally investigated surface stabilized FLCs may also play a role for the interpretation of
these results.

Figure 6. Effect of the polymer network on the principle order parameters of the
SmA*-SmC* transition, (a) tilt angle (Reproduced with permission from [42]. Copyright
2008, Institute of Physics); and (b) spontaneous polarization (Reproduced with
permission from [44]. Copyright 2009 Institute of Physics). Both quantities decrease for
increasing polymer network concentration.
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Figure 7. Effect of the polymer network on the electroclinically induced tilt angle
in the vicinity of the SmA*-SmC* transition. The electroclinic effect is reduced for
increasing polymer content. (Reproduced with permission from [43]. Copyright 2008

Taylor & Francis).
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2.2. Landau Coefficients and Interaction Parameter

In physical terms, this behaviour can be described by a generalized Landau model of the SmA*
to SmC* transition [45,46], which is extended by an additional factor, describing the interaction
between the liquid crystal and the polymer network. In a non-helical FLC device subjected to an
electric field, E, the difference in the free energy density between the SmA* and SmC* phase, g—go,
is given by:

P’ QP*O’

! - COP -
2e)%,

1 1
~—g,=—a(T-T.)0 +—bO* +—cO° +
88 > ( c) 1 6

— PE (10)

where O is the tilt angle, P is the total polarisation, a = a(T-Tc), b and ¢ are the first three Landau
expansion coefficients, C is the bilinear coupling coefficient, yo is the high frequency dielectric
susceptibility in the direction of the electric field, Q is the biquadratic coupling coefficient and Tc is
the transition temperature of the related achiral SmA to SmC transition. It should be noted that the
Landau description is only valid in the vicinity of the phase transition. Nevertheless, this is the region
where the significant changes are observed. For PSFLC systems an additional term is required in the
generalised Landau model to take into account the interaction between the polymer network and the
liquid crystal. Employing the simple model of Li ef al. [47] the interaction between the polymer
network and the liquid crystal acts to restore the local liquid crystal director to the orientation of the

polymer network. They introduced an elastic coupling interaction term, %WP sin® © z%WP@2 ,

where Wp is the interaction coefficient between the polymer network and the liquid crystal. The free
energy density then reads as:
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Minimisation of the free energy density (Equation (2)) with respect to the total polarisation P leads
to the relation [48,49]:

P 1C®+E
——QO’ (12)
8OXO

Simultaneous fitting of the total polarisation as a function of tilt angle with respect to varying applied
electric field amplitude allows the determination of C, yo and Q. Minimisation of Equation (2) with
respect to ® and resubstitution of Equation (3) leads to a temperature-tilt relationship of:

(C®+E)(C+Q®EJ
8OX/O

2 (13)
@(1—Q®2j

€0Xo

T(®,E)=T, 1L W,+b®® +cO* -
(04

For Tc = Tc* Equation (4) can be directly employed to determine a, b, ¢ and Wp via a second set of
simultaneously fitted curves T(®,E), using the previously determined parameters C, xo and Q.
One finds that the Landau coefficients are largely unaffected by the introduction of the polymer
network, while the elastic coupling coefficient linearly increases for increasing polymer
concentration [42,50] (Figure 8). A more thorough analysis, taking into account the physical
dimensions of the network shows, that the elastic coupling coefficient depends on polymer
concentration and the penetration depth of the elastic forces into the bulk of the liquid crystal. A
linear increase of the elastic coupling coefficient with values of the same order of magnitude was
also reported by Petit ez al. [51].

Figure 8. For small concentrations the elastic coupling coefficient between polymer
network and liquid crystal increases linearly with increasing network density.
(Reproduced with permission from [50]. Copyright 2008 American Physical Society).
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2.3. Response Times and Effective Viscosity

In the ferroelectric SmC* phase the response times exponentially increase for decreasing
temperature, which is a plain viscosity effect when observed at equal applied voltages. This
behaviour is not changed for PSFLCs. It is generally found that mixing the monomer into
the FLC material increases the response times the more monomer is added. This effect is most likely
due to the relatively large size of the monomers, despite themselves being liquid crystalline over
a certain range of temperature, with the monomer increasing the viscosity of the FLC-monomer
mixtures. Subsequent UV polymerization of the monomers and formation of the polymer networks
then reduces the effective viscosity and the response times of the PSFLC become shorter, even
shorter than those observed for the neat FLC material [44]. It is further found that after
polymerization the response times decrease for increasing polymer network concentration, as
depicted in Figure 9a. Since the response time 1 is directly proportional to the effective viscosity n
via T =11/PsE, the equivalent trend is also observed for the viscosity as a function of polymer network
content (Figure 9b). Such behaviour has been reported by several authors [52—55], but it should be
pointed out, that results of the opposite behaviour have also been published, i.e., an increase in
viscosity with increasing polymer concentration [56].

Figure 9. (a) The response time after formation of the polymer network decreases for
increasing network density and (b) for the effective viscosity a comparable trend is
observed. (Reproduced with permission from [44]. Copyright 2009 Institute of Physics).
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2.4. Dielectric Spectroscopy

The ferroelectric SmC* phase exhibits two major collective dielectric modes, the Goldstone mode
and the softmode. The former is related to tilt fluctuations on the cone, while the latter is due to tilt
fluctuations changing the value of the tilt angle. It should be noted that the effect of a polymer
network on the softmode is in general relatively small [57], while pronounced effects are observed
on the Goldstone mode. We will thus focus our discussion on the Goldstone mode, and the collective
fluctuations of the director on the tilt cone [58]. Dielectric spectroscopic data is often illustrated in a
frequency independent plot of the dielectric absorption €” as a function of the dielectric permittivity
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€', the so called Cole-Cole plot, as it is shown in Figure 10 for different polymer network
concentrations. Already here it can be seen that an increase of polymer network density suppresses
the Goldstone mode, or more precisely, it decreases the dielectric strength (Ae = €0 — &) for all
temperatures in the SmC* phase (Figure 11a), while the relaxation frequency vr is increased
(Figure 11b). This general behaviour has been reported by numerous authors [53,57-60] and seems
to be noncontroversial. It can be explained by the reduction of collective fluctuations due to an
increasing density of polymer network, and thus an increase of elastic interactions between liquid
crystal and network. The effect of the polymer network is equivalent to that of an application of an
electric bias field [58]. The dielectric strength decreases for increasing polymer concentration, because
more and more liquid crystal molecules are elastically coupled to the polymer, reducing their collective
fluctuations. The relaxation frequency is proportional to the effective elastic constant Kefr and inversely
proportional to the effective viscosity, vr~Kefi/nefr, and thus displays a behaviour as expected with
increasing network content.

As mentioned above, the effect of the polymer network on the softmode of a ferroelectric liquid
crystal appears to be much less pronounced [57]. The softmode appears at frequencies above
the Goldstone mode, and also here a slight decrease of the dielectric strength is observed for
increasing network density at equal reduced temperatures, as depicted in Figure 12a, while the
relaxation frequency slightly increases (Figure 12b).

Figure 10. Cole-Cole plot, €" versus €', of the dielectric properties for varying
polymer network concentration. (Reproduced with permission from [58]. Copyright 2009

EDP Sciences).
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Figure 11. (a) The dielectric strength of the Goldstone mode is suppressed for increasing
polymer concentration; while (b) the relaxation frequency increases with increasing
network density. (Reproduced with permission from [58]. Copyright 2009 EDP Sciences).
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Figure 12. (a) Also the softmode dielectric strength is slightly suppressed for increasing
polymer concentration; while (b) the softmode relaxation frequency slightly increases.

(Reproduced with permission from [57]. Copyright 2009 American Physical Society).
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In the context of display applications of FLCs, also the stabilization of the so called V-shaped
switching mode, which basically exhibits a thresholdless, linear, hysteresis-free electro-optic
response to an applied electric field, is of much interest [61,62]. Stabilizing the texture and electro-
optic response of such V-shaped switching has been the focus of numerous papers [47,63—66] on
polymer stabilized antiferroelectric liquid crystals. Hysteresis may be observed in certain PSFLC
materials, especially for low monomer concentrations, which limits application aspects of these
materials. Nevertheless, quite often the hysteresis is small and not of significant relevance.

3. Antiferroelectric Materials

SmC* liquid crystals can not only exhibit a ferroelectric structure with all molecules tilted in the
same direction (synclinic), but also an antiferroelectric modification, where molecules of adjacent
smectic layers are tilted in the opposite direction (anticlinic, disregarding any helical superstructure
in a simplified view). The electro-optic switching of these systems is monostable, as compared to
the bistable switching of the ferroelectric phase. The antiferroelectric phase switches from the stable
E =0 V state to either one of the ferroelectric states, depending on the polarity of the applied voltage.

3.1. Calamitic Antiferroelectrics

Antiferroelectricity in liquid crystals is attributed to have been discovered first for rod-like,
elongated molecules [67-70]. The director configuration in its simple form is depicted in Figure 13a,
together with the standard electro-optic response (Figure 13b). Introduction of a polymer network
makes the switching transition between antiferroelectric to ferroelectric states more continuous,
which allows for easy gray scale generation [71,72] (see Figure 14), an advantage of the
antiferroelectric SmC*a phase over the ferroelectric SmC* phase, when display applications are
considered. Of special interest for display applications are the orthoconic antiferroelectric liquid
crystal materials, systems with a tilt angle of 45°, or very close to that value [73,74]. These systems
exhibit a very good dark state due to the zero birefringence at these tilt angles. Also in this case,
polymer stabilization was used to improve the mechanical stability [75].

Figure 13. (a) Schematic structural drawing of an antiferroelectric liquid crystal, without
the helical superstructure (Reproduced with permission from [8]. Copyright 2003
Wiley-VCH) and (b) standard electro-optic response of the SmCa* phase ((Reproduced
with permission from [71]. Copyright 2001 American Chemical Society).
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Figure 13. Cont.
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Figure 14. Electro-optic response of a polymer stabilized antiferroelectric liquid crystal,
which allows for easier gray scale generation. (Reproduced with permission from [70].
Copyright 1996 American Institute of Physics).
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In general, like for ferroelectric liquid crystals, also in antiferroelectric phases the polymer
network has an influence on the fundamental material parameters. The contrast of the switching
process reduces for increasing polymer concentration, as does the spontaneous polarization. This is
due to an effective tilt angle, which is smaller than that observed for the neat liquid crystal, as an
increasing amount of molecules contributes less and less to the switching process for increasing
network content, due to elastic interactions between liquid crystal and polymer network.

3.2. Bent-Core Antiferroelectrics

Bent-core mesogens form quite remarkable liquid crystal phases [6,7], in so far as structural
chirality and chiral effects can be observed from achiral molecules [76]. Alternatively, addition of
an achiral bent-core material to a chiral matrix has been shown to increase chirality, for example
through the decrease of the cholesteric pitch [77], the occurrence [78] or widening [79] of a Blue
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phase, and the increase of the chiral bilinear tilt-polarization coupling coefficient [80,81]. As neat
materials, bent-core phases mostly exhibit antiferroelectric properties. One of the largest obstacles
in their use for applications is the fact that bent-core phases are notoriously difficult to orient
uniformly, thus diminishing their electro-optic response quality. A recent study [82] of the switching
performance of polymer stabilized antiferroelectric bent-core phases has revealed a large temperature
region, improved alignment ability, and enhanced contrast for such systems. In addition, it was found
that the response times decrease for increasing polymer network content, in agreement with results
on polymer stabilized ferroelectric liquid crystals.

4. Summary

The basic principles of polymer stabilization of ferroelectric liquid crystals were outlined, and
their influence on the most important physical parameters characterized. It was shown that both the
tilt angle and the spontaneous polarization effectively decrease with increasing polymer
concentration. This was explained by the liquid crystal being partially dominated by the network, not
contributing to the switching process, due to elastic binding to the polymer. A Landau analysis provides
evidence for this interpretation, because an introduced interaction parameter between liquid crystal
molecules and stabilizing polymer network increases linearly with increasing network density at small
polymer concentrations. The response times of the polymer stabilized systems are found to be shorter
than those of the neat liquid crystal, and decrease with increasing network concentration. This also
implies that the effective viscosity of the stabilized system decreases. While the process of polymer
stabilization does not exhibit a pronounced effect on the softmode dielectric relaxation, it is clearly
observable in the lower frequency Goldstone mode relaxation. The Goldstone mode in general gets
suppressed and the dielectric strength reduces with increasing polymer concentration, while the
relaxation frequency increases. This behaviour conforms with the interpretation above: elastic binding
of the molecules to the network reduces director fluctuations, while it enhances their relaxation
frequency. A similar effect of the polymer network as on the parameters of the ferroelectric SmC*
phase, can be observed for the antiferroelectric state, independent of whether this state is formed by
calamitic or by bent-core mesogens.
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Optical Properties of Electrically Tunable Two-Dimensional
Photonic Lattice Structures Formed in a Holographic
Polymer-Dispersed Liquid Crystal Film:

Analysis and Experiment

Mayu Miki, Ryuichiro Ohira and Yasuo Tomita

Abstract: We report on theoretical and experimental investigations of optical wave propagations
in two-dimensional photonic lattice structures formed in a holographic polymer-dispersed liquid
crystal (HPDLC) film. In the theoretical analysis we employed the 2 x 2 matrix formulation
and the statistical thermodynamics model to analyze the formation of anisotropic photonic lattice
structures by holographic polymerization. The influence of multiple reflections inside an HPDLC
film on the formed refractive index distribution was taken into account in the analysis. In the
experiment we fabricated two-dimensional photonic lattice structures in an HPDLC film under
three-beam interference holographic polymerization and performed optical measurements of spectral
transmittances and wavelength dispersion. We also demonstrated the electrical control capability of
the fabricated photonic lattice structure and its dependence on incident wave polarization. These
measured results were compared with the calculated ones by means of photonic band and beam

propagation calculations.

Reprinted from Materials. Cite as: Miki, M.; Ohira, R.; Tomita, Y. Optical Properties of Electrically
Tunable Two-Dimensional Photonic Lattice Structures Formed in a Holographic Polymer-Dispersed
Liquid Crystal Film: Analysis and Experiment . Materials 2014, 7, 74-95.

1. Introduction

Electro-optic  photopolymer-liquid crystal (LC) composites known as holographic
polymer-dispersed liquid crystals (HPDLCs) consist of LCs doped into photopolymer followed
by holographic polymerization that represents a fast and relatively simple way of fabricating
Bragg grating structures [1-4]. Because of the extremely large electro-optic response and the
large optical anisotropy of LCs, HPDLCs have shown promises for electrically switchable Bragg
grating devices including optical beam switching/control devices, lasers, optical memory and
photonic crystals (PhCs) [5-9]. A different type of HPDLCs, polymer liquid-crystal polymer slices
(POLICRYPS) or polymer liquid crystal polymer holograms electrically manageable (POLIPHEM)
structures that can be fabricated above the LC nematic-isotropic transition temperature, has also
been developed [10,11]. Because of their low light scattering properties as compared with HPDLCs
possessing LC droplets they have also been used for various photonic applications [12-14]. Among
reported device applications PhCs [15—18] possessing dielectric periodic structures in 2D and 3D
space have been of great interest since they exhibit photonic band gaps (PBGs) in the optical

spectrum. Such PBGs provide the strong control of light propagation in such a way that optical
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waves at certain wavelengths are either inhibited or confined in PhCs. The fabrication of PhCs
using inorganic materials has already reached a mature state of evolution [17,19-22]. Inorganic
semiconductor materials particularly possess high refractive indices and low absorption in the
near-infrared spectral region, potentially exhibiting full PBGs. However, they typically lack the
ease of active modification of PBGs for electrical or optical control of propagating light in PhCs,
which are prerequisites for many photonic device elements. On the other hand, PhCs with LC-doped
organic materials such as HPDLCs and POLICRYPS/POLIPHEM have the possibility of electrically
tuning PBGs and therefore are interesting and viable candidates for tunable PhCs, although they
do not possess a full potential PBGs owing to their much lower refractive index contrast than
those with inorganic materials. So far, various organic PhC structures with HPDLCs have been
realized by holographic polymerization [3,4] for electrical switching and lasing actions [23-32].
Moreover, interesting observations of strong wavelength dispersion and unusual refraction from a
2D honeycomb PhC fabricated by three-beam interference holographic polymerization in HPDLCs
have been reported [33,34]. It was found that refraction angles due to the wavelength dispersion
were strongly dependent on incident light wavelengths and angles. However, the electrical control
capability with such a 2D honeycomb PhC has not been fully explored yet. In addition, it is an open
question how PhC structures and their optical properties are altered with holographic polymerization
when non-absorptive but reflective indium-tin oxide (ITO) electrodes on both sides of an HPDLC
film exist for the electrical control. The 2D honeycomb photonic lattice structure is also interesting
from a viewpoint of an optical analogue of graphene, a monolayer of graphite, in solid-state
physics [35,36], by which new optical phenomena have been reported [37—42].

In this paper we describe theoretical and experimental investigations of the optical properties of
electrically controllable 2D honeycomb (graphene)-type PhCs with HPDLCs. We employ the 2 x 2
matrix formulation [43] and the statistical thermodynamic model [44,45] to calculate light-intensity
interference distributions and the corresponding anisotropic refractive index distributions in an
HPDLC film under three-beam interference holographic exposure. The effect of multiple reflections
recorded in an HPDLC film sandwiched between ITO-electrode loaded glass substrates on the
formed interference pattern and the refractive index distribution is taken into account in the
theoretical analysis. Experimental results of strong polarization-dependent spectral transmittances
and wavelength-dependent refraction as well as their electrical control are also presented and are

compared with the theoretical calculation.

2. Theoretical

2.1. Transfer Matrix Formulation

Let us consider holographic polymerization of a photosensitive film in a sample cell by mutually
coherent three plane-wave beams at co-polarizations as shown in Figure 1. In our case the sample
cell contains a thin film of HPDLC mixture sandwiched between two coplanar glass substrates on
which non-absorptive but reflective ITO electrodes are deposited for an electric field application to
the HPDLC film. In order to take the effect of multiple reflections between two ITO electrodes on
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the light-intensity interference distribution into account, we employ the 2 x 2 matrix formulation
for isotropic layered media [43]. For the sake of simplicity we assume that nematic LCs mixed
with host monomer were randomly oriented (i.e., optically isotropic) before and during curing. This
assumption may not be exactly correct in the LC-rich regions where LCs may undergo the nematic
ordering along a preferred direction so that the HPDLC film becomes optically anisotropic. This
happens when the volume fraction of LCs diffusing into the dark illuminated regions exceeds 0.8~0.9
during curing [46]. However, it would be legitimate to use the 2 x 2 matrix formulation in our
analysis since the nematic reorientation process substantively occurs in the last half of the whole

curing period where the conversion of monomer to polymer has substantively exceeded 50% [46].

Figure 1. (a) Configuration of three-beam interference holographic polymerization and
(b) its wave number (k-space) representation.

Beam b

(a) (b)

Figure 2 shows a three-layer system sandwiched between two glass substrates that are treated
as semi-infinite layers, where the z-z plane forms the plane of incidence as shown in Figure 1. In
Figure 2 A(z) and B(z) correspond to amplitudes of right- and left-traveling waves, respectively,
along the z direction in each layer.

Figure 2. Three-layer system for the analysis.
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Also, Ay_; and B (A} and B,_,) of right- and left-traveling waves denote amplitudes incident on
(transmitted through) the interface between the (¢ — 1)th and the /(th layers, respectively. Therefore,
the following boundary conditions are given:

Ap=A(07), Bo=B(07), Ay =A(07), By =B(0"),
A= A(d), By=B(d), Ay=A(df), Bj=B(d]), "
Ay = A(dy,), Bs = B(dyp,), g = A(dfz)a = B(dﬁ),
Az = A(dy3), Bs = B(dp), Ail = A(df?)), = B(dfg),

where 2z~ (z1) denotes the left (right) side of the interface at z, and d;, and d;3 stand for d; + dy and
dy + dy + ds, respectively. Using the 2 x 2 matrix formulation, we can relate the amplitudes Ay and
By to the amplitudes A} and B as

Ao

0

Al

- M1P2M3 Bi

2)

In Equation (2) P is a propagation matrix that accounts for the propagation through the bulk of the
2nd layer (i.e., the HPDLC film). Its general form for the /th layer (I = 1,2, 3) is given by

o))
e 0 ] , 3)

= 0 e

where ¢; is a phase shift for the /th layer of thickness d; and is given by k;.d;. Here k;, is the z

component of the wavenumber £; given by
2
ki, = anW cos 0y, 4)

where n; is the refractive index of the /th layer, ) is a wavelength in vacuum, and 6; is the ray angle
with respect to the z axis in the [th layer. In Equation (2) a 2 x 2 transfer matrix M, for the /th layer
(I =1,3) is given by [43]

(ml)n (mz)lz
M, = )
(ml)21 (mz)22
for s waves with
1 N1 COS 011 z ny cos 0; an cos 01
(my)11 —( 14+ —— | cos¢g; + sin ¢y,
2 n;_1cos By n;_1 cos By n; cos 6,
1 g1 €o8Oyy 0141 i ny cos 0; Ty COS 0141
(ml)lz 3 cos ¢ + = sin ¢y,
2 nj_1 COS (91 1 2\ nj_q cosbt_, ny cos 6,
1 g1 €o8Oyy 0141 7 n; cos 0; 4 €OS 0141
(ml)gl — COS ¢l — SlIl ¢l,
2 nj_1 COS 91 1 2\ nj_; cosb;_, ny cos 6,
1 N1 CoS 011 z ny cos 0; nl+1 cos 1
(my)22 —( 1+ ———")cos¢y — sing;,  (6)
2 n;_1cos By _1cost;_q ny cos 6,
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and for p waves with

(1) 1 [ cost 4 nl+1 b+ i [ mycostq n nii1cosd\ . s
m = = cos — in
b 2\ cosb,_, P9\ ny_jcos " njcosf_; b
1 (cos 91+1 v (nycosb1  ngcosf .
()i = 2 (cos 0,1 ) cos ¢ + 2 (nll cost  nycosb_; sin g,
(m)ey = 1 cos 011 Mg cos dy — z n; cos 011 _ Myyq COS 0, sin ¢,
2\ cosb,_; ni_icosl; mnycosb_,
1 [ cosb 4 n; cos 011 ny cos b, .
= — —— ) 7
(M) 2 (cos 0,4 * nl_l) cos 2 (nl_l cos 0, * ny_1cos 0;_1 sin 7
The amplitudes A(z) and B(z) in d; < z < d5 and the amplitudes A} and B} are related as
A ko, (dyg — A
(2) _ expliky.(diz — 2)] | 0 M, [ )
B(z) 0 exp[—ika,(dia — 2)] B

Note that one can put Bj = 0 for a right-traveling incident wave with the amplitude A, (i.e., there
is no reflection in the semi-infinite 4th layer) since the glass substrate-air boundaries (the glass
substrate-prism boundaries in our experiment as shown later) are assumed to be index matched.
Then, we find from Equation (2) that the amplitude A is given by
, 1
Ay = —Ay, 9)

mia

where m;; (i, j = 1,2) is a matrix element of the 2 x 2 transfer matrix M for the three-layer system
as defined by

M — M1P2M3. (10)
Substituting either Equation (6) or Equation (7) with B = 0 into Equation (5) and using Equation (3),
we obtain
A(z) = (ma)1s explika. (—2 + d12)] A (11)
mii
and
B(z) = O:;’)Ql exp|—iko.(—2z + di2)] Ao. (12)
11

Thus, the resultant amplitude F4,(x, z) in d; < z < d;5 for an obliquely incident right-traveling
plane wave having the amplitude Ag(z) from the semi-infinite Oth layer is given by

Eay(z,2) = min |:(m3)11 explika, (—z + di2)] + (m3)21 exp[—ika.(—2z + dlg)]:| Ap(z). (13)

In the same way the resultant amplitude at z, EBi(x, z) in d; < z < dj9 for an obliquely incident
left-traveling plane wave having the amplitude B)(z) from the semi-infinite 4th layer is given by

1

Ep (z,2) = m—ll{[—(ms)nmm + (mg3)12ma1] explika, (—2z + di2)]

(14)
+ [—(m3)a1miz + (mg)oemay] exp|—ike.(—2 + dlz)]}Bf;(x)-
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Finally, we can calculate the 2D intensity distribution /(z, z) in d; < z < dj, as a result of the
interference between three incident plane waves (two from the Oth layer and the other from the 4th

layer), as given by
I(x,2) = |[Ea(z, 2)la + [Eag(, 2)ls + Epy (2)[7, (15)

where [Ag(x)], and [Ay(z)], are obliquely incident right-traveling plane waves at their incident ray
angles 0, and 0, respectively, in the Oth layer, and B is one normally incident left-traveling plane
wave (see Figure 1 and the experimental setup shown in Figure 7, in which amplitudes of the three
incident plane waves with a unit amplitude are given by

[Ap(2)]a = exp(—ikngsin0,x),
[Ag(x)]p = exp(—ikng sin Oyz), (16)
B, =1.

2.2. Light-Intensity Interference Distributions

In order to numerically evaluate the 2D intensity distribution /(x, z) given by Equation (15),
we use the following numerical data: the refractive indices of glass substrates (the semi-infinite
Oth and 4th layers) and non-absorptive but reflective ITO electrodes (the 1st and 3rd layers) are
given by ng = ny = 1.52 and n; = nz = 1.95, respectively. The refractive index of the HPDLC film
(an LC-monomer blend) is calculated in the following way: since LCs are assumed to be randomly
distributed on average in a host material, its average refractive index n ¢ is given by \/W,
where 7, and n. are ordinary and extraordinary refractive indices of LC, respectively. For a nematic
LC used in our experiment (see subsection 3.1) ny¢ is calculated to be 1.599 with n, = 1.529 and
ne = 1.730. Using the Lorentz-Lorenz formula [47] with the HPDLC mixture of 40.8 vol.% nematic
LC and 59.2 vol.% photopolymer blend (7,01ymer= 1.545), we found n,, the average refractive index
of the HPDLC film (the 2nd layer, see Figure 2), to be 1.567.

Figure 3a shows the calculated intensity distribution in the free space (i.e., we set
ng = ng = ny = 1.567 and d; = d3 = 0) by three s-polarized plane-wave interference polymerization
at 6, = —0, = 60° and at a wavelength of 532 nm. It can be seen that, as reported for a simple
three-beam interference configuration [28,33], the intensity distribution exhibits the triangular lattice
symmetry [17]. Figure 3b and Figure 3¢ show the calculated intensity distributions in the HPDLC
film (dy = 10 pm) without (i.e., d; = d3 = 0) [Figure 3b] and with (i.e., d; = d3 = 25 nm) [Figure 3c]
ITO electrodes by three s-polarized plane-wave interference polymerization. It can be seen that the
intensity distributions are strongly influenced by multiple reflections between two ITO electrodes and
that the perfect triangular lattice symmetry seen in the free space is broken as multiple reflections is
stronger. Figure 4 shows the calculated intensity distributions in the free space [Figure 4a] and
in the HPDLC film (d; = 10 pm) without [Figure 4b] and with [Figure 4c] ITO electrodes by
three p-polarized plane-wave interference polymerization. It can be seen in [Figure 4a] that the
2D intensity distribution in the free space exhibits the same triangular lattice symmetry as the case

of s waves but its contrast is lower and reversed. In order to explain this change, we consider the 2D
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intensity distribution / (x, z)[= I(r)| in the free space for the configuration of three-beam interference
holographic polymerization (see Figure 1 with a = 1, b = 2 and ¢ = 3) with their unit amplitudes as

given by

3 3
I(r) = Z Zem e’ exp [—i(Gon - T+ Gn)]s (17)

m=1n=1
where e, is a complex eigen polarization vector for beam m, G,,,,(= k,, — k,,) is the reciprocal
wave vector and ¢,,,,,(= ¢, — ¢,,) is the relative phase between the constant phases of ¢,, and ¢,
for beams m and n, respectively. It is straightforward to show that for three s or p polarized beams at
0, = —0y = 60° I(r) is given by

1) = 3+ 2[cos(Giz - T + ¢12) + cos(Gig - T + ¢13) + cos(Gas - T + ¢o3)], for s waves;

3 — [cos(Giz - T+ ¢12) + cos(Giz - T + P13) + cos(Gag - T + ¢23)],  for p waves.
(18)
Equation (18) shows that the 2D intensity distribution in the free space for p waves exhibits the
same symmetry as the case of s waves but its contrast is lower and reversed, independently of
relative phases between three beams. It can also be seen in Figure 4(b) and Figure 4(c) that multiple
reflections tends to break the triangular lattice symmetry with different unit cell patterns from the
case of s waves. Therefore, we expect that loading of non-absorptive but reflective ITO electrodes
(for the electrical control purpose) strongly influences on the symmetry of PhC structures. In order

to avoid this effect, one may need to form a dielectric matching layer on ITO electrodes.

Figure 3. Calculated intensity distributions under s-polarized three-beam interference

holographic exposure at a wavelength of 532 nm (a) in the free space and in the HPDLC
film (b) without and (c¢) with ITO electrodes.
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Figure 4. Calculated intensity distributions under p-polarized three-beam interference

holographic exposure at a wavelength of 532 nm (a) in the free space and in the HPDLC
film (b) without and (¢) with ITO electrodes.

2.3. Refractive Index Distributions and Numerical Method

We are now in a position to calculate 2D refractive index distributions in the HPDLC film
with ITO electrodes by using the statistical thermodynamics model [44] with the help of the
calculated 2D intensity distributions. The model employs the Flory-Huggins chemical potential,
together with the photopolymerization-diffusion equation, for a three-component system (monomer,
polymer and LC) to obtain 2D concentration distributions of the three components during and after
photopolymerization. In this case we set the polymerization rate of LCs to be zero. We also
assume the diffusion-dominant polymerization process and the same size of an LC molecule as that
of monomer. Furthermore, we introduce the threshold LC volume fraction ¢r¢|y, (=0.8~0.9) that
determines whether LCs are either randomly oriented at the volume fraction of LCs ¢r.c < ¢rc|sm Or
aligned by the nematic ordering along the y direction in high ¢ regions forming the cylinder-like
LC channels (cavities) [25] at ¢c > érc|m- This assumption is approximately justified by
our experiments as described in subsection 4.2. Under this assumption the position-dependent
refractive index of LCs for s (p) waves is given by the formula /(2n2 + n2)/3 (1/(2n2 +n2)/3)

at 1o < ¢rclw and is given by n. (n,) at ¢rc > érclm. We also assume that when an external

electric field E., (being higher than the threshold voltage [48]) is applied along the z direction, all
LCs reorient along the z direction. In this way we can calculate 2D anisotropic refractive index
distributions for s and p waves via the Lorentz-Lorenz formula with calculated concentrations and
refractive indices of the formed polymer and LCs.

Figure 5 shows calculated 2D refractive index distributions by three s-polarized plane-wave
interference polymerization when no E,, is applied for s [Figure 5a] and p [Figure 5b] waves, and
when E., is applied for any polarized wave [Figure 5c]. In this calculation we set ¢1c|q, to be 0.8.
It can be seen that LC is rich in the dark illuminated regions as a result of the mutual diffusion of
monomer and photo-insensitive species (i.e., LCs) [4,45,49,50]. The refractive index of the HPDLC
film is higher (lower) in the LC-rich regions than in the formed polymer-rich regions for s (p) waves

since the refractive index of LCs is equal to n. (n,) at ¢rc > ¢rc|m. It can also be seen that
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the formed 2D refractive index distributions for s and p wave readout exhibit complementary 2D
honeycomb-like PhC structures each other although s wave readout probes higher contrast structure
than p wave readout. The contrast reversal of the PhC structures between s and p wave readout is
understandable because the refractive index at the lattice sites (i.e., the lowest intensity regions) is 7,
(n,) for s (p) wave. When E., is on, LCs reorient along the 2 direction. In this case both s and p
waves sense only a difference in refractive index between n,, (=1.53) and 1,01ymer (=1.545), resulting
in very low contrast PhC structure as shown in Figure 5(c).

Figure S. Calculated refractive index distributions by s-polarized three-beam
interference holographic polymerization when no E., is applied for (a) s (TM) and (b)
p (TE) wave readout, and (¢) when E., is applied for any polarized wave. Note that the
minimum and maximum values for the color bar levels in (a) are different from those in
(b) and (c¢).
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Figure 6 shows calculated 2D refractive index distributions by three p-polarized plane-wave
interference polymerization when no E., is applied for s [Figure 6a] and p [Figure 6b] waves, and
when E., is applied for any polarized wave [Figure 6c¢].

It can be seen that the 2D refractive index distributions for s [Figure 6(a)] and p [Figure 6(b)]
waves exhibit complementary 2D triangular-like PhC structures since LCs migrates toward lower
intensity regions that form a 2D triangular-like PhC structure as seen in Figure 4(c). When E., is
on, both s and p waves sense only a difference in refractive index between n, (=1.53) and npo1ymer
(=1.545), resulting in very low contrast PhC structure as shown in Figure 6(c).

Our method of numerical analyses is as follows: numerical data of the calculated 2D refractive
index distributions obtained by the method described so far were used with a commercially
available numerical software package (CrystalWave, Photon Design) by which the PhC properties
(i.e., photonic band structures, anisotropic spectral transmittances and wavelength dispersion) were
numerically analyzed with the built-in programs using the finite difference time domain (FDTD)
method and the plane-wave expansion method [51].
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Figure 6. Calculated refractive index distributions by p-polarized three-beam
interference holographic polymerization when no ., is applied for (a) s (TM) and (b)
p (TE) wave readout, and (c¢) when E., is applied for any polarized wave. Note that the
minimum and maximum values for the color bar levels in (a) are different from those in

(b) and (c¢).
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3. Experimental

3.1. Sample Preparation and Three-Beam Interference Holographic Polymerization

We prepared HPDLC syrup consisting of the 30 wt.% mixture of a nematic LC (TL203, Merck)
with a monomer blend of 34 wt.% of multifunctional acrylate monomer (Ebecryl8301, Cytec),
11.5 wt.% of thiol-ene-based monomer (NOA65, Norland) and 18.3 wt.% N-vinyl pyrrolidone (Tokyo
Chemical Industry). We also used 4 wt.% of octanoic acid (Tokyo Chemical Industry) that acted
as surfactant. To sensitize in the green (532 nm), we employed 0.7 wt.% of Rose Bengal (Tokyo
Chemical Industry) and 1.5 wt.% of N-phenyl-glycine (Tokyo Chemical Industry). The HPDLC
syrup was injected by the capillary action into a sample cell consisting of two glass substrates with a
10 pm-thick spacer. We note that the commercially available thiol-ene prepolymer NOA65 contains
a trifunctional thiol and a tetrafunctional urethane allyl ether ene, exhibiting free radical mediated
step-growth polymerizations [52,53]. It was reported that HPDLCs based on thiol-ene monomers
gave smaller LC droplets and much lower light scattering than HPDLCs based on acrylate-based
monomers capable of free radical mediated chain-growth polymerizations [53-55]. Indeed, we did
not observe noticeable light scattering from our HPDLC samples during and after curing. Such
a low light scattering property would come from the fact that the average size of the formed LC
droplets was much smaller than a wavelength of recording beams (532 nm) in the microscopic
morphology of our 10-um-thick HPDLC film samples as shown in the next section. Measured
refractive indices of LC were n, = 1.730 and n, = 1.529 at extraordinary and ordinary polarizations,
respectively, while those of the photopolymer blend were 1.503 and 1.545 in the liquid and solid
phases, respectively. All these refractive indices were measured by an Abbe refractometer (DR-M2,
ATAGO) at a wavelength of 546 nm. ITO electrodes were deposited on two glass substrates for an

application of an electric field between the two glass substrates as shown in Figure 1. An experimental
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setup for holographic polymerization and transmission measurements is shown in Figure 7. A
coherent, linearly polarized and expanded beams from a diode pumped frequency-doubled Nd:Y VO,
laser operating at a wavelength of 532 nm was divided into two mutually coherent beams with equal
intensities by a half mirror. One of the two beams was normally incident onto the sample through
a neutral density (ND) filter and a trapezoidal BK7 prism (n = 1.52), whereas the other beam was
divided into two equal-intensity beams that were incident onto the sample at the bisector angle of
120° via an equilateral triangular BK7 prism (n = 1.52). Index matching oil (n = 1.52) was filled
in between these prisms and the sample cell to avoid unwanted refraction and multiple reflections
of incident beams between the prisms and the HPDLC film sample cell. The three coplanar beams
at equal intensities (67 mW/cm?) and at co-polarizations (three s or p waves) interfered with one
another, giving a 2D light-intensity distribution in the z-z plane. Such holographic exposure created
a 2D refractive index distribution in the HPDLC film as described in Subsection 2.3. After 20-minutes
holographic exposure the HPDLC film was post-cured with an ultraviolet LED light source operating
at a wavelength of 365 nm for 30 minutes to ensure that remaining monomer, if any, was consumed
completely. Although we employed a conventional three-beam holographic setup [56,57] without
any particular phase stabilization control [58,59], any nonlinear effect such as wave mixing between
interfering beams during curing [60] would not play a role in our fabrication process. This is so
because good agreement is seen between the morphology of our fabricated PhC structures and the

calculated ones as will be seen in Subsection 4.1.

Figure 7. Experimental setup for three-beam interference holographic polymerization.
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3.2. Measurements of Spectral Transmittance and Wavelength Dispersion

Spectral transmittances of the recorded HPDLC film were measured by use of a white light
source (LS-11-LL, Ocean Optics) and a fiber-coupled spectrometer (ORIEL FICS, ORIEL). The
collimated and linearly polarized white light was normally incident on the patterned HPDLC film
along the z direction. We also employed linearly polarized laser beams operating at various
wavelengths (404 nm, 532 nm and 632.8 nm) to examine the wavelength dispersion characteristics
of the patterned HPDLC film at various incident angles. In these measurements two semi-spherical
BK7 prisms (n = 1.52) contacted to both surfaces of the recorded HPDLC film sample cell with the
index-matching oil to avoid unwanted reflections and refraction at the glass substrate-air boundaries.
In order to investigate a dependence of spectral transmittances on an externally applied electric field
and the wavelength dispersion characteristics, we employed a bipolar 2 kHz square-wave voltage

applied to the two ITO electrodes.

4. Results and Discussion

4.1. Morphology of Fabricated Photonic Crystal Structures

We examined the morphology of holographically patterned PhC structures in HPDLC films by
removing LC compound from PhC lattice sites. This was done by dipping cured HPDLC films
into methanol and by observing the polymer structures in various cross sectional planes by means
of a scanning electron microscopy (SEM). Figure 8 shows cross sectional SEM images of the
polymer structures in the y-z, -y and z-z planes for HPDLC films under three-beam interference
polymerization by using three s-polarized [Figure 8(a)] and p-polarized [Figure 8(b)] plane waves.
The calculated 3D polymer concentration distributions in volume fraction are also shown at the
leftmost positions of Figure 8(a) and Figure 8(b), where bright portions correspond the polymer-rich
(LC-poor) regions and dark portions correspond to polymer-poor (LC-rich) regions in which LCs
were washed away after the methanol treatment. It can be seen that the observed SEM images are in
good agreement with the calculated polymer structures in terms of their morphology and sizes when
polymerization shrinkage predominantly taken place along the thickness (z) direction is taken into
account. More specifically, calculated and measured periods of the polymer structures along the z
direction are (0.220 and 0.660 ;zm) and (~0.20 and ~0.60 ;#zm), and these differences are of the order
of polymerization shrinkage (approximately a few %, typical for multifunctional acrylates and our
monomer blend).

We also note that the observed 3D polymer structure created by s-polarized three-beam
interference polymerization [Figure 8(b)] possess the grating period of ~0.20 pum along the =z
direction in the z-y plane, which is shorter than the calculated one of 0.404 ym at z = 0. This
discrepancy can be understood by examining the calculated polymer structure in the x-y plane at z
= 0.078 pum, as shown in Figure 9. It can be seen that the adjacent spacing between low and high
concentration modulations [see the cross section along the = direction 0.078 at z = 0.078 pm in
Figure 6(b)] is 0.202 pm, in good agreement with the measured value. In what follows we consider
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the case of s-polarized three-beam interference holographic polymerization since, as shown later, no

noticeable wavelength dispersion was observed with three p waves.

Figure 8. 3D polymer structures for HPDLC films under three-beam interference
holographic polymerization by using three (a) s- and (b) p-polarized plane waves.
Calculated 3D polymer distributions in volume fraction, cross sectional SEM images
in the y-z, z-y and x-z planes are shown in order from the left in (a) and (b).
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Figure 9. Calculated cross section of the polymer concentration distribution in
the z-y plane at z = 0.078 pm prepared by p-polarized three-beam interference

holographic polymerization.
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4.2. Spectral Transmittance

Figure 10 shows measured spectral transmittances of an HPDLC film recorded by three
s-polarized plane-wave interference holographic polymerization and readout by normally incident s
[Figure 10a] and p [Figure 10b] waves for different values of E..,.. It can be seen that the transmittance
spectra have a strong readout-polarization dependence. The observed Bragg reflection (i.e., the
transmittance minimum) for s waves is much significant than that for p waves in the absence of
E... This result indicates that, as is consistent with our assumption made in our theoretical analysis,
nematically ordered LCs in the regions above ¢ |y, predominantly orient along the y direction in
the absence of E.,, giving the high contrast PhC structure for s wave readout as seen in Figure Sa.
The observed Bragg reflection for p wave readout would have contribution from the x-direction
component of LC directors due to the statistical distributions of LCs in z-z plane as a result of their
thermal fluctuations [61]. It can also be seen that the observed Bragg reflections for both s and p
wave readout in the absence of E,, take place at the Bragg wavelengths Ap;,q, of 528 and 525 nm,
respectively, that are shorter than the recording wavelength of 532 nm. We speculate that such blue
shifts are caused by polymerization shrinkage of the order of a few % as mentioned earlier. The
asymmetry in the spectral transmittance profiles, prominent for s wave readout, may also be caused
by the distortion of the recorded 2D PhC structure due to the polymerization shrinkage and to the
residual background absorption from Rose Bengal dyes that tend to orient along LC directors. We
also see that the application of E., higher than 9 V/um diminishes Bragg reflection for s wave readout.
This is so because most of nematically ordered LCs reorient along the z direction at E., higher than 9
V/pm so that the PhC structure tends to disappear as seen in Figure 5c. The decreasing trend of Ag;age
for s wave readout with an increase in E., can also be explained by the reorientation of LCs so that
the average refractive index of the recorded 2D PhC structure decreases. On the other hand, it can be
seen in Figure 10b that the application of E., higher than 9 V/um does not sufficiently diminishes the
PBG structure for p wave readout. We speculate that while most of nematically ordered LCs reorient
under E., along the 2 direction, randomly oriented LCs embedded in the polymer-rich regions are
not completely reorient along the z direction. This trend would result in non-negligible refractive
index modulation unlike our theoretical model that assumes the complete reorientation of all LCs
under E., along the z direction. The increasing trend of Ap,.e, for p wave readout with an increase
in E., suggests an increase in the average refractive index of the recorded 2D PhC structure, which
may be explained by an increase in the statistically distributed x component of nematically ordered
LCs with increasing E..,.

Figure 11 shows calculated spectral transmittances of HPDLC films recorded by three
p-polarized plane-wave interference holographic polymerization and readout by normally incident
s [Figure 10(a)] and p [Figure 10(b)] waves without and with E.,. We chose ¢.c|y = 0.9 that
reproduced similar Bragg minimum transmittances without E., for s and p wave readout to the
measured ones shown in Figure 10.
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Figure 10. Measured spectral transmittances of of an HPDLC film recorded by three
s-polarized plane-wave interference holographic polymerization and readout by normally
incident (a) s and (b) p waves for different values of E.,..
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Figure 11. Calculated spectral transmittances of an HPDLC film recorded by three
p-polarized plane-wave interference holographic polymerization and readout by normally
incident (a) s and (b) p waves without and with E.,.

100 100 —
~~ ~~
ST ¥ 80 i
— e
0]
8 60 g 60 |- i
g 5
=] = /o E
=40 g 40 WO B .
g wn | e wE_
g 20 ' ] g 20 ]
= =
0 1 1 1 1 0 ] ] 1 ]
500 510 520 530 540 550 500 510 520 530 540 550
Wavelength (nm) Wavelength (nm)
(a) (b)

The calculated Bragg transmittance without E., for p wave readout is much higher than that for
s wave readout, consistent with the measured results. The decreasing trend of Ap;4g, in the presence
of E., for s wave readout due to a decrease in the average refractive index is also consistent with
the measured result as mentioned above. Therefore, we consider that our simplified assumption of
the director orientation of nematically ordered LCs above ¢ |, along the y direction in the absence
of E., is adequate. The disappearance of Bragg transmittance in the presence of E., for p wave, as
seen in Figure 11b, results from the assumption of our theoretical model that all LCs reorient along
the z direction as described in Subsection 2.3. The discrepancy in an E.,-induced transmittance
change between theoretical and experimental results may be explained by, as described above, the
insufficient reorientation of randomly oriented LCs embedded in the polymer-rich regions under E.,
along the z direction, which maintains the refractive index contrast of the 2D PhC structure to some

extent. The discrepancy in the E.,-induced shift of Ap;.g, for p wave readout between theoretical and
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experimental results may be explained by an increase in the statistically distributed £ component of
nematically ordered LCs with increasing E.,, as mentioned above. Further investigation is necessary

to clarify the discrepancy.

4.3. Wavelength Dispersion Characteristics

We examined the wavelength dispersion characteristics of our 2D honeycomb-like PhC and its
electrical control. Figure 12 illustrates the result for an HPDLC film recorded by three s-polarized
plane-wave interference holographic polymerization and readout by normally incident s-polarized
white light in the absence of E.,. We observed the symmetric wavelength dispersion from the blue
to the red with the full dispersion-angle width of approximately 25°. The observed refraction angles
in the green were found to be approximately +60° measured from the normal to the HPDLC film
surface. Such wavelength dispersion diminished when E., was larger than 9 V/um, confirming the
electrical control of the 2D honeycomb-like PhC using an HPDLC. We note that the wavelength
dispersion as shown in Figure 12 was observed neither by normally incident p-polarized white
light nor from a 2D honeycomb-like PhC fabricated by three p-polarized plane-wave interference
holographic polymerization. It is also interesting to note that no wavelength dispersion was observed

when a similar 2D PhC structure was made without ITO electrodes.

Figure 12. Observed wavelength dispersion pattern from an HPDLC film recorded
by three s-polarized plane-wave interference holographic polymerization and readout by

normally incident s-polarized white light in the absence of E.,.
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In order to quantitatively investigate effects of the observed wavelength dispersion phenomenon

on incident ray angle and wavelength, we measured dependences of refraction ray angle on incident
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ray angle at different s-polarized laser wavelengths (404, 532 and 633 nm) for the same HPDLC film
as used in Figure 12. The result is shown in Figure 13, where the incident ray angle 6;,, (the refraction
ray angle 6,) is defined as an angle between the surface normal of the HPDLC film’s substrate and the
incident (refracted) ray in the counter-clockwise direction. Both incident and refraction angles have
the same (opposite) signs when the positive (negative) refraction takes place. Calculated results by
the FDTD analysis are also plotted in Figure 13. It can be seen that, as similar to the observation by
Li et al. [34], strong wavelength dispersion occurs at three wavelengths. While only the positive
refraction was observed at 404 nm in our experiment, the calculation predicted the peculiar negative
refraction at 0;,, = £2° (see two open triangle symbols in the hatched areas in Figure 13). We also
observed both positive and negative refraction at 532 nm in the incident angle range of —6° < 6,,, <
+6° and also at 633 nm with 6;, = 0°. Furthermore, we only observed the negative refraction at
532 nm in the incident angle range of |0;,| > 6° and at 633 nm with 6;, # 0°. Although these
observations could be explained partly by our numerical analysis, further investigation is necessary

to clarify the discrepancy between measured and calculated results.

Figure 13. Refraction angles as a function of incident angle at different wavelengths
and at s polarization. Measured and calculated data points are denoted by (A, B, ) and
(A, O, o) at (404 nm, 532 nm, 633 nm), respectively. The white and gray regions denote

positive and negative refraction, respectively.
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5. Conclusions

We have studied the holographic fabrication of 2D PhC structures in HPDLC films and their
electrically controllable optical properties both theoretically and experimentally. We have employed
the 2 x 2 matrix formulation and the statistical thermodynamic model to calculate the refractive
index distributions in HPDLC films by three-beam holographic polymerization. We have shown
that refractive index distributions are strongly influenced by the polarization state of three waves
and by multiple reflections between two transparent ITO electrodes that are used for electrical
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tuning of PhC structures. It has been found that while a 2D honeycomb-like PhC structure forms
by three s-polarized plane-wave interference holographic polymerization, a triangular-like photonic
lattice structure forms by three p-polarized plane-wave interference holographic polymerization.
Their local lattice structures are significantly altered by the multiple interference effect. We have
confirmed such a difference in PhC symmetry by the examination of SEM images of recorded
HPDLC films. We have also observed a strong polarization dependence of the optical properties
including spectral transmittance and wavelength dispersion. It has been found that an incident
s wave propagating in the 2D honeycomb-like PhC structure exhibits the broadband wavelength
dispersion from the blue to the red with the dispersion angle of ~25°. We has also shown that such a
wavelength dispersion phenomenon gives the negative refraction under limited incident conditions.
We have demonstrated that the observed wavelength dispersion can be completely suppressed by
externally applied electric fields higher than 9 Vyum. Since our theoretical analysis relies on the
statistical thermodynamic model that considers a single phase mixture of LC and the formed polymer
for the photopolymerization-diffusion kinetics, more realistic and exact statistical thermodynamic
models [62,63] that take the LC droplet formation and the nematic ordering process in the phase
separation dynamics into account may explain our experimental results more accurately and answer
to our unsolved questions on anisotropic spectral transmittances and negative refraction. Moreover,
it would also be interesting to investigate possibilities of novel optical phenomena and their
electrical control of 2D HPDLC honeycomb (graphene)-type photonic lattices in linear and nonlinear
optical regimes.
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Abstract: A series of polymer dispersed liquid crystal devices using glass substrates have been
fabricated and investigated focusing on their electrical properties. The devices have been studied in
terms of impedance as a function of frequency. An electric equivalent circuit has been proposed,
including the influence of the temperature on the elements into it. In addition, a relevant effect of
temperature on electrical measurements has been observed.
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1. Introduction

Polymer dispersed liquid crystals (PDLC) devices consist of a thin film of a polymer
matrix containing micro-sized droplets of a liquid crystal. In order to fabricate PDLC devices, the
mixture is usually laid between two transparent substrates coated with a conductive layer, usually of
indium tin oxide (ITO) [1]. These PDLC devices can be used in eletro-optic applications such as:
smart windows [2], variable optical attenuators (VOASs) [3] and projection displays [4].

In order to use PDLC devices as an optical switcher, the refractive index of the isotropic polymer
and the ordinary refractive index of the liquid crystal should be similar [5]. In the absence of an
electric field, the directors of the microdroplets are randomly distributed and strongly scatter the light
so the device appears opaque. When an AC electrical field is applied, the liquid crystal dipoles are
re-oriented parallel to the field and the ordinary refractive index of the liquid crystal matches with
the polymer refractive index, and the material becomes transparent [6]. The transmission of light
through the device, therefore, can be controlled by applying an electrical field. Furthermore, unlike
with other electro-optic devices like twisted-nematic LC (TNLC) or surface-stabilized ferroelectric
liquid crystal (SSFLC), the transparent state can be highly transmissive because no polarizers are
required to achieve the switching effect.

PDLC has a great number of advantages in comparison with the other liquid crystal technologies
used in displays, such as: high brightness (because of its high transparency), wide view angle, fast
response (in the order of milliseconds), absence of surface treatment and the possibility of
intermediate transmission levels electrically controllable. The scattering properties of PDLC devices
can be used in “smart” windows that regulate the light intensity inside buildings. The shift with
temperature of the electrooptic response curve of the PDLC is well known [6]. When using these
devices with intermediate transparency levels rather than in ON/OFF mode, the knowledge of the
temperature variation is mandatory in a double way: to optimize the contrast and to estabilize the
transparency level [2].
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Therefore, in order to ensure a determinate transmission level, it is necessary to change the
electrical field applied to the PDLC according to the ambient temperature. The most practical way
to mitigate the temperature influence in an effective way is to control the electrical field, as the optical
properties are mainly related to it.

On the other hand, an electrical equivalent circuit (EEC) associated to electrical properties
(frequency, impedance and voltage) that also varies with temperature is of great practical interest,
because it can be used to develop new driving circuits and signals in order to reduce power
consumption and increase optical contrast.

In this work, the electrical properties of a series of PDLCs have been analyzed. This behavior can
be represented through an adequate combination of passive elements which responses are associated
to physical parameters. An electrical equivalent circuit describing such behavior has been proposed.
The component values of the circuit have been obtained from complex impedance measurements.
Experimental results and simulation have been compared in order to validate the EEC. The aim of
the work is to explore the temperature dependence of the equivalent circuit electrical parameters of
the device. This knowledge allows, then, a practical way to control the optical performance of the
device regardless of the temperature.

2. Experimental Setup

The PDLCs devices were manufactured from an homogeneous mixture of 20 wt% of'a UV curable
matrix (Bisphenol A glycerolate diacrylate from Aldrich) and 80 wt% of an eutectic nematic liquid
crystal mixture (E7 from Merck) consisting mostly of 4-pentyl-4’-cyanobiphenyl, with positive
dielectric anisotropy. Glass cells with ITO coated inner surfaces with an effective area of
1.3 x 1.3 cm? and a 20.5 pm internal gap, were filled by capillarity with the mixtures at 65 °C. PDLC
was formed by polymerization induced phase separation (PIPS) method, exposing the cell to a 365
nm light for 10 min. The UV flux was 350 mW/cm? at a distance of 15 cm (Vilber Lourmat VL4LC,
Marne La Vallee, France).

The key to obtain the orientation is the observation of the device by polarization microscopy,
observing the pattern of the droplets with the sample located between two crossed polarizers [6].
The morphology of the PDLC composites was studied at 20x magnification using a Leica DM400M
microscope (Leica Microsystems, Wetzlar, Germany), a Leica camera DFC420C (Leica
Microsystems) and placing the devices between crossed polarizers (Figure 1, the scale bar
corresponds to 100 um). Unfortunately, the droplets are too small to be resolved. The small size can
be associated to a fast polymerization and phase separation process because of UV curing at high
temperature (65 °C) as it is reported elsewhere [7,8].

Afterwards, the measurement of complex impedance (magnitude and phase) was carried out using
an impedance analyzer (SOLARTRON 1260, Solartron Analytical, Farnborough, UK), in a wide
frequency range, 0.1 to 10 MHz. PDLC devices have been placed in a programmable hot-stage
(Linkham plate LTS-E350, Linkam Corp., Surrey, UK) in order to guarantee a stable temperature
during a whole measurement process. The sample temperature range was measured from 25 to 40 °C
with a change of 5 °C per measurement.
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Figure 1. Micro-textures of the droplets morphologies of the polymer dispersed liquid
crystals (PDLC) films under cross polarizers at 20x magnification and PDLC devices in
the OFF and ON state: (a) Vrms =0 V; (b) Vrms =24 V.

a) ] b) B
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3. Impedance Behavior

The complex impedance was measured using a sinusoidal voltage signal with 100 mVrms and
frequency sweeping in the range from 107! to 107 Hz. The modulus and phase measurements
corresponding to the PDLC device can be represented in a Bode plot, where the trend of the
impedance magnitude and phase can be analyzed. Figure 2 shows the experimental data of the magnitude
and phase of impedance as a function of frequency, measured in the temperature range between 25 and
40 °C. Impedance results in all devices are similar and the small discrepancy should be due to
differences in the preparation of the PDLC composites. Selecting the suitable frequency range for
the operation of the devices is a matter of simplifying the PDLC response, and Figure 2 can contribute
to making this choice. Low frequencies are discarded because a low frequency electric field can
induce degradation of the LC material due to the adsorption of ion charges and generation of strong
electric field on the electrode layers [9,10], and a strong dependence with the temperature is also
observed in Figure 2 at those frequencies. Moreover, the suitable frequency range should be selected
by choosing the range where the device shows a purely capacitive behavior, simplifying its response.
In that range, there is a linear decay in magnitude and a phase close to —90 degrees [2].

Figure 2. Experimental complex impedance as a function of frequency in the temperature
range between 25 °C and 40 °C.
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Complex impedance measurements displayed in the Figure 2 reveal that there is a capacitive
behavior displacement when increasing the temperature, but also that the working frequency range
of 10* to 10° Hz should be the optimal one, since the temperature dependence is null both in the
impedance value and in the electrical response, which is purely capacitive.

4. Electrical Equivalent Circuit Proposal

An equivalent electric circuit has been obtained in order to study the dependence of electrical
components on frequency, voltage and temperature. Figure 3 shows a Nyquist plot of experimental
impedance, where its real part is plotted on the X axis and its imaginary part on the Y axis, the shape
of which shape suggests that there are two different regions with a distinct behavior [11].

The semicircle portion, due to impedance on frequencies from 10 to 107 Hz, is usually related to
the effect of charges stored in a capacitor which is discharging through a resistor. This discharge is
produced with an exponential decay in time, being the diameter related to a time constant dependent
on the resistor and capacitor values. Semicircle appearance means that there is only one time constant
involved. This effect can be closely modeled by a Randles equivalent circuit.

Figure 3. Impedance spectrum (Nyquist plot) for PDLC.
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The equivalent circuit for the Randles cell is shown in Figure 4a. This circuit includes a resistor
Rs, which represents the influence of electrodes, a double layer capacitor Ca due to dipolar
polarization and the symmetry of the device, which is composed of several layers, and a resistor R
standing for the mobility of free charges and dipolar displacement inside the device.
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Figure 4. (a) Equivalent electric circuit for a frequency range from 10 to 10 Hz;
(b) equivalent electric circuit for a frequency range from 107! to 10 Hz.
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At high frequencies, Cai impedance is as low as it behaves as a short circuit, and all of the
impedance is coming from Rs. As it is a resistance due to electrodes, no apparent dependence with
temperature is found at highest frequencies.

At low frequencies, Cai impedance is as high as it behaves as an open circuit, and the main
influence is Re, which value is thus related with the diameter of the semicircle of Figure 3. As a
resistance due to charge transfer or movement, it depends clearly on temperature.

Nyquist plots show also a straight tail with a certain slope which appears at low frequencies in the
range of 107! Hz to 10 Hz. As it is shown in Figure 3, during this frequency range, the phase of the
impedance, i.e., the slope on the Nyquist plot, remains almost constant. These results are in good
agreement with those showed in Figure 2, at low frequencies. Several researches have reported a
similar behavior [9,10,12—14], where the constant phase is explained by the creation of a strong
electric field on the alignment layers. Therefore, a constant phase element (CPE) has been included
to model the phenomenon.

CPE is a simple distributed element which tends to behave as a capacitor and has a constant phase
angle in the impedance. The electric equivalent circuit proposed for such situation is represented
in Figure 4b. The model includes an association CPE in series with a resistance Rd due to
dipolar displacement.

Based on the fact that each frequency range presents a different behavior, a combination of the
two proposed different equivalent circuits must cover the whole range. The complex impedance Z
for these equivalent circuits can be described by Equation (1) for higher frequencies and Equation
(2) for lower ones:

Zl10 107 = Rs + Rer (1)
<f< 1+S'Cdl'Rct
1
Z|4n- =R, + 2
|10 1<f<10 d T-s-P (2)

The coefficient T and the exponent P are the parameters of the CPE. Generally, 0 <P < 1; however,
CPE tends to a response of a capacitor of capacitance T when P is equal to 1. As the frequency ranges
could be separated in the electrical circuit effects, both electric circuits can be simplified in a single
circuit when the low frequencies parameters (CPE and Rs) are embedded in the Rc element. This
proposal is shown in Figure 5, valid for the whole frequency range between 10! and 107 Hz. The
influence of each element will depend on the frequency range.
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Figure 5. Equivalent electric circuit for a frequency range of 107! to 107 Hz.
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The following fit is done for the measurements at 25 °C. For high frequencies, the capacitive
elements act as short circuit. Thus, the value of R; is equivalent to the impedance magnitude at highest
frequency. This impedance has a value of 178 Q (see Figure 2). On the other hand, the capacitance
Cai can be estimated using the impedance magnitude plot of Figure 1. At frequencies into the selected
10 to 100 kHz range, when the device has a purely capacitive behavior because the phase is close to
—90°, Cai should be the main contribution, and could be calculated using the following expression
(derived from the one of a capacitor impedance):

1

Cq = 3
a 2T f_gg0 " |Z] =99 )

Therefore, the capacitances Cai are 0.89 nF. Complex non-linear least squares (CNLS) was used to
obtain the value of Rs and the parameters of CPE, fitting the rest of the equivalent circuit parameters
of Figure 5 with the impedance measurements, and using the Levenberg Marquardt nonlinear
interpolation method [15]. The elements of the equivalent circuits are given in Table 1.

Table 1. Results of fitting presented in the Figure 5.

Parameter Value Error (%)
Rs (MQ) 3.01 1.7
CPE-T 9.06 x 1077 4.7
CPE-P 0.37 8.8

The experimental magnitude and phase impedance were compared with the simulated data to
validate the proposed equivalent electric circuit. This comparison is shown in Figure 6 as Bode plots.
It can be inferred that the electric equivalent circuit proposed in Figure 5 satisfactorily reproduces
the performance of impedance complex behavior for the PDLC devices under study in a wide
frequency range. A slight discrepancy appears in the high frequency region, probably due to the
inductance of the PDLC wires.
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Figure 6. Experimental modulus and phase (squares-line) and simulated data
(triangles-dashed line) for a frequency range from 107! Hz to 107 Hz in the

PDLCs devices.
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Once the equivalent circuit has been fitted with the impedance measurement for a given
temperature, the evolution of the electrical response as the temperature increases has also been
analyzed. The previous fitting is repeated for the measurements at every temperature. At high
frequencies, the Rs element is the main influence in the electric circuit. At these frequencies the
temperature dependence is null and does not lead to a change in the complex impedance; therefore,
the evolution of the Rs is independent of temperature. Moreover, in order to analyze the influence
with temperature, the Cai parameter has been added in the fitting.

Table 2 shows the evolution of the retrieved fitted elements of the equivalent circuit with the
temperature. These results are in good agreement with those reported previously in the diagram
showing the experimental complex impedance as a function of frequency (Figure 2).

The influence of Ca related to dipolar polarization is independent with temperature, whereas
CPE-P and CPE-T parameters related to ion accumulation, increase with temperature. Therefore, as
it is expected from the above discussion, PDLC has a less capacitive behavior when the temperature
is increased. The exception is observed in R parameter related to dipolar displacement.

On the other hand, the resistance Ra value is now the one related to the diameter of the semicircle
in the Nyquist plot. The Figure 3 shows that when temperature increases, the diameter of the
semicircle decreases, and also the value of Rz and thus the dipolar displacement. The Cal element at
the whole frequency range (10~'-107 Hz) slightly changes with temperature, as the constant shape of
the semicircle predicts. The straight tails of Nyquist plots at Figure 3 are related with the component
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CPE, and the slope depends on the parameter CPE-P. The slope increases with the temperature. This
behavior can be reflected in the values of the CPE-P parameter in Table 2. Further characterizations
must be done to explain this effect.

Table 2. Results of fitting in the temperature range of 25 to 40 °C.

Parameter Parameter@?25 °C Value Error%
Rs(MQ) 3.00 1.72
Ca (nF) 0.89 0.45
2 [e]

@25°C CPE-T 9.15x 107’ 5.26
CPE-P 0.37 8.89
Rs(MQ) 1.73 1.08
Cal (nF) 0.83 0.40

30 °C
@ CPE-T 1.51 x10°° 3.82
CPE-P 0.43 5.91
Rs(MQ) 0.96 0.71
Cai (nF) 0.82 0.40

35°C
@ CPE-T 2.38x10° 3.01
CPE-P 0.55 3.69
Rs(MQ) 0.41 0.95
Cai (nF) 0.84 0.64

40 °C
@ CPE-T 3.39x10° 3.07
CPE-P 0.58 3.41

5. Conclusions

In this work, electrical properties of PDLCs have been studied as a function of temperature and
frequency of the applied voltage. An electrical model is suggested and validated. Using the proposed
model, many physical processes can be simulated, such as influence of electrodes, dipole movements
contribution, ion charge accumulates and the effects of the temperature. Future research will focus
on the simulation of optimized driving circuits and signals in order to reduce power consumption
using this equivalent circuit.
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Liquid Crystalline Network Composites Reinforced by
Silica Nanoparticles

Zhen Li, Yang Yang, Benye Qin, Xiaoyong Zhang, Lei Tao, Yen Wei and Yan Ji

Abstract: Liquid crystalline networks (LCNs) are a class of polymers, which are able to produce
mechanical actuation in response to external stimuli. Recent creation of LCNs with exchangeable
links (xLCNs) makes LCNs easy moldable. As the xLCNs need to be shaped at a high temperature,
it is important to enhance their thermal and mechanical properties. In this paper, a series of
xLCNs/Si0O2 composites containing 1%—7% SiO2 nanoparitcles (SNP) were prepared and their
thermal and mechanical properties were examined. The results show that xLCNs/SNP composites
have lower liquid crystalline-isotropic phase transition temperature and higher decomposition
temperature than pure LCN. The tensile strength and the elongation at break of xLCNs at high
temperatures were also enhanced due to the addition of SNPs.

Reprinted from Materials. Cite as: Li, Z.; Yang, Y.; Qin, B.; Zhang, X_; Tao, L.; Wei, Y.; Ji, Y. Liquid
Crystalline Network Composites Reinforced by Silica Nanoparticles. Materials 2014, 7, 5356-5365.

1. Introduction

Liquid crystalline networks (LCNs) are a type of smart materials which have the ability to convert
external stimuli into mechanical response [1-3]. Due to such a capability and other remarkable
physical characteristics, such as softness, lightweight, and so on [4], LCNs have been proposed as a
promising candidate for many applications, such as muscle mimics [5—7], motors [8], contact
lenses [9], microgrippers [10], microvalves [11], haptic devices [12], and tunable lasing media [13].
Usually the macroscopic orientation of liquid crystal order is hard to achieve, which has greatly
limited their application in practice. Recently, the permanent network crosslinks were replaced by
exchangeable links, resulting in the XLCNs [14]. Not only can the xXLCNs be molded and remolded
into various shapes, but also they can be aligned conveniently. As the XLCNs materials need to be
processed at high temperatures, it is desirable to enhance their thermal and mechanical properties.

The incorporation of nanoparticles into LCNs is a commonly way to improve the LCN’s
performance. For examples, as carbon nanotubes (CNTs) are capable of converting light into heat
efficiently, the LCNs became sensitive to light after the addition of CNTs [15,16]. The silica coated
nanoparticles can also act as light absorber [17]. Schmidt’s group reported the incorporation of
superparamagnetic Fe3Os4 nanoparticles into LCN. Due to hysteresis, the materials exhibited
actuation upon the application of an alternating magnetic field [18]. Anisotropic magnetic
nanoparticles were also incorporated into the LCN [19]. Other nanoparticles, such as PbTiO3 [20],
Molybdenumoxide [21], were also reported. There are investigations on the mechanical and thermal
properties of the LCN and nano particles (NPs) composites [22]. In general, the presence of
nanoparticles lowers liquid crystalline-isotropic phase transition temperature (T1) and glass transition
temperature (Tg) slightly, while increasing the stiffness of the materials. However, the corporation
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of SiO2 nanoparticles into LCN, especially “xLCN” with the exchangeable links, has not
been investigated.

In many cases, SiO2 nanoparticles were incorporated to reinforce polymeric materials. Chengfang
Ou [23] reported three series of epoxy/SiO2 composites. Compared to pure epoxy, these composites
had higher Tg and decomposition temperature (Td). Alzina et al. modified the Si02 with epoxide
functional groups and examined the thermal properties of the composite. In this system, the Tg and
Td decreased in the presence of SiO2 [24].

In this paper, a series of XLCNs/SiO2 composites (xLCN/SNPs), which contained 1-7 wt% SiO2
nanoparticles (SNP) were obtained. The thermal and mechanical tests show that xLCNs/SNP
composites have lower Ti and higher Td than the pure XLCN. There is also an improvement on the
tensile strength and the elongation at break due to the addition of SNP.

2. Results and Discussion
2.1. The Glass and Isotropic Transition Temperatures

DSC was utilized to determine the Tg and Ti of these composites. Figure 1 shows the DSC
thermograms of the xXLCN/SNP composites and the blank XLCN. Two thermal transitions appeared
in each sample: a Tg and a Ti. An apparent difference of the Ti location can be seen from the curves.
To obtain accurate value of Ti, the DSC measurements at different heating/cooling rate were taken
and the Ti value was calculated by extrapolating the values to zero rate (Figure S1). As shown in
Table 1, every Ti of the xXLCN/SNP samples was lower than that of the blank X LCN. This is probably
because nanoparticles act like impurities, disturbing the liquid crystal orientation [17,25,26].
Meanwhile, as the nanoparticles content increased, the Ti increased too. A possible explanation is
that the SNPs also restrict the motion of the molecules. Similar to Ti, such phenomenon was observed
for Tg.

Figure 1. DSC thermograms of xLCNs/SiO2 composites (xLCN/SNP) and blank xLCN.
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Table 1. Thermal data of xLCNs/Si02 composites (xLCN/SNP) and blank xLCN sample.

Sample Tg(°C) Ti(°C) Td(°C) Tienthalpy (J/g) Weight at 800 °C (%)
blank 60.2 114.3 329.5 7.93 0

SNP 1% 46.1 104.1 360.1 6.05 1.49

SNP 3% 54.4 105.2 340.4 6.64 3.12

SNP 5% 57.4 108.2 357.3 7.20 3.87

SNP 7% 56.8 107.9 356.2 7.06 5.92

2.2. Thermal Stability

Thermogravimetric analyses of thermoset nanocomposites are presented in Figure 2.
The degradation of pure XLCN started at about 275 °C. When silica nanoparticles were added, the
material degraded at higher temperatures. As can be seen from Figure 2, the Td of xLCN with 1%
SNP was about 30 °C higher than that of the blank one. All the samples doped with silica
nanoparticles were more stable than the blank sample. The weight percent at 800 °C of all samples
were listed in Table 2, these values largely depended on the SNP content, and as the SNP increased,
the weigh value at 800 °C increased too. Although there was not much relevance observed between
Td and SNP contents, it still could be concluded that the overall thermal stability was improved by the
addition of SiO2 nanoparticles.

Figure 2. TGA curves of xLCNs/SiO2 composites (xLCN/SNP) and blank xLCN sample.
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Table 2. Young’s modulus of xLCNs/SiO2 composites (xXLCN/SNP) and blank xLCN
sample at different temperatures.

Temperature (°C) Blank SNP 1% SNP 3% SNP 5% SNP 7%
30 3.636 2.674 3.063 3.208 2.494
90 0.0454 0.0608 0.0557 0.0501 0.0447
160 0.0151 0.0182 0.0143 0.0199 0.0178

2.3. Dynamic Mechanical Properties of the Composites

The mechanical properties of the composites were investigated by a tensile test with the force
increased by a rate of 0.1 N/min from 0.1 N to 18 N at different temperatures. Figure 3a shows the
stress-strain curves of XLCN/SNP and blank xLCN samples at 30 °C. At this temperature, pure LCN
always had higher Young’s modulus. As shown in the picture, the blank sample had smaller strain
than the xLCN/SNP composites under the same stress. However, as shown in Figure 3b, compared
to the XxLCN/SNP composites, the blank sample broke easily at lower strain. When silica
nanoparticles were added, the modulus of the material reduced a bit but a bigger elongation at break

was achieved for most samples.

Figure 3. Stress-Strain curves and breaking stress/strain plot of XLCNs/SiO2 composites
(xLCN/SNP) and blank xLCN samples at 30 °C.
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Since XxLCNs need to be reshaped at a temperature above Tg to get a temporary shape and
above 160 °C for a permanent shape, it is important to evaluate the mechanical properties of those
composites at those high temperatures. As can be seen in Figure 4a, all the XLCN/SNP composites
can stand larger stress than the pure xXLCNs sample at the same strain, but the sample with excessive
nanoparticles (>5%) would break more easily. As presented in Figure 4c, the mechanical properties
of XLCN/SNP composites were all better than the blank sample at 160 °C. At this temperature, the
sample with SNP content can stand bigger stress and larger strain before break, which can be seen in
Figure 4d. As shown in Table 2, compared to the blank sample, most of the xXLCN/SNP composites
have bigger Young’s modulus. One possible explanation for this phenomenon is that as the
temperature rises over Tg or Ti, the interaction between polymer chains get weaker, and the
interaction between SNP and polymer become to play a more important role [27].
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Figure 4. Stress-Strain curves and breaking stress/strain plot of xLCNs/SiO2 composites

(xLCN/SNP) and blank xLCN sample at (a,b) 90

°C and (c,d) 160 °C.
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2.4. Morphology Investigation of Fractured Surface

SNP content %

SEM micrographs were recorded to investigate the agglomeration of the SiO2 nanoparticles in

polymer matrix, which has an important influence on the mechanical properties [28]. As presented

in Figure 5a, the silica nanoparticles are narrowly dispersed with a polydispersity of 0.06

(Figure S2). A SEM image of the nanoparticles at a magnification of 30,000 was presented in Figure

S3. Figure 5b—f shows SEM micrographs of the fracture surfaces of samples which were prepared in

liquid nitrogen. The cross section of blank sample seems clean and homogeneous. As shown in

Figure 5c,d, for the sample with lower content of SNP, the cross section was similar like the blank

sample and agglomeration can be hardly observed by the small white dots. As the content of SNP

increased, the fracture surface gets rough and small cluster can be observed, indicating the

agglomeration. However, the clusters are far smaller than 1 um and many isolated SiO2 nanoparticle

dots can be observed, which indicates a good dispersion.
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Figure 5. SEM micrographs of (a) silica nanoparticles and the fracture surfaces of
(b) blank samples and the xLCNs/SiO2 composites (xLCN/SNP) composites with (c)
1%; (d) 3%; (e) 5%:; (f) 7% content.

2.5. Thermal Actuation and Shape Memory

Like the blank sample, all the monodomain SiO2 dispersed xXLCNs can show the similar thermal
reversible actuation and the polydomain samples exhibit the irreversible triple shape memory effect.
For example, a free-standing monodomain xLCN/SNP (5%) sample was prepared by the method
reported before [14]. Figure 6a shows the change of natural length of the monodomain xLCN/SNP
(5%) film at different temperatures. At the temperature (115 °C) above Ti, the sample strip was in
isotropic phase. When it cooled down to room temperature (30 °C), the sample elongated to an
uniaxially aligned strip. The triple shape-memory of the polydomain xLCN/SNP (5%) was
demonstrated in Figure 6b. The sample with a flat shape (A) was deformed into a V-shape (B) at
130 °C. After cooling down to 75 °C, this shape was fixed temporarily. Then the sample was further
deformed at 75 °C into a new shape (C), which was then fixed by cooling below Tg. During the
heating process, the sample recovered the shape B (above Tg) and then the original shape A
(above Ti) successively. As shown in this experiment, XLCN still have the triple shape memory effect
and the corresponding monodomain maintains the properties with the absence of SNPs.
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Figure 6. (a) The change of natural length of a free-standing monodomain xLCNs/SiO2
composites (XLCN/SNP) (5 wt%) between the liquid-crystal phase (30 °C) and the
isotropic phase (115 °C); (b) Triple shape memory of a polydomain xLCNs/SiO2
composites (xXLCN/SNP) (5 wt%) sample.
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3. Experimental Section
3.1. Preparation of SiO:2 Nanoparticles

Silica nanoparticles (SNP) were synthesized using the classic Stober method [29]. Catalyzed by
ammonia, tetracthyl orthosilicate (TEOS) were hydrolyzed in ethanol. An amount of 1.9 g aqueous
ammonia solution containing 28% NH4OH was diluted in technical ethanol (96%) to 20 mL.
An amount of 8.33 g TEOS was dissolved in technical ethanol to 20 mL and was slowly added to the
NH4OH solution. Then the mixture was stirred overnight at room temperature. The product was
separated by centrifugation at 8000 rpm and dried in vacuum at 60 °C. Dynamic light scattering
(DLS) showed the nanoparticles have a size of 250 nm.

3.2. Preparation of xLCNs/SNP Film

The process for the synthesis of the LCN/SNP composites is presented in Scheme 1. An amount
of 0.298 g 4,4'-dihydroxybiphenyl, 0.202 g sebacic acid, and various SNP content (1%—7%) were
dispersed in chloroform and sonicated for 5 min. Then the mixture was evaporated and melt at 160
°C before a triazabicyclodecene catalyst (5 mol% to the COOH groups) was introduced and stirred
manually until homogeneous. Then the mixture was cured at 180 °C for 4 h between two glass slides
covered with polytetrafluoroethylene tape. The monodomain preparation procedure is exactly the
same as that used in former paper [14], which has given all the detailed information.
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Scheme 1. Sketch of the chemical process to obtain xLCNs/SiO2 composites

(XLCN/SNP).
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3.3. Characterization

DSC measurements were performed on TA 2000 analyzer (TA Instruments, New Castle, PA,
USA). Appropriate amount of samples were heated from 20 °C to 180 °C at a temperature scanning
rate of 10 °C/min under dry nitrogen atmosphere. The DSC measurements at different
heating/cooling rate of 5 °C/min, 10 °C/min, 15 °C/min, 20 °C/min, 25 °C/min were taken and the
Ti value was calculated by extrapolating the values to zero rate (Figure S1). Thermogravimetric
analyses (TGA) were performed on a TA-Q50 (TA Instruments, New Castle, PA, USA), under air
atmosphere with a heating rate of 20 °C/min from 30 °C to 800 °C.The morphology of the xXLCN/SNP
film was obtained by scanning electron microscopic (SEM) (FEI, Hillsboro, TX, USA).The tensile
tests were measured by a dynamic mechanical analyzer (DMA) (TA Instruments, New Castle, PA,
USA). For every sample, the force increased from 0.1 N to 18 N by a rate of 0.1 N/min at 30 °C,
90 °C, and 160 °C.

4. Conclusions

In this paper, a series of XLCNs/SiO2 composites with 1-7 wt% SiO2 nanoparitcles (SNP) were
obtained. According to DSC, the Tg and Ti of the all xXLCN/SNP samples were lower than that of
pure LCN. Determined by TGA, the Td of the xXLCN/SNP composites was always higher than that
of pure LCN and exhibited a maximum increment of 35 °C by the addition of 1 wt% SiOx.
Morphology investigation proved that the SiO2 nanoparticles were well dispersed. The stress-strain
results showed that at a temperature above Tg or even above Ti, xXLCN/SNP composites
demonstrated higher tensile strength and the elongation at break. In summary, by incorporation the
Si02 nanoparticles into XLCN materials, xXLCN/SNP composites with better thermal stability and
mechanical property were achieved, which may improve the performance of the xXLCNs during
molding and reshaping process.
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Part III: Lyotropic Liquid Crystals

From Cellulosic Based Liquid Crystalline Sheared Solutions
to 1D and 2D Soft Materials

Maria Helena Godinho, Pedro Lucio Almeida and Joao Luis Figueirinhas

Abstract: Liquid crystalline cellulosic-based solutions described by distinctive properties are at the
origin of different kinds of multifunctional materials with unique characteristics. These solutions can
form chiral nematic phases at rest, with tuneable photonic behavior, and exhibit a complex behavior
associated with the onset of a network of director field defects under shear. Techniques, such as
Nuclear Magnetic Resonance (NMR), Rheology coupled with NMR (Rheo-NMR), rheology, optical
methods, Magnetic Resonance Imaging (MRI), Wide Angle X-rays Scattering (WAXS), were
extensively used to enlighten the liquid crystalline characteristics of these cellulosic solutions.
Cellulosic films produced by shear casting and fibers by electrospinning, from these liquid crystalline
solutions, have regained wider attention due to recognition of their innovative properties associated
to their biocompatibility. Electrospun membranes composed by helical and spiral shape fibers allow
the achievement of large surface areas, leading to the improvement of the performance of this kind
of systems. The moisture response, light modulated, wettability and the capability of orienting
protein and cellulose crystals, opened a wide range of new applications to the shear casted films.
Characterization by NMR, X-rays, tensile tests, AFM, and optical methods allowed detailed
characterization of those soft cellulosic materials. In this work, special attention will be given to
recent developments, including, among others, a moisture driven cellulosic motor and
electro-optical devices.

Reprinted from Materials. Cite as: Godinho, M.H.; Almeida, P.L.; Figueirinhas, J.L. From Cellulosic
Based Liquid Crystalline Sheared Solutions to 1D and 2D Soft Materials. Materials 2014, 7,
4601-4627.

1. Introduction

Cellulose, the main constituent of plant cell walls, is a linear polysaccharide (Figure 1), which is
mainly used to produce paper. However, in this work we are more interested in soft materials
obtained from converted cellulose, not only into nano rods, but also in cellulose derivatives. In 1976,
Gray reported that concentrated solutions of cellulose derivatives could self-assemble into ordered
phases [1]. Those liquid crystalline phases displayed colors that changed with concentration and
viewing angle, which were attributed to a cholesteric structure. The maximum peak wavelength (Ao)
reflected by the samples for incident light normal to the surface may be expressed as, Ao = nePcos0,
where ne 1s the average refractive index; P the helical pitch; and 0 the angle between the light
propagation direction and the helix axis [2]. The values of Ao may, therefore, be tuned by altering
the helical pitch or the average refractive index of the chiral nematic material. Some theories were
proposed to interpret the variation of the pitch with polymer concentration. For example, the theory
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proposed by Kimura ef al. [3] predicts a linear dependence of the reciprocal pitch against
d(1 — ¢/3)/(1 — )?, where ¢ is the polymer concentration, which is in fairly good agreement with the
experiments [4]. Due to cellulose relatively stiff cellulose backbone, which forces a parallel
orientation of the chains, a wide range of cellulose derivatives was found to form both lyotropic and
thermotropic chiral nematic liquid crystals [5]. The selective light reflection, as well as the optical
turbidity of the liquid crystalline cellulose derivatives solutions can be tuned, not only by the
application of external fields [6,7], but also by the addition of aqueous salt solvents [8] and
by playing with solvent/cellulose derivative systems [9—11]. The dynamic control of the cholesteric
coloration and optical clarity of lyotropic aqueous cellulose derivatives was more recently achieved by
using various N-alkyl-substituted methylimidazolium salts and a weak electric field [12,13]. The
electro-optical behavior of the system was interpreted in terms of the salt-containing liquid-crystalline
system and the medium viscous electrolytic and high resistance characteristics [12]. In order to
improve the optical characteristics of the solutions the treatment of surfaces, as well as the use of
solvents that decrease the viscosity of the liquid crystalline cellulose solutions was investigated [ 14].
Many efforts were done to trap the chiral nematic structure into iridescent solid films. Principal
attempts refer the use of solvents that can undergo polymerization and also the use of UV sensitive
substituents [15-18]. Lasing in solid cross-linked cholesteric cellulose based films with high
reflectivity doped with fluorescent dyes was also recently evidenced in literature [19]. The fabrication
of cellulosic spheres by microfluidics, with iridescence was also described in literature [20].
addition to cellulose derivatives liquid crystalline phases it was also found that Nano crystalline
cellulose (NCC) films were capable of reflecting colored light if prepared from liquid-crystalline
cellulose suspensions. NCC liquid crystal templates were used to generate new photonic materials,
which can combine mesoporosity with long-range chiral ordering [21,22]. Moreover the
incorporation of NCC rods into composite materials results into systems with enhanced mechanical
properties, which have been investigated systematically in literature [23]. NCC rods seemed the
perfect material to incorporate in cellulosic water-soluble matrices because of their intrinsic
hydrophilic character [24]. Many studies were performed and described in literature that concerns
the preparation of films from NCC/polymer mixtures in aqueous media [25], more recently
nano cellulose paper was applied as substrate and gate dielectric to produce flexible field effect

transistors [26] and also electro-optical sensors [27].

Figure 1. Chemical structure of the repeating unit of cellulose (dimer cellobiose).
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In addition to that, sheared cellulose derivatives casted solid films, with a complex network of
defects, which are easily identified by polarizing optical microscopy (POM), under cross polars, were

also obtained and studied [28]. Various reports were published in order to correlate the defects
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appearance and the rheological behavior of the precursor solutions but some fundamental questions
are not yet answered (Figure 2). X-rays results showed that the cholesteric order can be destroyed in
sheared films and that a bundle of warped helicoidal fiber-like structures where the cellobiose block
spins around the axis of the fiber can develop. The bundles should have fibers with both the levogyre
and dextrogyre arrangements, with equal probabilities, and have a residual orientation along the shear
direction [29].

Figure 2. Scanning electron microscopy micrograph of a free-standing cellulosic film
prepared from a sheared liquid crystalline solution.

Atomic force microscopy (AFM) measurements revealed that sheared films topographical
features could be affined by playing with the films processing conditions [28]. It was demonstrated
that the films prepared from liquid crystalline solutions can show two periodic structures, primary
and secondary set bands. The former consisting of bands perpendicular to the shear direction while
the latter has the bands slightly tilted from that direction. An out-of-plane angle variation of the
sinusoidal molecular orientation was also reported [29,30]. The anisotropic nature of cellulosic
solutions give them also unique characteristics that has impact, for example, in the way the viscosity
changes with polymer concentration. For low polymer concentrations, while in the isotropic phase,
the viscosity of the solutions increases with the increase of polymer fraction. However, for higher
polymer concentrations, corresponding to the formation of the liquid crystalline phase, the increase
in concentration results in a decrease of the viscosity. This was attributed to the spontaneous
orientation of the mesogenic cellulose segments above the critical concentration [31]. The viscosity
drop, associated to the liquid crystalline phase appearance, is an important effect that one can
take profit from when working with relatively high concentrated cellulose based solutions.
The characteristics of the solutions make them suitable for preparing shear-casting films with unique
characteristics that allowed the preparation of alignment layers to liquid crystals, as well as refractive
gratings [24,27].

Electrospinning as well as cellulose acid hydrolysis (Figure 3) can be used to produce fibers from
cellulose based liquid crystalline solutions, with diameters ranging from few nanometers to hundreds
of microns, which can be at the origin of mats with very high surface areas [32]. The most interesting
result obtained from cellulosic liquid crystals by using the electrospinning technique, was the
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generation of jets and fibers with intrinsic curvature, which arise from stiff line defects (disclinations)
that develop during processing. Due to the intrinsic curvature of the system micro-jets swinging as
well as micro/nano fibers winding and overwinding, self-motions could be observed and controlled
by adjusting temperature and electrospun experimental parameters. These cellulose-based materials
not only mimic at the micro/nano scale the helical shapes observed, for example, in tendrils but also
their motion and mechanical adaptability could be reproduced. The same mechanism was in action
for all these systems providing that the same physical model, proposed for elastic filaments with
intrinsic curvature, could be applicable. The cellulose-based non-woven mats produced were
expected to play a significant role in the generation of nano- and microdevices, because of their
capacities as separation media, actuators, and host materials for drug delivery [31-33].

Figure 3. Scanning electron microscopy micrographs of a nanocellulose fibers network
mat obtained from cotton after acid hydrolysis.
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In this work, we aim to review snapshots of research carried out on cellulosic-based liquid
crystalline systems, which give insights into the relation between structure/properties on sheared
casted films and fibers and networks of cellulose nanorods (not organized in an iridescent cholesteric
structure)/Liquid crystal systems. In particular we will focus on the use of several techniques, which
include solid state NMR, Rheo-NMR, MRI, X-rays, AFM, and mechanical essays. To illustrate the
potential applications of the fibers and films produced from liquid crystalline cellulose networks we
refer their use to build a soft sensitive moisture motor and electro-optical devices.

2. Liquid Crystalline Solutions Studied by Nuclear Magnetic Resonance (NMR) Methods
2.1. Liquid Crystalline Cellulose Solutions Flow in Capillaries

In order to understand the origin of the intrinsic curvature observed for cellulosic liquid
crystalline materials, Magnetic Resonance Imaging (MRI) experiments were performed on different
acetoxypropylcellulose (APC) dimethylacetamide (DMac) solutions. The synthesis of APC was
performed according to the procedure previously described in [34]. The MRI data were taken on a
vertical wide bore 7.05 T Bruker 300 AVANCE III NMR spectrometer (Rheinstetten, Germany)
according to [33]. The studies were performed on cellulosic solutions that were sheared in capillaries
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with different diameters. The flow inside the capillaries and the jet at the end of them were observed.
Depending on the shear rate and on the anisotropic characteristics of cellulosic solutions, the jet
showed spontaneous curvature and torsion. MRI analysis allowed imaging of characteristic structure
at chosen filament cross-sections along the capillary tube as can be observed in Figure 4.

Figure 4. Cellulosic solutions in a straight glass capillary. (A-C) are MRI
images of the cross-section of a capillary filled with: (A) an isotropic cellulosic solution
(20% w/w, APC/DMac); (B,C) a liquid crystalline solution (60% w/w, APC/DMac) in
subsequent cross-sections. Solutions were continuously sheared for 10 min (y = 20 s™})
and frozen before MRI measurements. (A1), (B1) and (C1) show the time sequence
illustrating the jet escaping of the free capillary end generated by different shear rates (in
all three cases for the liquid crystalline solution). Reproduced from [33] with permission
from The Royal Society of Chemistry.

Isotropic solutions confined in the capillary, which generate straight fibers on extrusion, showed
a homogeneous symmetric cross-section structure (Figure 4A), implying that the averaging of



120

differing structural features would maintain a straight fiber conformation. Confined solutions of
cellulose in the cholesteric liquid-crystal phase, which generate curved fibers, showed a
heterogeneous structure in cross-section with the hard “island” predominantly located closest to the
tube walls and never in the middle of the tube. The off-axis position of the hard “islands” varies along
the tube (Figure 4B,C). POM confirmed that the hard “islands™ correspond to the core of a linear
topological defect (disclination) that can be observed in anisotropic pre- sheared solutions above a
certain critical shear rate (Figure 5). POM images show that the defects lines are forming a helix
along the capillary tube. This observation is supported by the MRI measurements indicates that from
one layer to the following the hard objects rotate (in Figure 4 an anticlockwise rotation can be seen).
The MRI image contrast reflects the local mechanical stiffness of the material, so that dark regions
represent hard “islands” on each cross-section, with the average diameter from 25 to 50 pm, which
is much lower than the capillary diameter (R*) and similar to the average diameter of the helices
measured in POM images.

The present results show that liquid crystalline disclinations are at the origin of the intrinsic
curvature observed for jets and electrospun fibers obtained from cellulosic mesophases. The intrinsic
curvature of the fibers, responsible for their curl and twist, arises from an off-axis core line defect
disclination which is present when the fibers were prepared from liquid crystalline solutions. The
consequence of the intrinsic curvature of the system was also observed during thinning and break-up
of jets produced by continuous motion of anisotropic solutions. The spirals and helices found at
micro/nano scale mimic the shapes observed, for example, in hair [35] and tendrils [36] due to a
similar intrinsic curvature dominated mechanism, providing that, for all these systems, the physical
model proposed for elastic rods with intrinsic curvature could be applicable. The fine-tuning
of temperature will allow us to control the non-woven self-winding mats’ ability adjusting their
surface-to-volume ratio, due to the intrinsic curvature of constituent fibers, which opens horizons for
fabricating new natural scaffolds for tissue engineering [33].

Figure 5. A representative POM image, under cross polarizers, of an
APC/dimethylacetamide helical liquid crystalline precursor solution inside a glass
capillary (600 um). The sample was frozen after being sheared (shear rate; y = 18 s°')
for 10 min. The axis of the tube is parallel to one of the polarizers. The helix radius, R,
pitch P = 2 nR/tan® and the helical angle 6 are marked on the image. The natural
curvature and twist parameters are set by k = 1/R and © = P/2 nR?, respectively.
Reproduced with permission from [33]. Copyright 2010, The Royal Society
of Chemistry.
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2.2. Rheo-NMR Studies of Precursor Cellulosic Solutions

The characterization of precursor cellulosic solutions was found to be crucial to understand the
relation between properties and structure. In order to perform this goal, Rheo-NMR techniques have
been used in the study of liquid crystalline cellulosic solutions under shear [37] and relaxation [38]
while NMR spectroscopy was applied to the study of the corresponding films and fibers [39]. These
studies allowed for the characterization of the molecular order and structure in these systems,
yielding information not directly accessible to other techniques as light scattering [40] or Xray
diffraction [41].

A Rheo-NMR study [42,43] on the model system hydroxypropylcellulose + deuterium oxide
(HPC + D20) at 50% by weight concentration showed a rich and complex behavior both under shear
and in relaxation as can be observed from the deuterium spectra recorded in both processes and
shown in Figure 6 for selected shear rates.

Figure 6. NMR spectra evolution of HPC in D20. (a) During the shearing process with
shear rates of 0.1 and 1 s'; (b) after the cessation of shear. Reprinted with permission
from [42]. Copyright 2013, American Chemical Society.
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It was found under shear that depending upon the shear rate the system goes from a regime of
tumbling cholesteric domains [44,45] observed at low shear rates y = 0.1 s ! where the system order
is low, to a regime of director flow alignment with partial or total helix suppression for shear rates y
of the order of 1 s! or above. The three distinct flow regimes introduced by Onogi and Asada [46]
in the context of shear flow of LC polymers were directly identified in the Rheo-NMR [47] results
and were ascribed to the tumbling of cholesteric domains, the partial flow alignment of the director
and helix deformation and the director flow alignment with partial or total helix suppression.
Relaxation data in the different regimes show that the system moves towards the reformation of the
cholesteric domains and depending upon the starting point where the system is left in to relax this
process may be more or less involved. When relaxation initiates from the tumbling cholesteric
domains regime the cholesteric domains grow and possibly accrete giving rise to an immediate
increase in order. When relaxation initiates from the flow director aligning regime, cholesteric helices
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start to form from the aligned director state, producing a significant decrease in order that only reverts
when the reformed cholesteric domains start to accrete and grow, a process that takes significantly
longer times to develop.

This study was carried out through the analysis of the deuterium spectra arising from the D20
molecules and shown in part in Figure 6. The spectra showed the presence of a single population of
D20 molecules experiencing a large motional averaging. The deuterium spectra were analysed and
simulated considering the presence of water rich regions (WRR) imbedded with the polymer chains
and the presence of fast molecular diffusion within these WRR that allow the D20 molecules to
sample the order of the neighbouring polymer chains. Based on those results, and the accumulated
knowledge on this system [37], it was possible to identify five different mesoscopic states reached
by the HPC/water system during shear and relaxation as shown in Figure 7. State I is the partially
aligned cholesteric polydomain state obtained after relaxation from shearing with low shear rates.
State II is the cholesteric polydomain state attained after relaxation from shearing with high shear
rates. State III is the tumbling regime of the cholesteric domains obtained with low shear rates, state
IV is the partial flow alignment state associated with the intermediate shear rates, and state V is the
flow aligned nematic obtained at high shear rates. The up arrows indicate the relaxation path while
the down arrows indicate the path under shear starting from the polydomain cholesteric reached in
the preparation state. This picture is in direct correspondence with the three regions of steady shear
flow introduced by Onogi and Asada [46], state III appears at low shear rates and corresponds to the
tumbling regime, the intermediate region corresponds to state [V and state V is associated with the
high shear rate region.

Figure 7. Mesoscopic states reached by the HPC/water system during shear and
relaxation. Reprinted with permission from [42]. Copyright 2013, American
Chemical Society.
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3. Liquid Crystalline Cellulose Networks Characterized by Different
Experimental Techniques

3.1. Solid State NMR Spectroscopy of APC Networks With Nematic 5CB Inclusions

In a recent NMR study [39], bulk samples, thin films and electro spun fibers of the cellulosic
composite formed by liquid crystalline acetoxypropylcellulose (APC) and deuterated nematic
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40-pentyl-4-cyanobiphenyl (5CB-ad2) with the percentage of 85% APC by weight were
characterized by deuterium spectroscopy in terms of molecular orientational order. Deuterium
spectra obtained in thin films and bulk samples show similar temperature dependences as the one
found in spun fibers and shown in Figure 8.

Figure 8. Deuterium spectra obtained in spun fibers at different temperatures starting
within the isotropic phase (left) and going deeply inside the nematic range (right) (blue
line, data; red line, model fit). Reprinted with permission from [39]. Copyright 2010,
American Chemical Society.
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It was found that the low molecular weight liquid crystal is phase separated from the APC and
concentrates on submicron droplets in the three types of samples. These droplets are seen to develop
a nematic wetting layer at the APC-5CBad?2 interface that experiences an order-disorder transition
driven by the polymer network N-I transition. Simulation of the deuterium powder patterns as a
function of temperature has shown that the APC network I-N transition exhibits a pronounced
subcritical behavior within a heterogeneity scenario.

This study relied on the analysis of the deuterium spectra arising from the 5CBad2 molecules as
they diffuse inside the submicron size droplets, sampling both their isotropic core, as well as the
polymer surface induced nematic layer. A Landau-de Gennes modelling of this induced order
allowed the order profile inside the droplets to be determined as a function of the surface order Ss
imposed by the polymer chains, enabling the simulation of the ordered part of the deuterium spectra
shown in Figure 7. At the network I-N transition a significant coexistence of both isotropic and
ordered components in the deuterium spectra indicates the presence of heterogeneity in the network.
To model the network order parameter temperature dependence and the network heterogeneity, a
Landau de Gennes modeling of the network order was considered with a Gaussian distribution in the
isotropic phase super cooling limit temperature 7* [39]. This modeling allowed the full fitting of the
spectra shown in Figure 8 and the determination of the Ss temperature dependence shown in
Figure 9.

The Ss temperature dependence shows that the network is subcritical and the spread in transition
temperatures of around 7 K for each of the three samples studied indicates the presence of
heterogeneity in the APC + 5CBad2 system [39].
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Figure 9. Temperature dependence of the order parameter Ss for 7ci = <7c> for the three
distinct samples studied. Triangles refer to the fiber sample, squares to the bulk sample
and circles to the film sample. Reprinted with permission from [39]. Copyright 2010,

American Chemical Society.
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3.2. Wide Angle X-ray Scattering and Polarized Optical Microscopy of Crosslinked APC Films

under Strain

Cellulosic liquid crystalline networks obtained from the previous studied systems can be at the
origin of promising soft matter devices [24]. In order to characterize these type of networks, Wide
Angle X-ray Scattering (WAXS) studies were performed [48] namely of crosslinked APC films
produced from chiral nematic solutions [29]. The studies were carried on films subjected or not to a
uniaxial stress. The results indicate that the films are constituted by a bundle of helicoidal fiber-like
structures, where the cellobiose block spins around the axis of the fiber. Without the stretch, these
bundles are warped, only with a residual orientation along the casting direction. The stretch orients
the bundles along it, increasing the nematic-like ordering of the fibers. Under stress, the network of
molecules that connects the cellobiose blocks and forms the cellulosic matrix tends to organize their
links in a hexagonal-like structure. The X-ray diffraction patterns of the free standing, unstretched,
cellulose films present three diffraction peaks, anisotropically disposed around the z-axis, as shown
in Figure 10. In Figure 11a,b, the diffracted intensity is plotted as a function of q (scattering vector),
along the x and y axes directions. The diffraction peaks in the curves Ixq were fitted with Lorentzian
functions to find the characteristic distances (d) and full-widths at half- height (W).

The characteristic distances associated to the peaks are di = (1.13 = 0.02) nm; d> = (0.44 = 0.01)
nm; and d3 = (0.50 £ 0.01) nm. In a previous work [30] only peak 1 was observed due to the limited
range of scattering wave vectors investigated. The correlation lengths D = Ax/(W-cos0) calculated are
D1 =3 nm; D>~=2nm; and D3 = 14 nm.



Figure 10. X-ray diffraction pattern of the unstretched cellulose film. The single arrow
represents the casting direction. Peaks 1, 2, and 3 are identified. Reprinted with
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permission from [29]. Copyright 2011, Springer.
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Figure 11. X-ray diffracted intensity of unstretched cellulose film. (a) As a function of
g, along the x-axis; (b) as a function of g, along the y-axis. The insert refers to a zoom
around q = 13 nm™!. Reprinted with permission from [29]. Copyright 2011, Springer.
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The analysis of the diffraction peaks in the x—y plane indicates that peaks 1 and 2 are more intense
along the x direction, which corresponds to the direction perpendicular to the casting. On the other
hand, we could not fully verify if peak 3 is also anisotropic with respect to the z-axis since the
presence of peak 2, particularly along the x-axis direction, prevents a reliable azimuthal analysis of
it. Nevertheless, visual inspection of Figure 10 seems to indicate that this peak is preferentially
located in the direction perpendicular to the casting direction. The azimuthal angle analysis of the
diffracted intensity (angle ¢, measured in the xy plane, starting from the x-axis, in the counter
clockwise direction) of the peaks allowed us to obtain the orientational order parameters (OP) [29].

Concerning the case where the film is subjected to a uniaxial stress parallel to the casting direction
(Figure 12). We did not observe significant differences in the patterns obtained in the different film
locations of the X-ray exposures, indicating, at least, in our experimental conditions, homogeneity

of the film.



126

As the stress increases, the order parameters of the three peaks increase, reaching values at
the maximum stress applied (ey = 0.40) of OP1 = (0.85 £ 0.03); OP2 = (0.43 £ 0.02); and OP3; =
(0.8240.01). This increase in the orientational order parameter of peak 1 is consistent with the results
obtained in [30]. Figure 13 shows the diffracted intensity as a function of q along the x (Figure 13a)
and y (Figure 13b) axis directions. As the stretch is increased, peak 3 become more and more defined
in the diffracted intensity versus q curves (Figure 13b). The positions of the peaks were not modified
by the stress. An intriguing result was obtained when we analyzed peak 2 profile as a function of the
azimuthal angle ¢ (Figure 13c).

A hexagonal distribution of diffraction maxima could be identified in the peak 2 position, which
provided a hexagonal lattice parameter du = 0.5 nm about the same of the characteristic distance ds.
The value of du was obtained assuming that the diffraction peaks of hexagonal symmetry
observed in the position of peak 2 (d = 0.44 nm) correspond to the (100) diffraction plane of the
two-dimensional hexagonal packing, i.e., du = dioo/(cos(n/6)). The typical dimension of an extended
glucose molecule is of the order of 0.5 nm and the cellobiose, composed by two glucose molecules,
is the repeating building-block in the cellulosic sample. The structure proposed for the cellulosic film
has to take into account the diffraction characteristic distances observed, the dimension of the
cellobiose building block, and the information that, before the casting, the system presents a
cholesteric structure. We propose that in the film there is a bundle of helicoidal fiber-like structures
where the cellobiose block spins around the axis of the fiber. The distance between the fibers should
be of the order 1.1 nm, corresponding to peak 1 of the diffraction pattern. Since there is no evidence
of chiral activity in the cellulosic films in the macroscopic scale, these bundles should have fibers
with both the levogyre and dextrogyre arrangements, with equal probabilities. Without the stretch,
these bundles of fibers may be warped, only with a residual orientation along the casting direction.
The stretch orients the bundles along it, increasing the nematic-like ordering of the fibers. Under
stress, the network of molecules that connects the cellobiose blocs and forms the cellulosic matrix
tends to organize their links in a hexagonal- like structure.

Figure 12. Cellulose film at maximum stretch with ey = 0.40. (a) Sketch of the cellulose
film under stretch and indication from where the X-ray diffraction patterns were taken.
The single arrow indicates the casting direction and the double arrow the stretching
direction; (b) diffraction patterns obtained at the different film location. Reprinted with
permission from [29]. Copyright 2011, Springer.
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Figure 13. X-ray diffracted intensity of stretched cellulose film at maximum stretch with
ey = 0.40. (a) As a function of q, along the x-axis; (b) as a function of g, along the y-axis.
The insert refers to a zoom around ¢ = 13 nm™!; (¢) as a function of the azimuthal angle
o, referring to peak 2. The sinusoidal curve is only a guide for the eyes. Reprinted with
permission from [29]. Copyright 2011, Springer.
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The same samples used to perform the WAXS essays were used to perform POM essays.
The optical microscopy texture of the sample under crossed polarizers (casting direction parallel to
the analyser) revealed that the film is birefringent, but with a non-uniform texture (Figure 14a).

The analysis of the texture under crossed polarizers leads to the macroscopic arrangement of the
director sketched in Figure 14b. There are light and dark regions that form a pattern with stripes, with
a periodicity of = 4.4 um (distance between three light regions), perpendicular to the direction of the
casting. This periodic structure is originated by the shear-casting procedure. After the cast the
molecular chains have a collective relaxation that results in the formation of that pattern.
This morphology has been observed in other cellulose derivative films and was found to be
influenced by the precursor solution composition, solvent evaporation rate, film thickness, and rate
and duration of shear [28,49]. The application of successive stretches in the direction of the casting



128

(i.e., in this experimental configuration, parallel to the analyser direction) showed that the texture of
the film becomes increasingly dark. This is because the direction of the optical axis, previously
created by the casting, is parallel to the analyser direction. If the optical axis of the sample is rotated
by 45° in the plane of the microscope plate, the texture became bright. This result is consistent with
the nanoscopic structure proposed in the previous X-ray scattering section. The fiber-like structure
where the cellobiose block spins around the axis of the fiber defines the director direction, parallel
to the casting direction. As the X-ray beam probes a large portion of the sample (typical beam
diameter of about 1 mm) the diffraction pattern reveals the mean orientation direction of the director.
Upon relaxation (initially at € = 0.29 and after r = 5 min) the film did not recover the initial texture,
in accordance with the X-ray results already discussed.

Figure 14. Optical microscopic textures under crossed polarizers (OMP) of (a,e) the film
unstretched; (b) and sketch of the director orientation; (¢) OMP of the film under stretch
parallel to the casting direction; and (d) upon relaxation; (f) OMP of the film under
stretch perpendicular to the casting direction; and (g) upon relaxation. The single arrow
indicates the casting direction and the double arrow the stretching direction. Reprinted
with permission from [29]. Copyright 2011, Springer.
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When the stretch is applied perpendicular to the casting direction the texture of the sample under
crossed polarizers (Figure 14e,f) becomes increasingly darker with increasing stretch, and then
clearer after its relaxation (Figure 14g). Assuming the structure depicted in Figure 14b, the stretch
along the direction perpendicular to the casting will impose a tendency of reorientation of the
fiber-like arrangement parallel to the stretching direction. This reorientation may in principle proceed
either in the clockwise or the anticlockwise direction but due to the initial oscillatory form of the
director around the casting direction due to the band structure, different regions will rotate in opposite
sense depending on the initial director orientation at each point. Depending on the location of the



129

film analyzed and the boundary conditions imposed by the borders of the film, the fibers will tend to
reorient to their local environment. This fact can explain the different X-ray patterns obtained in
different film positions (Figure 15). At the border of the film (positions A and B in Figure 15) the
director, that was initially oriented on average parallel to the casting direction (x-axis), is now
primarily oriented at &= /4 with respect to the x-axis due to the boundary conditions that prevent a
complete rotation of the director to the stretching direction. In the center of the film (position C in
Figure 15), the director is oriented primarily along the y-axis (stretching direction). Let us look in
more detail at the appearance of the film under stress, without the crossed polarizers. The film
initially had 2 mm in length (Lo), 5 mm in width and 21 pm in thick and was stretched every 6 min
until 16 mm in length, and then relaxed.

Figure 16 shows the sequence of stretches of the film from € = 0.71 (Figure 16b) until € = 7
(Figure 16d), with the stress applied perpendicular to the casting direction. It is clearly observed an
additional periodicity in the direction perpendicular to the casting direction.

Figure 15. Sketch of the cellulose film under stretch (e = 7.00) and indication from where
the X-ray diffraction patterns were taken. The single arrow indicates the casting direction
and the double arrow the stretching direction. Diffraction patterns obtained at the
different film locations. Reprinted with permission from [29]. Copyright 2011, Springer.
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The distance (along the x-axis) between two successive stripes increases linearly with e
(Figure 17). Under crossed polarizers these stripes are also birefringent (Figure 18). This result
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indicates that the effect of the casting in the macroscopic structure of the cellulosic film is not only
to impose a periodic bend organization of the local director, as sketched in Figure 14b in its direction,
but also bends this super structure in the direction perpendicular to it in a larger length scale. Upon
relaxation, the film takes a long time to recover its original length (Figure 16e,f). However, its shape
is strongly modified, in particular its width (direction perpendicular to the stretch), indicating the
plastic behavior of the deformation.

Figure 16. Textures from optical microscopy without crossed polarizers (OM) of the
film unstretched (a); under successive stretches (b,c,d); and under relaxation (e,f).
Stretch perpendicular to the casting direction. The single arrow indicates the casting
direction and the double arrow the stretching direction. Reprinted with permission
from [29]. Copyright 2011, Springer.
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Figure 17. Distance between two consecutive stripes along the x-axis, as a function of e.
Data corresponding to the experimental situation of Figure 16. Reprinted with permission
from [29]. Copyright 2011, Springer.
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When the film is stretched in the direction parallel to the casting direction this additional

periodicity is not observed.
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3.3. Atomic Force Microscopy of HPC Films

To perform the Atomic Force Microscopy (AFM) experiments, solutions of cellulose derivatives
at several concentrations, ranging from the isotropic to the anisotropic phase region, were prepared.

Figure 18 shows the 3D topography image (20 x 20 um? scan) of the free surface of a sheared
HPC film prepared from a 60% w/w solution at a shear rate vi = 5 mm/s. The image shows two
different scale ranges: a primary set of “large” bands, perpendicular to the shear direction, and a
smoother texture characterized by a secondary periodic structure containing “small” bands.

Figure 19 shows a top view image of the height scan of the surface shown in Figure 18 and the
analysis of the height profile at two cross sections: AA' and BB'. Cross section AA' was taken along
the shear direction. The periodicity of the “large” bands, A/1, and the average peak-to-valley height
for these bands, /1, were determined from the AA' height profile plot, as indicated. Cross section BB'
was taken along the direction of the secondary periodic “small” bands. The periodicity of the “small”
bands, A2, and their peak-to-valley height, 42, were measured from the BB’ height profile plot, as
indicated. The arrows on the top of the view image along AA' and BB' lines mark the points used for
the measurements performed in the height profile plots.

Figure 18. 3D topography image (20 x 20 um? scan) of the free surface of a sheared HPC
film prepared from a 60% w/w solution at a shear rate vi = 5 mm/s. Reprinted with
permission from [28]. Copyright 2002, American Chemical Society.

Figure 20 shows the top view image of the amplitude scan of the free surface of three sheared
HPC films prepared at a shear rate of vi =5 mm/s from solutions of different concentrations: (a) 30%
(w/w), (b) 50% (w/w); and (c) 65% (w/w). The surface of the film prepared from 30% (w/w) does
not possess any periodicity. A primary and a secondary set of bands were observed only on the films
prepared from anisotropic solutions, i.e., 50%—65% (w/w). Moreover, the films prepared from the
solutions of the same concentration, using a higher shear rate v = 10 mm/s), exhibit similar
topographies, but they are characterized by different parameters. At a constant concentration, for
example at 65% (w/w), the periodicity of the bands (A1) shows a tendency to decrease when the
shear rate increases (A/i(vi) = 2.97 um and A/i(v2) = 1.97 um). At a constant shear rate, as the
concentration of the polymer increases, the periodicity of the bands decreases (for vi, at 50% and
65% (w/w), Al =4.68 um and Ali = 2.97 um, respectively).



132

Figure 19. Top view image of the height scan of the surface shown in Figure 20 and the
height profile analysis at the two cross sections: AA' and BB'. The arrows on the top of
a view image along AA' and BB' lines mark the points used for the measurements of
the height profile. Reprinted with permission from [28]. Copyright 2002, American
Chemical Society.

0-1 \/ \

Height ColorScale: T | w ; |
0 70 140 0 10.0 20.0
nm pm

Figure 20. Top view image of the amplitude scan of the free surface of three sheared
HPC films prepared at a shear rate of vi = 5 mm/s from solutions with HPC/water ratios:
(a) 30% (w/w); (b) 50% (w/w); and (¢) 65% (w/w). Reprinted with permission from [28].
Copyright 2002, American Chemical Society.
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A tuneable topographic system may be obtained from HPC aqueous liquid crystalline
solutions [50]. The results point out that two kinds of periodicities may be locked and adjusted in
these systems as a function of the processing conditions. The set of “large” bands, which develops
perpendicular to the shear direction, can be described as a relaxation process, which occurs
immediately after the end of a shear applied to polymer liquid-crystalline solutions and attributed to
contraction strains of the sheared sample induced by stress relaxation after cessation of flow. The
secondary bands periodicities show a net tendency to decrease with polymer content, which seems
an indication that the development of the “small” bands are mainly ruled by the cholesteric liquid
crystal characteristics imposed by the initial precursor solutions. The pitch of the precursor chiral
nematic solution and the related values of the liquid crystal elastic constants of the material can
therefore be mainly responsible for the variation in size of the secondary bands, observed
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experimentally [24]. The films are found to be self-affine between 300 nm and 4 pm but not for
higher scales. In general, the fractal dimension is found to increase with both polymer concentration
and shear rate. This trend reflects the increasing complexity of the surface topography when the films
are prepared with higher polymer concentrations or with higher shear rates [28].

3.4. Mechanical Behavior of Solid Cellulose Derivatives Films

Anisotropic solid films were fabricated by spreading the HPC anisotropic solutions, 60% (w/w),
with the help of a calibrated shear casting knife, at room temperature, in an appropriate Teflon mould,
this procedure allows the precise control of the shear casting flow speed (v) (1 mm-s!) and enables
the ready removal of the films without damaging at room temperature, other methods to obtain
sheared HPC solid films involved higher processing temperatures [51]. After solvent controlled
evaporation, the solid cast shear films had an average thickness between 14 and 30 pm.
As evaporation continues, the density of rod-like fragments increases near the free top surface, giving
rise to increased orientational order. This in turn causes elongation at the top of the film in the
direction parallel to the director, and since the dimensions of the bottom surface in contact
with the glass substrate are fixed, the top surface buckles, forming a set of grooves shown
previously [52-54].

Figure 21. Stress-strain relations. Squares correspond to strain parallel to the shear
direction and the nematic director. Circles correspond to strain perpendicular to the shear
direction and the nematic director. For this geometry, above a threshold, the stress is
nearly independent of strain. This indicates “semi-soft” elasticity, characteristic of
nematic elastomers. The negative slope at higher strains corresponds to failure due to
tearing of the films. Reprinted with permission from [55]. Copyright 2013, Nature
Publishing Group.
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The modulus of the cellulose network has been measured for strain along the director, as well as
perpendicular to it. Results are shown in Figure 21; for small strains, Young’s modulus is
263 + 39 MPa for shear parallel and 140 + 9 MPa perpendicular to the director. Above a threshold
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of 4 MPa, the stress in the perpendicular direction is nearly independent of the strain. This
“semi-soft” elastic response is characteristic of liquid crystal elastomers [56] and has been associated
to a director reorientation. However, as already highlighted [57], a reset of order can also be the
underlying mechanism for this process as observed in sheared anisotropic cellulosic films [30].
The film rupture is preceded of a plastic regime when stretching is imposed parallel to the casting
direction while it is preceded of significant necking during the “semi-soft” elastic response when
stretching is imposed perpendicular to the casting direction.

When exposed to water vapor, free standing films prepared from a 60% (w/w) solution bend, as
shown in Figure 22. When water vapor penetrates the free surface of the film, the sample bends
around an axis parallel to the shear direction, with the free surface on the outside (Figure 22a).
This is consistent with expansion of the free surface of the film in the direction perpendicular to the
director. Such an expansion is expected, since the order parameter is reduced by the presence of the
solvent water, and furthermore the presence of water molecules between the cellulose chains in the
rigid segments is expected to cause the thickness of the rod-like fragments to increase.

Figure 22. Bending of freestanding films. (a) The film free top surface; and (b) the film
glass bottom surface exposed to water vapour. Sheared films were prepared from liquid
crystalline HPC/water solution, the arrows indicate shear direction. Reprinted with
permission from [55]. Copyright 2013, Nature Publishing Group.

The shear stress associated with such bend has been measured, as a function of time (Figure 23),
in a 20 mm x 20 mm X 32 um planar sample at 24 °C with free surface exposed to humidity.
Measurements were taken with Mettler Toledo AG204 load sensor. The maximum stress measured
was 383 Pa.

When the film is allowed to dry, either by heating or by being placed in a low-humidity
environment, the film unbends, reversibly assuming its original shape. The bending is relatively fast,
on the scale of =1 s.
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Figure 23. Dynamics of stress evolution. Shear stress in a 20 mm % 20 mm X 32 um
planar sample at 24 °C with free surface exposed to humidity as function of time,
measured with a Mettler Toledo AG204 load sensor. The maximum stress measured was
383 Pa. Reprinted with permission from [55]. Copyright 2013, Nature Publishing Group.
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Interestingly, when the glass side of the film is exposed to water vapor, it bends around an axis
perpendicular to the shear direction, with the glass side being convex (Figure 22b). This is consistent
with a nearly isotropic expansion of the glass side surface due to the presence of moisture. Since
corrugations on the free surface give rise to a smaller effective modulus for bend in this direction, as
has been confirmed by independent measurements, bend occurs around an axis perpendicular to the
shear direction. The bend produced by exposing the glass side to water vapor is considerably smaller
than that of the free surface. Taking advantage to the bending moisture effect a soft cellulosic motor
was built (Figure 24) [55].

Figure 24. Moisture-driven liquid crystal cellulose engine. (a) Schematic of the motor,
showing location of moist air and rotation direction. The alignment direction is parallel
to the axes of the wheels. The free surface of the film is on the outer side; (b) series of
video frames showing rotation. The motor is housed in a dry environment. Momentum
transfer from the moist air is small, and opposes the observed motion. Belt dimensions
are: 1.0 cm x 8.0 cm % 30 um; wheel diameter is 14 mm. The direction of rotation is
indicated by a black arrow, and of moist air flow by a white arrow (a). In (b), t =2 s/frame.

Reprinted with permission from [55]. Copyright 2013, Nature Publishing Group.
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Nano crystalline cellulose rods can be incorporated into composite materials, enhancing their
mechanical properties [58]. NCC filler was used as a probe, which can influence the mechanical
properties of the films but does not destroy the liquid crystalline characteristics of the composite
material. In fact, adding 0.1% of NCC rods implies that the Young’s modulus of the films, as well as
the tensile strength, measured in perpendicular (Per) and parallel (Par) directions to the casting, were
increased by a factor of 2.5 and 3.2 for Par and 3.0 and 2.2 for Per, respectively, when compared
with films prepared from HPC anisotropic solutions [24]. Because of the high degree of molecular
orientation, the HPC and the HPC/NCC films exhibit high modulus and strength along the shear
direction and the mechanical strength in the transverse direction is low. These anisotropic mechanical
properties are consistent with the molecular orientation, which results from the flow of the liquid
crystalline solution under shear stress. The fact that the Young’s modulus and strength is much higher
for HPC/NCC compared with HPC films, along the shear direction, is an indication that NCC rods
align along this direction when the films are prepared. NCC rods enhanced the brittle behavior along
this direction, as well as in the Per direction and act as a stiffener to the anisotropic cellulose matrix,
which is also reflected in the strength deformation values for Par and Per directions.

The features (not the values) of the stress/strain curves obtained were similar to those from
other APC and HPC already reported in the literature for isotropic and anisotropic cellulose
derivatives [59—61].

3.5. Cellulose Derivatives Composites in Electro-Optical Applications

Cellulose derivatives composites for electro-optical (EO) applications were introduced in 1982 by
Craighead et al. [62], followed a few years later by a different type of cellulose derivative EO cell,
named cellulose-based polymer dispersed liquid crystal (CPDLC) [63,64]. Due to the good match
between the ordinary refractive index of the nematic liquid crystal (NLC) E7 (1.510) and the
refractive indexes of HPC (1.49), a very clear ON state is achieved when an electric field Eon is
applied to the devices as can be seen in Figure 25.

The CPDLC cell was composed of a rough cellulose derivative polymeric film surrounded by two
NLC layers and the set placed in between two transparent conducting rigid or flexible substrates.
These thin solid films were prepared from cellulose derivatives solutions, casted, and sheared
simultaneously by moving a calibrated Gardner knife at 1.25 mm-s'. The films were allowed to dry
at room temperature and kept in a controlled relative humidity (20%) chamber until further use. To
evaluate the EO properties of these devices, the EO characterization was carried out using a
laser-equipped optical bench in association with a function generator, a voltage amplifier, and a diode
detector. The laser light was perpendicular to each sample and upon crossing it was collected at the
diode detector whose output was fed to an amplifier and later recorded with a digital storage scope.
All measurements were performed at room temperature. These cells showed very challenging
properties, presenting high transmission coefficients values (around 0.8) in the ON state, but
exhibiting turn-ON fields around 1.5 V/um, giving rise to rather high turn-on voltages [65]. Later
on, a light scattering EO device where layers of two different cellulose derivatives were deposited as
nonwoven nano and microfiber mats onto the conductive substrates by electrospinning, were
presented [66]. These devices can be used as high efficiency light shutters or as privacy windows
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since they can be electrically controlled to scatter light (OFF state) or to transmit it (on state) [67].
These last devices presented an innovative method of preparing cellulose-based light scattering
devices, which led to a major improvement in their EO properties and also their production cost.
Using cellulose-based nano and microfibers mats as a network, EO light-scattering devices were
produced as polymer-stabilized liquid crystal-type devices. In these devices, the cellulose derivatives
were deposited as nonwoven nano- and microfiber mats onto the conductive substrates by
electrospinning, and the cell was filled up by capillarity with a NLC. In these optical shutters, the LC
is embedded with the fibers as a continuous phase, maximizing the LC/polymer surface contact and
thus promoting improved EO properties. An increase in the on transparency and a marked decrease
in the operating voltage of these devices were observed as the consequences of the improved
interaction of the NLC with the nano and microfibers. More recently, a new type of EO device with
improved EO properties was presented taking advantage of the high surface area of nanoscale
cellulose whiskers [27].

On this later technology, cellulose-based LC EO devices were prepared by stacking between two
transparent conductive oxide—coated glasses, two layers of a nematic LC having in between a thin
film composed of nano crystalline cellulose rods. The major step forward in the EO properties of this
type of device is the significant reduction of the turn ON electric field and the decrease in the response
time to reach the ON state as can be seen in Figure 26.

Figure 25. Macroscopic effect of the (a) ON; and (b) OFF states. Reprinted with
permission from [66]. Copyright 2009, AIP Publishing.

Figure 26. Curves of the applied electric field dependence of the light transmission
coefficient of these devices compared with electrospun cellulose fiber devices (HPC and
CA). Reprinted with permission from [27]. Copyright 2013, Taylor and Francis.
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4. Summary

The cholesteric nature of the cellulose derivatives liquid crystalline solutions gives rise to a
complex rheological behavior and consequently has a fundamental impact on the properties of the
films and fibers produced from these anisotropic solutions by different methods where different
levels of shear are involved. Formation of helices in electro-spun fibers and the curling of cast planar
films stem from the complex nature of the molecular packing imposed by the preparation induce
shear on the precursor solutions. These features impart specific mechanical and optical properties to
the cellulose derivatives fibers and films that make them high interest materials for photonics,
microelectronics and related applications, as well as for build soft stimuli responsive devices.

Acknowledgments

The authors acknowledge financial support from Portuguese Science and Technology Foundation
through grants: PTDC/CTM-Pol/1484/2012, PTDC/FIS/110132/2009, PEst-OE/FIS/U10261/2011,
PEst-C/CTM/LA0025/2013-14.

Conflicts of Interest
The authors declare no conflict of interest.
Author Contributions

Maria Helena Godinho, Pedro Lucio Almeida and Jodo Luis Figueirinhas planned, wrote the
manuscript and contributed equally to this work.

References

1. Werbowyj, R.S.; Gray, D.G. Liquid crystalline structure in aqueous hydroxypropyl cellulose
solutions. Mol. Cryst. Lig. Cryst. 1976, 34, 97-103.

2. Werbowyj, R.S.; Gray, D.G. Optical-properties of (hydroxypropyl) cellulose liquid-crystals—
Cholesteric pitch and polymer concentration. Macromolecules 1984, 17, 1512—1520.

3. Kimura, H.; Hosino, M.; Nakano, H. Temperature dependent pitch in cholesteric. J. Phys. Soc.
Jpn. 1982, 51, 1584-1590.

4.  Werbowyj, R.S.; Gray, D.G. Ordered phase formation in concentrated hydroxypropylcellulose
solutions. Macromolecules 1980, 13, 69-73.

5. Charlet, G.; Gray, D.G. Solid cholesteric films cast from aqueous (hydroxypropyl). Cellulose
1987, 20, 33-38.

6. Nishio, Y.; Kai, T.; Kimura, N.; Oshima, K.; Suzuki, H. Controlling the selective light
reflection of a cholesteric liquid crystal of (hydroxypropyl)cellulose by electrical stimulation.
Macromolecules 1998, 31, 2384-2386.

7. Chiba, R.; Nishio, Y.; Miyashita, Y. Electrooptical behavior of liquid-crystalline
(hydroxypropyl)cellulose/inorganic  salt aqueous solutions. Macromolecules 2003, 36,
1706-1712.



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

139

Nishio, Y.; Chiba, R.; Miyashita, Y.; Oshima, K.; Miyajima, T.; Kimura, N.; Suzuki, H. Salt
addition effects on mesophase structure and optical properties of aqueous hydroxypropyl
cellulose solutions. Polym. J. 2002, 34, 149—157.

Shimamoto, S.; Uraki, Y.; Sano, Y. Optical properties and photopolymerization of liquid
crystalline (acetyl) (ethyl) cellulose/acrylic acid system. Cellulose 2000, 7, 247-358.

Guo, J.X.; Gray, D.G. Effect of degree of acetylation and solvent on the chiroptical properties
of lyotropic (acetyl)(ethyl) cellulose solutions. J. Polym. Sci. Part B Polym. Phys. 1994, 32,
2529-2537.

Gray, D.G. Chiral nematic ordering of polysaccharides. Carbohydr. Polym. 1994, 25, 277-284.
Ito, M.; Teramoto, Y.; Nishio, Y. Electrooptical behavior of aqueous (hydroxypropyl)cellulose
liquid crystals containing imidazolium salts. Biomacromolecules 2012, 13, 565-569.

Chiba, R.; Ito, M.; Nishio, Y. Addition effects of imidazolium salts on mesophase structure and
optical properties of concentrated hydroxypropylcellulose aqueous solutions. Polym. J. 2010,
42,232-241.

Muller, M.; Zentel, R. Cholesteric phases and films from cellulose derivatives. Macromol.
Chem. Phys. 2000, 201, 2055-2063.

Wenzlik, D.; Zentel, R. High optical quality films of liquid crystalline cellulose derivatives in
acrylates. Macromol. Chem. Phys. 2013, 214, 2405-2414.

Bhadani, S.N.; Gray, D.G. Crosslinked cholesteric network from the acrylic-acid ester of
(hydroxypropyl) cellulose. Mol. Cryst. Liq. Cryst. 1984, 102, 255-260.

Muller, M.; Zentel, R.; Keller, H. Solid opalescent films originating from urethanes of cellulose.
Adv. Mater. 1997, 9, 159-162.

Zhao, C.T.; Cai, B.L. UV-Initiated solidification of liquid crystalline ethylcellulose/acrylic acid
films and bands formed in this process. Macromol. Rapid Commun. 1995, 16, 323-328.
Wenzlik, D.; Varanytsia, A.; Munoz, A.; Kosa, T.; Taheri, B.; Zentel, R.; Palffy-Muhoray, P.
Distributed feedback lasing in cellulose films. Opt. Mater. Express 2014, 4, 162—171.
Wenzlik, D.; Ohm, C.; Serra, C.; Zentel, R. Preparation of cholesteric particles from cellulose
derivatives in a microfluidic setup. Soft Matter 2011, 7, 2340-2344.

Shopsowitz, K.E.; Qi, H.; Hamad, W.Y.; MacLachlan, M.J. Free-standing mesoporous silica
with tunable chiral nematic structures. Nature 2010, 468, 422—-425.

Mostofa, K.; Hamad, W.Y.; MacLachlan, M.J. Tunable mesoporous bilayer photonic resins with
chiral nematic structures and actuator properties. Adv. Mater. 2014, 26, 2323-2328.

Klemm, D.; Friederike, K.; Moritz, S.; Lindstrom, T.; Ankerfors, M.; Gray, D.; Dorris, A.
Nanocelluloses: A new family of nature-based materials. Angew. Chem. Int. Ed. 2011, 50,
5438-5466.

Fernandes, S.N.; Geng, Y.; Vignolini, S.; Glover, B.J.; Trindade, A.C.; Canejo, J.P.;
Almeida, P.L.; Brogueira, P.; Godinho, M.H. Structural color and iridescence in transparent
sheared cellulosic films. Macromol. Chem. Phys. 2013, 214, 25-32.

Habibi, Y. Key advances in the chemical modification of nanocelluloses. Chem. Soc. Rev. 2014,
43, 1519-1542.



140

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Gaspar, D.; Fernandes, S.N.; de Oliveira, A.G.; Fernandes, F.G.; Grey, P.; Pontes, R.V.;
Pereira, L.; Martins, R.; Godinho, M.H.; Fortunato, E. Nanocrystalline cellulose applied
simultaneously as the gate dielectric and the substrate in flexible field effect transistors.
Nanotechnology 2014, 25, 094008:1-094008:11.

Geng, Y.; Brogueira, P.; Figueirinhas, J.L.; Godinho, M.H.; Almeida, P.L. Light shutters from
nanocrystalline cellulose rods in a nematic liquid crystal. Lig. Cryst. 2013, 40, 769-773.
Godinho, M.H.; Fonseca, J.G.; Ribeiro, A.C.; Melo, L.V.; Brogueira, P. Atomic force
microscopy study of hydroxypropylcellulose films prepared from liquid crystalline aqueous
solutions. Macromolecules 2002, 35, 5932-5936.

Sena, C.; Godinho, M.H.; Oliveira, C.L.P.; Neto, A.M.F. Liquid crystalline cellulosic
elastomers: Free standing anisotropic films under stretching. Cellulose 2011, 18, 1151-1163.
Godinho, M.H.; Filip, D.; Costa, I.; Carvalho, A.-L.; Figueirinhas, J.L.; Terentjev, E.M.
Liquid crystalline cellulose derivative elastomer films under uniaxial strain. Cellulose 2009, 16,
199-205.

Canejo, J.P.; Borges, J.P.; Godinho, M.H.; Brogueira, P.; Teixeira, P.I.C.; Terentjev, E.M.
Helical twisting of electrospun liquid crystalline cellulose micro- and nanofibres. Adv. Mater.
2008, 20, 4821-4825.

Canejo, J.P.; Godinho M.H. Cellulose perversions. Materials 2013, 6, 1377—-1390.

Godinho, M.H.; Canejo, J.P.; Feio, G.; Terentjev, E.M. Self-winding of helices in plant tendrils
and cellulose liquid crystal fibres. Soft Matter 2010, 6, 5965-5970.

Guo, J.X.; Gray, D.G. Preparation and liquid-crystalline properties of (acetyl)(ethyl) cellulose.
Macromolecules 1989, 22, 2082-2086.

Bertails, F.; Audoly, B.; Cani, M.-P.; Querleux, B.; Leroy, F.; Leveque, J.-L. Super-helices for
predicting the dynamics of natural hair. ACM Trans. Graph. 2006, 25, 1180—-1187.

Goriely, A.; Tabor, M. Spontaneous helix hand reversal and tendril perversion in climbing
plants. Phys. Rev. Lett. 1998, 80, 1564—1567.

Hongladarom, K.; Secakusuma, V.; Burghardt, W.R. Relation between molecular orientation
and rheology in lyotropic hydroxypropylcellulose solutions. J. Rheol. 1994, 38, 1505-1523.
Riti, J.B.; Navard, P. Textures during recoil of anisotropic hydroxypropylcellulose solutions.
J. Rheol. 1998, 42, 225-237.

Kundu, S.; Feio, G.; Pinto, L.F.V.; Almeida, P.L.; Figueirinhas, J.L.; Godinho, M.H. Deuterium
NMR study of orientational order in cellulosic network microfibres. Macromolecules 2010, 43,
5749-5755.

Hongladarom, K.; Ugaz, V.M.; Cinader, D.K.; Burghardt, W.R.; Quintana, J.P.; Hsiao, B.S.;
Dadmun, M.D.; Hamilton, W.A.; Butler, P.D. Birefringence, X-ray scattering, and neutron
scattering measurements of molecular orientation in sheared liquid crystal polymer solutions.
Macromolecules 1996, 29, 5346-5355.

Keates, P.; Mitchell, G.R.; Peuvrel, D.E.; Navard, P. Insitu X-ray-scattering study of anisotropic
solutions of hydroxypropylcellulose subjected to shear-flow. Polymer 1993, 34, 1316-1319.
Geng, Y.; Almeida, P.L.; Feio, G.M.; Figueirinhas, J.L.; Godinho, M.H. Water-Based Cellulose
Liquid Crystal System Investigated by Rheo-NMR. Macromolecules 2013, 46, 4296-4302.



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

141

Godinho, M.H.; van der Klink, J.J.; Martins, A.F. Shear-history dependent “equilibrium” states
of liquid-crystalline hydroxypropylcellulose solutions detected by rheo-nuclear magnetic
resonance. J. Phys.-Condensed Matter 2003, 15, 5461-5468.

Burghardt, W.R.; Fuller, G.G. Role of director tumbling in the rheology of polymer liquid crystal
solutions. Macromolecules 1991, 24, 2546-2555.

Marrucci, G. Tumbling regime of liquid-crystalline polymers. Macromolecules 1991, 24,
4176-4182.

Onogi, S.; Asada, T. Rheology and rheoptics of polymer liquid crystals. Rheology 1980, 1,
127-147.

Grabowski, D.A.; Schmidt, C. Simultaneous measurement of shear viscosity and director
orientation of a side-chain liquid-crystalline polymer by Rheo-NMR. Macromolecules 1994, 27,
2632-2634.

Samuels, R.J. Solid-state characterization of the structure and deformation behavior of
water-soluble hydroxypropylcellulose. J. Polym. Sci. Part A 2 Polym. Phys. 1969, 7, 1197—1258.
Evmenenko, G.; Yu, C.J.; Kewalramani, S.; Dutta, P. Structural characterization of thin
hydroxypropylcellulose films. X-ray reflectivity studies. Langmuir 2004, 20, 1698—1703.
Patnaik, S.S.; Bunning, T.J.; Adams, W.W.; Wang, J.; Labes, M.M. Atomic-force microscopy
and high-resolution scanning electron-microscopy study of the banded surface-morphology of
hydroxypropylcellulose thin-films. Macromolecules 1995, 28, 393-395.

Nishio, Y.; Takahashi, T. Morphological study of hydroxypropyl cellulose films prepared from
thermotropic melt under shear. J. Macromol. Sci. Phys. 1984, B23, 483—-495.

Mori, N.; Morimoto, M.; Nakamura, K. Hydroxypropylcellulose films as alignment layers for
liquid crystals. Macromolecules 1999, 32, 1488—-1492.

Wang, J.; Labes, M.M. Control of the anisotropic mechanical-properties of liquid-crystal
polymer-films by variations in their banded texture. Macromolecules 1992, 25, 5790-5793.
Wang, J.; Bhattacharya, S.; Labes, M.M. Solvent evaporation induced torsad texture of sheared
liquid-crystalline polymers. Macromolecules 1991, 24, 4942—4947.

Geng, Y.; Almeida, P.L.; Fernandes, S.N.; Cheng, C.; Palffy-Muhoray, P.; Godinho, M.H.
A cellulose liquid crystal motor: A steam engine of the second kind. Sci. Rep. 2013, 3, 1028.
Bladon, P.; Warner, M.; Terentjev, E.M. Orientational order in strained nematic networks.
Macromolecules 1994, 27, 7067-7075.

Andresen, E.M.; Mitchell, G.R. Orientational behaviour of thermotropic and lyotropic liquid
crystal polymer systems under shear flow. Europhys. Lett. 1998, 43, 296-301.

Favier, V.; Canova, G.R.; Cavalille, J.Y.; Chanzy, H.; Dufresne, A.; Gauthier, C. Nanocomposite
materials from latex and cellulose whiskers. Polym. Adv. Technol. 1995, 6, 351-355.

Almeida, P.L.; Kundu, S.; Beja, D.; Fonseca, J.; Figueirinhas, J.L.; Godinho, M.H. Deformation
of isotropic and anisotropic liquid droplets dispersed in a cellulose liquid crystalline derivative.
Cellulose 2009, 16, 427-434.

Borges, J.P.; Godinho, M.H.; Martins, A.F.; Trindade, A.C.; Belgacem, M.N. Cellulose based
composite films. Mech. Compos. Mater. 2001, 37, 257-264.



142

61.

62.

63.

64.

65.

66.

67.

Borges, J.P.; Godinho, M.H.; Belgacem, M.N.; Martins, A.F. New bio-composites based on
short fibre reinforced hydroxypropylcellulose films. Compos. Interfaces 2001, 8, 233-241.
Craighead, H.V.; Cheng, J.; Hackwood, S. New display based on electrically induced index
matching in an inhomogeneous medium. Appl. Phys. Lett. 1982, 40, 22-24.

Godinho, M.H.; Figueirinhas, J.L.; Martins, A.F. Novel PDLC type display based on cellulose
derivatives. Lig. Cryst. 1996, 20, 373-376.

Godinho, M.H.; Martins, A.F.; Figueirinhas, J.L. Composite systems for display applications
from cellulose elastomers and nematic liquid crystals. Opt. Mater. 1998, 9, 226-229.

Almeida, P.L.; Godinho, M.H.; Cidade, M.T.; Figueirinhas, J.L. Electro-optical properties of
cellulose based PDLC type cells: Dependence on the type of diisocyanate cross-linking agent
used. Mol. Cryst. Lig. Cryst. 2001, 368, 121-128.

Almeida, P.L.; Kundu, S.; Borges, J.P.; Godinho, M.H.; Figueirinhas, J.L. Electro-optical light
scattering shutter using electrospun cellulose-based nano- and microfibers. Appl. Phys. Lett.
2009, 95, doi:10.1063/1.3186640.

Kato, T. Self-assembly of phase-segregated liquid crystal structures. Science 2002, 295,
2414-2418.



143

Physics of Free-Standing Lyotropic Films
Pawel Pieranski

Abstract: We explore the structures and properties of stable, free-standing films of lyotropic
mesophases drawn on apertures of various shapes in an atmosphere of controlled humidity. New

phenomena are uncovered and interpreted.

Reprinted from Materials. Cite as: Pawel Pieranski Physics of Free-Standing Lyotropic Films.
Materials 2014, 7, 143—-160.

1. Introduction

Free-standing thermotropic smectic films (FSTSF) have been widely studied in the past, and their
fascinating properties have been thoroughly reviewed [1,2]. Their first and most remarkable property
is the huge disproportion between their lateral dimensions L and their thickness d. Indeed, the first
ones are macroscopic and determined by the size (typically of a few millimeters) and shape of the
frames, flat or not, on which smectic films are suspended. In contradistinction with that, the thickness,
d, of FSTSF is rather nanometric, because, in smectic phases, such films are stacks of /N molecular

layers having thicknesses of a few nanometers. The typical aspect ratio is therefore:

lateral dimensi
AR = -~ SO 10 mam/10 nim ~ 10° (1)
thickness

Moreover, this number, N, of layers can be known and controlled with the absolute accuracy of
AN = 1. The second remarkably property of FSTSF is their surprising robustness. Unlike ephemeral
soap bubbles, whose fragility is proverbial, the life-time of FSTSF becomes unlimited, once they are
protected (for example, in vacuum; see Section 2.2) against dust particles and other impurities. In
such conditions: (1) they can be pierced by fibers; (2) one can make them vibrate like drumheads; (3)
flows can be induced in them; (4) they resist the deformation of their frames and (5) their structure
can be changed as a function of temperature and other parameters, such as the thickness, N.

Let us stress that the structure of FSTSF is especially interesting to study in materials displaying
the SmCphase in which FSTSF are equipped with the 2D vectorial director field, ¢, resulting from
the tilt of molecules with respect to the layers’ normal. The field, ¢, is very sensitive to perturbations,
such as flows and/or solid or liquid inclusions. An exhaustive and well-documented review on this
topic can be found in the recent work [3].

Thanks to their robustness, FSTSF can be not only drawn on solid frames, but also, other shapes
can be given to them. For example, when drawn between two coaxial circular frames, they take the
shape of a catenoid, or when inflated like soap bubbles using a glass tube, they are spherical. Freely
floating smectic bubbles can be produced also, for example, by stretching of the catenoid beyond
its stability limit. The dynamical behavior of such freely floating smectic bubbles is fascinating and
unusual [4].

Free-standing lyotropic films (FSLF) have also been studied in the past, but much less than the

thermotropic ones, because they are more difficult to handle. Indeed, being, by definition, made
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from mixtures of surfactants with water, they must be protected against drying. This apparent
difficulty, once overtaken through an appropriate control of the humidity, 2/, of the surrounding
atmosphere, becomes an advantage, because the concentration, cp,o, of water in lyotropic films
can be changed continuously by this means. For example, in pioneering experiments performed
with the phospholipid, DMPC (dimyristoylphosphatidylcholine) [5-8], X-ray diffraction and optical
reflectivity experiments on FSLF have been performed, and the phase behavior of the DMPC/water
binary system has been explored as a function of temperature 7" and humidity /. The most
spectacular result of these experiments was the discovery of three distinct two-dimensional variants,
Lgr, Ly, and Lgy, of the phase labeled previously as L (see Figure 1b).

Figure 1. X-ray diffraction and optical reflectivity experiments with lyotropic films:
(a) Experimental setup used in [5-8]; (b) temperature vs. humidity phase diagram of
dimyristoylphosphatidylcholine (DMPC).
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Let us stress that soap films or soap bubbles, which have been and still are widely studied, can be
considered as a special case of FSLF drawn from diluted surfactant/water solutions in the micellar
phase. In particular, buoyancy and Marangoni effect-driven flows, discussed in Section 4.3, exist
obviously in soap films, too. In the context of the present paper, the recent review paper of Langevin
and Monroy [9] is certainly very useful.

In the present paper, we will first describe a new setup tailored for experiments with FSLF and
operating under a different principle than the one in setups used previously [5-8]. Subsequently,
we will outline the most striking properties of FSLF and the new phenomena unveiled in them by
means of this new setup. Each of these properties and phenomena would deserve much more detailed
experiments and discussions. Here, we provide the first bird’s-eye view with the aim of stimulating
the work that remains to be done.
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2. Control of Humidity

2.1. Mixing Wet and Dry Fluxes

In experiments reported in [5-8], the relative humidity of air in the sample chamber was
controlled by the system shown schematically in Figure 1a.

The operating principle of this system consists in mixing, in different proportions, fluxes of air
passing through humidifying and drying chambers labeled in Figure 1, respectively, as wet and dry.
The less or more humid air produced by this means is sent to the mixing chamber and recirculated
through the feedback loop (driven by the pump, P;) in which its relative humidity is first measured
by the dew point gauge (D P(G) and readjusted by means of the valves, V; and V,,, controlling the
dry and wet fluxes. The second passive loop (driven by the pump, F%) recirculates the air of known
humidity through the sample chamber.

A similar, but simpler, system has been used in experiments described in [2] (see the Section
C.VIIL.1.b “Temperature and humidity control” of this reference) where electronic valves coupled
with flow meters were used to set precisely the fluxes of perfectly dry and wet nitrogen. These two
fluxes were merged by means of a Y-shaped connector and sent directly (without the feedback loop)
through a long enough flexible pipe into the sample chamber.

2.2. Water Vapor Injected to Vacuum

In experiments described in the present paper for the first time, a new setup operating by virtue
of a different principle has been used. It stems from former experiments with thermotropic smectic
films considered as perfect drums [10]. As shown in Figure 2, it consists of a large aluminum sample
chamber made of two parts equipped with glass windows.

The upper “cover” part is removable and allows full access to the sample and other equipment
contained in the lower “pan” part. An O-ring located between the cover and pan parts make the
whole system vacuum-tight. The sample chamber is connected by the intermediate of valves V1 and
V2, respectively, to a primary vacuum pump and to a glass reservoir partially filled with water. A
pressure gauge measures the pressure of the water vapor inside the sample chamber with an accuracy
of 0.1 mbar.

The operating principle of this setup is the following. At the beginning of the experiments, both
valves V1 and V2 are open, so that air is evacuated from the sample chamber, as well as from the
reservoir containing water. After closing the connection with the vacuum pump (valve V1), the
pressure, p,,,, of water vapor increases slowly in the sample chamber. Once p,,, reaches a suitable
value, the valve V2 is closed.
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Figure 2. The experimental setup used in the experiments described here. This stems
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3. Drawing Lyotropic Films

3.1. Choice of the Relative Humidity

It is the easiest to draw lyotropic free-standing films in the lamellar phase. Therefore, for
a given temperature, 7', the suitable pressure, p,,, of the water vapor should be such that the

relative humidity:
Puwo

Psat (T)
(where pg,; 1s the pressure of saturated vapor) would be located in the domain of the lamellar phase

RH = x 100% 2)

on the 7' vs. RH phase diagram.

Let us stress that this kind of phase diagram is known only for a very few surfactants (e.g., DMPC,
monoolein, phytantriol, C;2EQg), because, traditionally, the phase behavior of surfactant/water
mixtures is known from isoplethal studies in which, by definition, a finite number of samples with a
fixed concentrations is used. Such studies lead to classical 1" vs. concentration phase diagrams.

Fortunately, in the case of the non-ionic surfactant, C;2EOg, used in the experiments described
below, the T vs. RH phase diagram is known from previous studies of the faceting of cubic phases.
It is shown in Figure 3b beside the classical 7' vs. ¢ one (Figure 3a). Typically, at a room temperature
of T'= 22 °C and a relative humidity of RH = 87%, the corresponding point, P(RH,T), is located
inside the domain of the lamellar phase.
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Figure 3. Phase diagrams of the binary mixture, C;oEOg/water: (a) the classical one;

(b) the T" vs. RH phase diagram pertinent for studies of free-standing lyotropic films.
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3.2. Drawing Method

Knowing that at room temperature 7' = 22 °C, the pressure of the saturated water vapor
1S Psar = 26.43 mbar, the pressure of the water vapor in the sample chamber should be set to
Pwy = 23 mbar.

The setup shown in Figure 2, as well as the frames (f in Figure 4) used for studies of lyotropic
films stem from the former experiments with thermotropic smectic films considered as perfect drums
[10]. They are made from thin stainless plates in which apertures of suitable shapes have been cut off.
The frame, f, in Figure 4 contains two such apertures. By comparing the two pictures of Figure 4, one
remarks on the motion of the spreader, s, passing over the circular aperture. The spreader is actually
stretching an FSLF on the circular aperture and, at the same time, wets the surface of the frame, f, with
a thin layer of the surfactant. Obviously, in this demonstration made with the open sample chamber,
the FSLF drawn on the circular aperture is unstable. Nevertheless, such a preliminary manipulation
is suitable, because pre-wetting of the frame with the surfactant is a necessary condition for the
successful drawing of a stable lyotropic film.

Figure 4. System used for the drawing of free-standing films. The two pictures (a) and
(b) illustrate the motion of the spreader, s.
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The second necessary condition for the successful drawing of a film is a smooth and slow enough
motion of the spreader. As the drawing of the film must be done inside the closed sample chamber,
the spreader is moved by a motorized translation stage visible in Figure 4. The drawing process itself

is shown in a series of pictures in Figure 5.

Figure 5. Drawing a free-standing lyotropic film on a triangular frame. The side length
of the triangle is 20 mm. The film is made of the lamellar phase of the C1,EOg/water

mixture. The process of the film drawing is illustrated by the series of six pictures (a)—(f)

taken at intervals of about 30 s.

Here, instead of the circular aperture shown in Figure 4, an equilateral triangular aperture has been
used, because the triangular shape has an advantage over the circular one for the drawing process.
During the film drawing, its surface area S(t) increases at the rate, d.S/dt. If d is the film thickness,
the volume, V', of the film increases with the rate dV'/dt = (d.S/dt) x d, which means that this volume
of the lamellar phase is pulled out from the meniscus per unit time. The rate of transfer of matter
from the meniscus to the film per unit length of the meniscus (whose total length is L) is driven by a
transient increase in the film tension:

1dS
A - 3
T Tar ©)
From simple geometrical considerations made with the triangular frame, it is easy to show that:
1 dS 1
2 4
L a 3™ @

where v, is the velocity of the spreader. Therefore, for a constant velocity, vs, of the spreader, the
transient increase of the film tension, A7, remains constant during the drawing process. Thanks
to this feature, the main cause of the film break-up—the opening of pores due to excessive film

tension—can be avoided.
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3.3. Evolution toward a Constant Thickness

As shown in the series of pictures in Figure 5, the thickness of the film is not uniform during
the drawing process. This non-uniform, out of equilibrium state evolves very slowly toward the
equilibrium state of uniform thickness (see Figure 6). How and why this evolution occurs has been
described and explained in [2] (see, also, Section 4.3). An example of this slow evolution is shown
in the series of pictures taken during 24 h at intervals of 3 h.

Figure 6. Evolution of a film in the lamellar phase of the C;5EOg/water mixture. Pictures

(a)—(i) were taken at intervals of 3 h.

Thanks to this property of the lyotropic films, experiments with films of a non-uniform thickness

can be easily performed, as we will see in the next section.
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4. Phenomena Occurring in Free-Standing Lyotropic Films

4.1. Buoyancy Forces in Tiled Films

When a film of non-uniform thickness is intentionally tilted out from its horizontal position (by
tilting the whole sample chamber), one observes that the thinnest field of the film always raises the
steepest slope. For a film of shape z = z(x, y), the direction of motion is given by Vz. This effect is
obviously due to buoyancy forces similar to those that occur in a three-dimensional liquid. In films,
the mass per unit area is proportional to the film thickness, d (or V), so that the thinnest field of the
film is pushed by a force proportional to AN V2. This force should vanish for a perfectly horizontal
position of the film. Unfortunately, such a perfectly horizontal position exists only in theory. In

practice, the thinnest part of the film never stays in the center of the frame.

4.2. Centrophobic Behavior

There is another reason for such a centrophobic behavior of the thinnest field in films. Let us
remind ourselves that films are drawn on an aperture made in a stainless steel plate. Such a plate
cannot be either perfectly horizontal or perfectly flat. When the frame, on which a film is spanned,
is not flat, then the film itself must have a global saddle shape. As a result, the buoyancy force is
unavoidable, and the thinnest part of the film cannot stay in the center of the frame.

4.3. Marangoni-Type Effect

The series of pictures in Figure 7 shows how the thinnest (brownish) field moves in a film of
non-uniform thickness. This motion could be driven, as discussed above, by the tilt AN V2 of the
triangular frame, which is indicated in pictures (a) and (c) by arrows.

However, the cause of the motion visible in Figure 7 is a different one. In this experiment, the
film remains horizontal, and the thinnest field of the film follows the motion of a small heating
element—small resisto—whose shape and (z,y) position is indicated by the dashed rectangle. As
this resistor is located below the film, it is invisible in the reflecting microscope: it is masked by the
light reflected by the film.

Such behavior could be called thermophilic, because in this experiment, the film is locally heated
by the resistor. In the first approximation, the corresponding distribution of temperature has the
symmetry of revolution around the point, HS (hot spot in Figure 8), located above the center of the
resistor:

T=T(r) 5)

where 7 is the distance from HS. In Figure 8, T'(r) is represented by shades of red. At a
constant pressure, p,,,, of water vapor in the sample chamber, the relative humidity decreases with
temperature, because ps(7") grows with 7" . Therefore, the relative humidity, RH (), is lower in the
vicinity of the resistor. For this reason, the behavior of the film could also by termed hygrophilic,
because its thicker parts are attracted to areas where the relative humidity is larger.



151

Figure 7. Hygrophilic behavior of lyotropic films. The dashed-line rectangle indicates
the (z,y) position of a heating resistor located below the film (see Figure 2). Pictures
(a)—(c) were taken at intervals of 5 s. Obviously, the thinnest part of the film follows the

motion of the resistor.

Figure 8. Marangoni-type effect in lyotropic films: (a) the distribution of temperature
has the symmetry of revolution around the point, HS (hot spot), which coincides with
the center, O, of a concentric system of steps; (b) the temperature distribution is shifted
by [ with respect to the system of steps. The temperature varies now as a function of ¢
along steps. The resulting gradient of steps tensions drives flows represented here in the
reference frame of the system of steps.

In the search for an explanation of this behavior, it is convenient to introduce two systems of
polar coordinates. The first one, (r, ), with the origin HS (hot spot), has been already used for the
description of the temperature distribution 7" = T'(r, ). The second system of polar coordinates,



152

(p, ), with the origin zero, is related to the system of concentric steps surrounding the circular field
of thickness, N , centered at zero. As shown in Figure 8 (for the purpose of simplicity, only two
steps are shown), this central field is surrounded by a system of concentric circular fields of growing
thickness: N + 1, N + 2, ...; so that one can write:

N = N(p) (6)
The effective tension in the film depends both on the thickness, NV, and the temperature, 7"
v=7(N,T) (7

when the center HS of the temperature distribution coincides with the center, O, of the distribution
of steps (see Figure 8a), the tension of the film depends only on p:

v =(N,p) 8)

so that, inside each field of thickness NV, the variation of the surface tension with p can be
compensated for by an opposite variation of the 2D pressure inside bilayers forming the film. By this
means, the mechanical equilibrium inside each field is restored. As discussed in [2], this effective
tension has a discontinuity at each step. The resulting force is orthogonal to steps and pulls them
toward the meniscus. This is the explanation of the thinning behavior shown in Figure 6. Let us
stress that this motion of steps, which is similar to the climbing of dislocations, is so slow, that it can
be neglected on the time scale of the thermophilic phenomenon.

What happens when the center HS of the temperature distribution is shifted with respect to the
center, O, of the distribution of steps, as shown in Figure 8b? The most evident feature of this
configuration is that steps separating adjacent fields are no longer isothermal as they were previously.
It is easy to find that if [ is the distance, O—HS (see Figure 8b), then the distance, r, from the hot spot,
HS, is given by:

r=1/(pcosp —1)? + (psinp)? ©)

by substituting this expression into Equation (5), one obtains the variation of the temperature as a
function of the polar coordinates (p, ). In conclusion, along the step of radius p, the temperature
varies with the angle, .

Steps in free-standing films can be considered as interfaces between two-dimensional phases;
fields of thickness N. When the temperature varies along a step, its tension, 7, varies as a function

of ¢, too, and:
1 0
Op=— X 2= (10)
o Op
is the force per unit length tangent to the step. This force can be balanced only by viscous stresses,
so that it drives flows in the film. The resulting flow field is represented in Figure 8b in the reference

frame (p, ) of the thinnest field, N.
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4.4. From-Step-to-Step, Motion of Inclusions

The picture in Figure 9a shows a film in the lamellar phase of non-uniform thickness containing
an inclusion. This inclusion is moving in the direction, 7, indicated by the arrow orthogonal to the
steps. The series of 15 pictures in Figure 9b shows that this motion is not smooth, but rather “jerky”:
the trajectory, x(), is stairs-like; x remains constant in segments AB, CD and EF, while the motion
from-step-to-step occurs in segments BC and DE. The second remarkable feature of this motion is
that the inclusion “is climbing” the staircase; it moves in the direction of growing thickness V.

The explanation of this behavior is quite simple. The inclusion floating in the film-containing
steps 1s surrounded by a meniscus made of steps. In Figure 9c—e, steps are drawn with lines of
different colors ranging from yellow to red. For example, in Figure 9c, there are two orange steps
N/N + 1: one belongs to the system of steps of the whole film, while the second one belongs to the
circular meniscus surrounding the inclusion. These two steps can coalesce, as shown in Flugre 9d,
and as a result, the inclusion moves from the field, /V, to /N + 1. This process is obviously recurrent.

Figure 9. From-step-to-step motion of an inclusion: (a) general view of the film of
non-uniform thickness containing an inclusion; (b) series of 15 successive images taken
at an interval of 0.5 s; (c—e) evolution of the systems of steps driving the motion of the

inclusion.

N+2|N+1| N ' N-1 N+2IN+1) N = N-1
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4.5. Deformation of the Meniscus

The phenomenon of the from-step-to-step motion described above unveils the microscopic
structure of the meniscus surrounding the inclusion at its junction with the film: it is made of a system
of circular steps. A similar structure should exist at the edge of the linear meniscus connecting a film
of uniform thickness (resulting from the processes described in Section 3.3) with the edge of the
frame. However, when the frame is very thin, this meniscus is so small, that it is itself difficult to see

at low magnification, so that these steps cannot be resolved (see Figure 10b).

Figure 10. Instability of the meniscus driven by a steep rise in humidity from 88%
to 95%. The series of pictures (b)—(e) was taken in the time interval labeled “water

reservoir” in the plot, p,,(t), shown in (a).
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We have found that upon a steep increase, Ap,,,, of the water vapor pressure, p,,, (see the plot,
Puwo(t), in Figure 10a), the meniscus is so strongly deformed, that the steps composing its thinnest
part become apparent, as is shown in Figure 10c—e.

Experiments showed also that this deformation of the meniscus is transient: when p,,, is kept at
its new value, the processes described in Section 3.3 restore the initial narrow shape of the meniscus.
From this, one can infer that the deformation of the meniscus is transient and must be due to the
gradient of the water concentration, which appears in the meniscus during the change of water

concentration in it.
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5. Phase Transitions

5.1. Lamellar to Micellar Transition, Nucleation and Growth

The small resistor, R, located below the lyotropic film (see Figure 2) allows the local heating of
it. As discussed previously in Section 4.2, the relative humidity is modified by the local heating of
the film, because for a given pressure, p,,,, of the water vapor contained in the sample chamber, the
relative humidity defined by Equation (2) depends on the temperature of the film. As an example,
we show in Figure 3b the isobaric trajectory RH = RH(T') defined by Equation (2) in which p,,, =
const. This trajectory passes through the point, P(87%, 22 °C), in the domain of the lamellar phase.
When the film and the water vapor surrounding it are heated by the resistor and the temperature
increases, for example, from 22 °C to 24 °C, the relative humidity is lowered from 87% to 76%, and
the corresponding point, P'(76%, 24 °C), on the phase diagram in Figure 3b is now located inside
the domain of the inverted micellar phase, L2. The trajectory, PP’, crosses the lamellar/micellar
transition line at the point, P.(RH., T.).

When the resistor, R, is very close to the film, the isotherms 7'(x, y) = const and the isoaquilents
(i.e., lines of constant humidity) RH [T (z,y)] = const in its vicinity have elliptical shapes, such as
the one drawn with a dashed line in Figure 11a.

Let us suppose that this isotherm shown in Figure 11a is the critical one, that is to say, it is defined
by the condition 7'(x, y) = T.. As a consequence, inside it, the lamellar phase should be replaced by
the micellar phase. The lamellar/micellar transition being of the first order, it starts by the nucleation
of the micellar phase on the defect indicated by the arrow in Figure 11a. Subsequently, the micellar
domain grows as shown in the next three pictures Figure 11b—d.

Figure 11. Lamellar = micellar L2 transition driven by the local heating by means of the
resistor, R, located below the film. (a—d) Nucleation and growth of the micellar domain;
(e) flow pattern driven by temperature gradients.
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The same transition is illustrated by the series of pictures in Figure 12. Here, two micellar
domains nucleate simultaneously in the lamellar film. They grow and coalesce into one domain
that continues to grow.

From interference colors in these pictures, one can infer that:

1. The micellar domain is thicker than the lamellar one, so that the flux of surfactant across the
lamellar/micellar interface must be larger than the one that would result from the motion of
the interface alone. This means that the micellar domains acts as a sink, so that in the lamellar
phase surrounding the micellar domain, there is a flow, ¥, converging toward the micellar
domain (see the arrows in Figure 11c¢).

2. This additional flow persists when the micellar domain reaches its stationary size, so that the
thickness and the volume of the micellar phase continues to increase.

3. The persistent flow of the surfactant across the interface drives vortex-like flows depicted in
Figure 11e).

Figure 12. Lamellar = L1 transition. The time, counted in seconds from the beginning
of the heating, at which pictures (a)—(h) have been taken, is indicated in their upper left

corners.

6s

None of the above three observations had been explained, so far. We will attempt to do this below.

5.2. The Role of the Tension of the Lamellar/Micellar Interface

In the search for such explanations, one must certainly take into account the tension of the
lamellar/micellar interface seen as a line in a two-dimensional film. In three dimensions, the Laplace
pressure created by the tension of a curved lamellar/micellar interface would be equilibrated by an
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adequate static pressure difference, Ap, across the interface: the pressure inside the micellar domain
would be larger than in the surrounding lamellar phase. In a free-standing film, it is impossible to
create such a static pressure difference across the lamellar/micellar interface, because the micellar
phase cannot be compressed. Indeed, if one would try to compress it by decreasing its surface area,
S, the thickness, d, would increase in such proportions that the volume V' = Sd would stay constant.

The Laplace force (per unit length of the interface) can nevertheless be equilibrated by viscous
stresses created by the extensional flow at the entrance to the micellar phase (see Figure 13), where
the thickness has to increase from d to d + Ad on the time scale of the order of ¢ ~ [ /v, where [ is

the width of the interface and v the velocity of the flow across it. The extension rate is then:

1 Ad
o — 11
T (i
and the viscous stress due to it is:

where 7 is the extensional viscosity of the micellar phase. If 7 is the tension of the interface and R

its radius of curvature in the (z,y) plane, then the following balance of forces should be satisfied:

1Ad 7
d-=— ~ — 13
e T R (13)
Finally:
Tl/v
Ad ~ —'— 14
R (14)

Figure 13. Flow across the lamellar/micellar interface as seen in the reference frame of

the interface.
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The tension at the lamellar—micellar interface can be estimated from experiments in which the
micellar phase nucleates at steps of the film. The lens-shaped micellar domains in the two pictures
of Figure 14 result from the equilibrium of tensions of three interfaces meeting at triple points, TP.
Obviously, the tensions, 71 and 79, are of the same magnitude as the tension, 73, of the step N/N + 1

in the lamellar phase.
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Figure 14. Nucleation of the micellar phase on steps of the film in the lamellar phase:
(a) general of the film; (b) detailed view of one micellar domain, TP are triple point.
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5.3. Lamellar to la3d Transition

When at 7' = 22 °C, the relative humidity is larger than 97%, the lamellar/Ia3d boundary on
the phase diagram in Figure 3 is crossed, and the cubic 1a3d phase grows, as shown in Figure 15.
Let us emphasize that the Ia3d crystals were nucleated at the frame surface and are growing from
the meniscus. For this reason, they are are much thicker than the film. It should be possible by an
adequate local cooling to nucleate and to make Ia3d crystals grow inside the film.

Figure 15. Growth of Ia3d crystals in the film in the lamellar phase. Nucleation of
crystals occurs at the edge of the aperture. Pictures (a)—(c) have been taken at intervals
of about 15 s.

6. Conclusions

As mentioned in the Introduction, free-standing lyotropic films deserve to be studied for at least
two reasons.
First of all, on flat frames, their structure—stacks of perfectly aligned layers—is very favorable

for structural X-ray or optical studies. Moreover, their composition can be varied in situ continuously
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and precisely through the control of the relative humidity of the surrounding atmosphere. Thanks to
these two features, new phases of the DMPC/water system have been discovered in the pioneering
work presented in [5-8].

The second reason is that free-standing lyotropic films are very interesting on their own, because
their properties and the phenomena occurring in them are unusual. A few of them have been described
in the previous section, but our conviction is that many other phenomena remain to be discovered.

As, on the other hand, free-standing films are rather difficult to handle, we focused in Sections
2.2 and 3 on the process of drawing films in an atmosphere of controlled humidity. We hope that all
these technical details and comments will be useful and stimulating for experimentalists.

The theoretical interpretation of the equilibrium and out of equilibrium properties of free-standing
lyotropic films is challenging, because it involves thermal and molecular exchanges with the
surrounding humid atmosphere. In the simplest case of isothermal experiments with films of uniform
thickness, the surrounding atmosphere acts as a reservoir of water molecules, whose chemical
potential is set by the pressure of the water vapor. However, in the presence of thermal gradients,
films are out of equilibrium, and thermal diffusion must be taken into account. This difficulty is
amplified by the presence of steps and flows that can be driven by gradients of step tensions. Even
more challenging is the issue of phase transitions in lyotropic films. The simplest case of the lamellar
to micellar L2 transition tackled in Section 5 is far from being understood.

We hope that for all these reasons, the present paper can be stimulating also for theorists.
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New Lyotropic Mixtures with Non-Chiral N-Acylamino Acid
Surfactants Presenting the Biaxial Nematic Phase Investigated
by Laser Conoscopy, Polarized Optical Microscopy and

X-ray Diffraction

Erol Akpinar, Dennys Reis, Muhammet Yildirim and Antonio Martins Figueiredo Neto

Abstract: Amino acid-based surfactants were used as the main surfactants to prepare new lyotropic
mixtures presenting three nematic phases. One of them is biaxial (Nz), and the two others are uniaxial,
discotic (Np) and calamitic (Nc). These surfactants were the non-chiral molecules, potassium
N-dodecanoyl-DL-alaninate (DL-KDDA), potassium N-dodecanoyl-DL-serinate (DL-KDDS),
disodium N-dodecanoyl-DL-aspartate (DL-NaDDAs) and potassium N-dodecanoyl-glycinate
(KDDGly). Measurements of the optical birefringences and X-ray diffraction analysis were used to
characterize the nematic phases and phase transitions. Mixtures with DL-KDDS exhibited the largest
biaxial phase domain (~9 °C) with respect to the other mixtures in this study. The results obtained
with the KDDGly mixture showed that the existence of hydrogen bonding between the head groups
of the surfactant molecules seems to hinder the orientation of the micelles under the action of an
external magnetic field.

Reprinted from Materials. Cite as: Akpinar, E.; Reis, D.; Yildirim, M.; Neto, A.M.F. New Lyotropic
Mixtures with Non-Chiral N-Acylamino Acid Surfactants Presenting the Biaxial Nematic Phase
Investigated by Laser Conoscopy, Polarized Optical Microscopy and X-ray Diffraction. Materials
2014, 7,4132-4147.

1. Introduction

One of the most interesting mesophases exhibited by liquid crystals is the biaxial nematic one.
Yu and Saupe [1] reported the first experimental evidence of this phase in 1980, exploring the phase
diagram of a ternary lyotropic mixture. They showed the existence of two uniaxial (Np, discotic; and
Nc, calamitic) phases and a biaxial (Nz) nematic phase, confirming the theoretical predictions of
Freiser [2] and Alben [3]. This fascinating field of research remains active, as evidenced by the
interest demonstrated by experimentalists and theoreticians in the last decade [4-8].

The Nz phase has been encountered in several lyotropic mixtures with, at least, a surfactant and
a co-surfactant [9]. Mixtures with only one surfactant may show only one of the uniaxial
nematic phases.

Lyotropic nematic mixtures doped with chiral molecules give rise to cholesteric lyotropic phases,
also named lyocholesterics. Similarly to nematics, three types of lyocholesterics were identified [10—12]:
Chp, Chc and Chs, where the subscripts indicate the former nematic phase, which originates the
cholesteric ones. To the best of our knowledge, all the lyotropic mixtures presenting the Chs phase
were obtained by the doping of nematic mixtures with brucine [13] or brucine sulfate
heptahydrate [12], i.e., non-amphiphilic chiral molecules. Transitions between these cholesteric
phases were investigated theoretically and experimentally [13,14], showing fundamental differences
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with respect to the transitions in nematics. It would be interesting to investigate the transitions
between the different cholesteric phases in mixtures where the main surfactant is chiral. A strategy
to do that is to prepare a mixture with a racemate of the main amphiphilic molecule, i.e., equal
amounts of D and L enantiomers, which presents the three nematic phases. After that, changing the
relative concentrations of the D and L enantiomers, the three cholesteric phases may be obtained.

Uniaxial nematic phases were obtained from mixtures prepared with some racemates [15,16];
however, the biaxial phase was not encountered in these lyotropic mixtures. We cannot discard the
possibility that the Np phase exists in those mixtures, under proper conditions of temperature and
relative concentrations of the components of the mixtures. However, it is important to stress that the
choice of the chain length of the co-surfactant is an essential issue to be considered in the preparation
of a lyotropic mixture that presents the biaxial nematic phase. Moreover, just the inspection of
textures under polarizing microscope is (usually) not enough to fully characterize the nematic phase,
since both the Np and Nc phases show a planar texture in microslides, subjected to an external
magnetic field [9]. This fact brings an ambiguity in the complete characterization of the phase and
its identification as uniaxial or biaxial. To fully characterize the nematic phase, the tensor order
parameter should be measured, as we will discuss in the following.

In this study, we present five new lyotropic mixtures based on N-acylamino acid surfactants,
which present the Np phase. Four of them are composed of the racemates, potassium
N-dodecanoyl-DL-alaninate (DL-KDDA), potassium N-dodecanoyl-DL-serinate (DL-KDDS) and
disodium N-dodecanoyl-DL-aspartate (DL-NaDDAs), as the main amphiphile in each mixture.
The fifth N-acylamino acid surfactant is the potassium N-dodecanoyl-glycinate (KDDGly), which is
an achiral molecule. The main experimental techniques used to characterize the nematic phases are
X-ray diffraction (XRD), polarized optical microscopy (POM) and laser conoscopy.

2. Results and Discussion
2.1. Nematic Phases of Racemic N-Acylamino Acid Surfactants

The labels and compositions of the samples are given in Table 2, in the Experimental Section.

The uniaxial to biaxial transition temperatures were determined analyzing the temperature
dependence of the birefringences (or the symmetric invariants of the order parameter), measured with
laser conoscopy and inspecting the characteristic textures in the POM.

The order parameter that has the symmetry of the nematic phase is the optical dielectric tensor,
‘g, a traceless second-rank tensor [2,17]. Its symmetric invariants (ci, i = 1, 2, 3) may be written in
terms of the optical birefringences. With the birefringences measured in the three nematic phases,
the symmetric invariants of the tensor order parameter, 62 and 3 (o1 = 0), can be calculated [18]:

16
0, = ?(n)2 (An? + Andn + &n?)
128

_W(n)Z(An —n)(An + 6n/2)(6n + An/2)

03 =
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where (n) is the mean index of refraction of the mixture. In the framework of the Landau-de Gennes
theory (i.e., mean-field theory), these invariants show a linear dependence with the temperature in
the vicinity of the second-order uniaxial to biaxial phase transition.

In our experiments, usually, we started the measurements with the sample in the Np phase,
perfectly oriented with the director parallel to the laser beam. The temperature is then changed step
by step to reach the other nematic phases. Figure 1 shows typical results of the conoscopic patterns
obtained in our experiments.

Figure 1. Typical conoscopic patterns of the mixture, potassium N-dodecanoyl-DL-
serinate (DL-KDDS)/Na2SO4/1-dodecanol (DDeOH)/water. (a) nematic discotic phase
(Np) at 45.0 °C; (b) nematic biaxial phase (V) near the Np to Np transition at 33.7 °C;
(¢) Nrat 31.0 °C; and (d) calamitic nematic phase (Nc) at 23.0 °C; (e) geometry of the
experiment: P, 4 and H are the directions of the polarizer, analyzer and the applied
magnetic field, respectively.

We have checked that the phase sequence as a function of the temperature does not change
(within the precision in the measurement of the temperature) for samples stored in a freezer for at
least one year. The aspect of the conoscopic fringes is also the same, without noticeable modifications
as a function of time. This result assures us that the patterns represent the steady state of the alignment
of the sample, subjected to the magnetic field. At this point, it is interesting to discuss in more detail
the features of the conoscopic patterns shown in Figure 1. The symmetry of the patterns and the
contrast between the fringes and the background assures us that they were produced by well-aligned
samples. Unaligned samples could not produce such types of patterns (see, e.g., [19]). Observing
only the central part of the pattern (the opening of the Maltese cross), obviously, we cannot
differentiate the existence of a biaxial phase from the effect of a uniaxial phase losing its
alignment [20]. However, the complete conoscopic patterns of these two situations are completely
different. This assures us the existence and alignment of the biaxial phase in our experiments.

The temperature dependence of the birefringences of DL-KDDA, DL-KDDS and DL-NaDDAs
are given in Figure 2.
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Figure 2. Temperature dependence of the birefringences of the mixtures: (a) potassium
N-dodecanoyl-DL-alaninate  (DL-KDDA)/Cs2SO4/DDeOH/water; (b) DL-KDDS/
Na2SO4/1-undecanol (UndeOH)/water; (¢) DL-KDDS/Na2SO4/DDeOH/water; and (d)
disodium N-dodecanoyl-DL-aspartate (DL-NaDDAs)/Cs2SO4/UndeOH/water. 2P represents
a two-phase coexistence region.
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Biaxial nematic domains are present in the phase sequences shown in Figure 2, in between the
two uniaxial nematic phases, except in the case of the DL-NaDDAs mixture, where the Np phase
domain ends in a two-phase region at higher temperatures. Interestingly, this last mixture shows the
Np phase domain at lower temperatures, contrary to the other mixtures investigated, where the Nc
phase domain occurs at lower temperatures.

With the measured values of the birefringences in the nematic phases, the tensor order-parameter
symmetric-invariants may be calculated. Figures 3 and 4 show the temperature dependence of the
invariants, 62 and o3, respectively. The behaviors of 623 % 7T in the vicinity of the uniaxial to biaxial
nematic phase transitions are in accordance with the mean-field prediction, i.e., 62 and o3 show a
linear dependence with the temperature. Figure 5 depicts the locations of the nematic phases in the
space of the invariants. Solid lines correspond to the uniaxial nematic phases: o3 = icg/ %, where

the + and — signs refer to the Np and Nc phases, respectively.
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Figure 3.  Temperature = dependence @ of the  tensor  order-parameter
symmetric-invariant, o2, of the mixtures: (a) DL-KDDA/Cs:SO+/DDeOH/water; (b)
DL-KDDS/Na2SO4/UndeOH/water; (¢) DL-KDDS/Na:SO4+/DDeOH/ water; and (d)
DL-NaDDAs/Cs2SO4/UndeOH/water.
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The textures of the nematic phases of these mixtures observed in the POM are the classical ones,
already reported in the literature [9]. An interesting question that may be proposed is how the D- and
L-enantiomers arrange in the micelles to give rise to a non-chiral nematic phase. However, for their
pure L-enantiomers, there is some experimental evidence about their organization in the chiral micelles.
Du and co-workers [21] investigated the molecular arrangement of N-hexadecanoyl-L-alanine
(N-HDA) by atomic force spectroscopy. This molecule belongs to the class of N-acylamino acids
being similar to the amino acid-based surfactant molecules employed by us in this study. This
molecule has three additional CH2 groups in its alkyl chain, with respect to our molecules, and its
head group is neutral, e.g., not potassium or sodium salt. They analyzed the formation of the
monolayers by chiral N-HDA molecules on the silicon and mica surfaces and found that the
hydrocarbon chains of N-HDA molecules arrange as almost tilted and parallel to each other in the
bilayer. They interpreted this molecular arrangement by means of the homochiral effect between chiral
carbons in the head groups. A similar result was also reported for monoalkylethylenediamines [22]. It
is expected that the head groups of N-HDA molecules, L-alanine, form hydrogen bonding among
them via neighboring carboxylic acid and amide groups (—C=0--"N-H) at the surface of the micelles.
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X-ray diffraction experiments performed with these mixtures gave information about the structure
and local ordering of the micelles. A difficulty we faced with mixtures where Cs ions were present
was the high absorption coefficient of the mixtures for the X-ray wavelength employed in the
experiments. In the particular case of Samples 1 and 4, it was not possible to have reliable diffraction
patterns in our experimental setup. The data of the different samples are presented in Table 2. s;,
i = 1,3 are the moduli of the scattering vector that correspond to the position of the diffraction bands
along the horizontal (1-axis) and vertical (3-axis) of the laboratory frame axes. Thus, the repeating
distances along these directions are s; '. Typical X-ray patterns are presented in Figure 6. The X-ray
scattering at small angles (visible near the beam stopper in Figure 6) will not be analyzed in the
present work. Three bands exist in these patterns: two along the 3-axis and one along the 1-axis

Figure 4. Temperature dependence of the tensor order-parameter symmetric-invariant,
03, of the mixtures: (a) DL-KDDA/Cs2S0O4/DDeOH/water; (b)
DL-KDDS/Na2SO4/UndeOH/water; (¢) DL-KDDS/Na:SOs/DDeOH/water; and (d)
DL-NaDDAs/Cs2SO4/UndeOH/water.
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directions. The outer band along the 3-axis is barely visible in the patterns.
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Figure 5. Loci of the nematic phases in the space of the invariants, 62 and o3, of the
mixtures: (a) DL-KDDA/Cs2SO4/DDeOH/water; (b) DL-KDDS/Na2SO4/UndeOH/water;
(¢) DL-KDDS/Na>S04/DDeOH/water; and (d) DL-NaDDAs/Cs2SO4/UndeOH/water.
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Figure 6. Typical X-ray diffraction patterns of the mixture DL-KDDS/Na2SO4/
1-dodecanol/H20: (a) Np phase, T'=36.0 °C; (b) Nc phase, 7= 24.0 °C.

The plot of the diffracted intensity as a function of the modulus of the scattering vector along the
3-axis (Figure 7) reveals its presence. The two bands along the 3-axis are originated from the
pseudo-lamellar ordering of the micelles, corresponding to the first and second-order bands, typical
of lyotropic nematics with, at least, two amphiphiles [23]. To go further in the analysis of the
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diffraction bands, we have to assume a model for the micelles. The model that is consistent with all
the results from the different experimental techniques, adequate to describe the micelles in mixtures
that present the three nematic phases, is the intrinsically biaxial micelles (IBM) model (see, e.g., [9]
for a comprehensive discussion about this model). This model assumes that the micelles have an
orthorhombic symmetry in the three nematic phases, and orientational fluctuations of the correlation
volumes originate the different symmetries of the nematic phases. The micelles may be sketched as
a flattened ellipsoid, with three characteristic dimensions: the smallest one corresponds to the main
amphiphilic bilayer, and the two others lie in the flat surface of the ellipsoid. Without additional
information about the thickness of the main amphiphilic bilayer of the different mixtures
investigated, we have to restrict our analysis to the average volume available per micelle, i.e., the
micelle itself and the water that surrounds it. We define a parameter that evaluates the anisotropy of
the available volume per micelle as Y =s1!/s37!. It is interesting to compare the values of Y obtained
in our present experiment with that encountered in the ternary mixture of KL/decanol/water, which
is Y'~2.2. It is expected that the bigger Y, the bigger the shape anisotropy of the micelle itself. Thus,
the micelles present in Mixtures 2 and 3, in the nematic phases, are expected to be more symmetric
(i.e., less anisometric) than those on the KL mixture. This fact is consistent with the maximum values
of the birefringences in these racemic mixtures, which are also smaller than those encountered in the
KL mixture. Interestingly, the correlation lengths associated with the diffraction bands along Axis 3
of both racemic mixtures are smaller than those of the KL mixture (e.g., £&3~30 nm); however, those
along Axis 1 are bigger than that of the KL mixture (e.g., £i~6 nm). The order parameters associated
with the first-order band along the 3-axis were calculated according to Deutsch calculation [24] and
show values consistent with the measurements of the coherence lengths, i.e., the higher &, the higher
the order parameter.

Figure 7. Diffracted intensity (in logarithmic scale) as a function of the modulus of the
scattering vector along the 3-axis. Mixture DL-KDDS/Na2SOa4/1-dodecanol/H20; Np
phase, T=36.0 °C. The arrow indicates the location of the second-order band.
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2.2. Nematic Phases of KDDGly/Na>SO4+/TDeOH/Water

This new mixture presents nematic phases, but exhibited a peculiar behavior with respect to the
other racemic N-acylamino acid surfactants mixtures in the conoscopy experiment. The Np phase
aligns perfectly in the magnetic field (applying the alignment procedure previously described) only
after about four hours. When the temperature is decreased, the center of the conoscopic pattern
(the Maltese cross; see, e.g., Figure la) splits, indicating the beginning of the Nz phase domain,
similar to Figure 1b. Suddenly, all the fringes disappear just after the Np to N3 transition, indicating
a loss of the sample’s alignment. The usual orientational procedure employed to align the Nz phase
that was shown to be effective in the case of the other mixtures reported here was not enough to
orient the biaxial nematic phase in this case. Let us describe, now, the behavior of this mixture placed
in a 0.2 mm flat microslide under the POM experiment. In the Npphase, 1 h after filling the microslide
and in the presence of the magnetic field, a characteristic schlieren texture was observed (Figure 8a).
After about 5 h, the texture is pseudo-isotropic, with the director perpendicular to the glass surfaces
of the microslide and to the magnetic field. Decreasing the temperature, the sample transits to the Np
phase, and the texture reveals defects characteristic of a non-oriented sample (Figure 8b). This result
explains to us the disappearance of the conoscopic fringes in the Np to Ns phase transition, since the
sample completely lost its alignment. Decreasing the temperature to about 23 °C, the texture
observed is characteristic of the Nc phase (Figure 8c).

To find the temperature of the Nc to Ns phase transition, we kept the sample in the microslide
about 72 h at 23.0 °C, in the presence of the magnetic field. A planar texture was obtained with the
director aligned parallel to the magnetic field. With the help of a Berek compensator, we measured
the optical birefringence in the Nc phase An ~ 3 x 1073, Slowly increasing the temperature, when the
Nc to N5 transition is achieved (7= 25.8 °C), the sample lost its alignment, and the conoscopic fringes
do not allow a precise measurement of the birefringence. This behavior is very similar to what we
observed at the Np to N transition. This behavior, however, is different from that observed with the
racemic mixtures investigated in this work. With those racemic mixtures, when the uniaxial to biaxial
phase transition takes place, the two optical axes of the Nz phase lie in the plane perpendicular to the
magnetic field, and those, which are not there, are easily replaced in that plane by the orientational
procedure described in the Experimental Section. The KDDGly mixture, however, presents a weak
coupling with the magnetic field, which avoids the quick orientation of the two optical axes of the
N3 phase on that plane. This weak magnetic coupling was also observed in the Nc phase subjected to
the magnetic field that took about three days to achieve the planar orientation of the director.
Thus, when the sample transits from a uniaxial to the biaxial phase, the two optical axes, in different
correlation volumes lie in different planes, giving rise to the defects observed in the textures
(see, e.g., Figure 8b).

Let us point out some characteristics of the KDDGly molecule that could help us understand why
the nematic phases of this mixture present a weak magnetic coupling. Due to the structure of the
KDDGIly molecule head group, it is expected that hydrogen bonds exist between neighboring
molecules in the micelles [25] (Figure 9).
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Figure 8. Textures of N-dodecanoyl-glycinate (KDDGly)/Na2SO4/1-tridecanol

(TDeOH)/water mixture under a magnetic field of 0.3 kG: (a) Np at 40.0 °C after 1 h;
(b) Np to Ns phase transition at ~30.1 °C; and (¢) Nc at 23.00 °C; (d) laboratory reference

frame. P, A and H are the directions of the polarizer, analyzer and magnetic
field, respectively.
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Figure 9. Molecular arrangement of the KDDGly molecules. The hashed bonds between
—C=0 and —N-H correspond to the hydrogen bonds.
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Comparing the molecules KDDGly and KL, the main difference between them is that the KDDGly
molecules form hydrogen bonds between them and the KL molecules do not. The different nematic
phases of the largely investigated lyotropic mixture, KL/decanol/water [1,9], show an effective
magnetic coupling. The orientational procedure employed by us quickly (~minutes) orients the
sample. It is known that in micellar systems, there exist a characteristic time for the exchange of
amphiphilic molecules between the micelles and the bulk, being of the order of s [26]. When a system
composed of anisotropic micelles (as in the case of the lyotropic T ~ 10°~10s in nematic phases)
is subjected to an external magnetic field, the alignment process is complex, having different
contributions: (1) a sterical contribution from the micelle-micelle interaction (collective behavior);
(2) the coupling of an individual micelle with the magnetic field; and (3) the coupling from each
individual amphiphilic molecule (even from the bulk) with the field. The aliphatic chains of the
amphiphilic molecules present the anisotropy of the diamagnetic susceptibility of the order of (—1()*4)
cgs [27]. In the presence of the magnetic field, we expect that the molecular exchange between
micelles and the bulk takes the field constraint into account and that the molecules entering in the
micelles, as time goes by, be placed in more energetically favored locations in terms of the magnetic
coupling between molecules and the field. The existence of hydrogen bonds (typical energy of 10
kcal/mol [28]) between neighboring KDDGly molecules in the micelles could increase this typical
time, 1. Coarsely, we could say that micelles with the KDDGly molecules are basic units “more rigid”
with respect to those constituted by molecules that do not form hydrogen bonds. In this framework,
the KDDGly system would show a lower response to the magnetic field, explaining our difficulty in
orienting this sample.

The X-ray diffraction patterns of this mixture also show the pseudo-lamellar ordering, with the
first and second-order bands along the 3-axis and a broad band along the 1-axis (see Table 1).
The coherence lengths encountered were similar to those of the racemic mixtures. However, the order
parameter calculated was smaller, which is consistent with the difficulty in obtaining a well-oriented
sample under the action of a magnetic field.

Table 1. X-ray diffraction data. s;, i = 1,3 represents the moduli of the scattering vector
that correspond to the position of the diffraction bands along the horizontal (1-axis) and
vertical (3-axis) directions of the laboratory frame axes. OP represents the order
parameter, and &, i = 1,3 represents the correlation length corresponding to each
diffraction band. Y = s17!/s37! represents the average anisotropy of the available volume
per micelle.

Sample Phase s1”! (nm) 37! (nm) opP &1 (nm) £3(nm) Y

2 Nc 7.2+0.3 49+0.1 0.27 9 19 1.5
3 Np 6.5+0.3 49+0.1 0.43 12 20 1.3
5 Np 6.8+ 0.5 5.5+0.1 0.29 11 19 1.2

3. Experimental Section

Dodecanoyl chloride, DL-alanine, DL-serine, DL-aspartic acid, glycine, NaxSOs4, Cs2SOs,
undecanol, dodecanol and tridecanol were purchased from Merck (Darmstadt, Germany) for Merck
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and for Sigma), Sigma (Missouri, USA), Fluka and Alfa-Aesar with purities >99%. DL-KDDA and
DL-KDDS were synthesized via Jungermann’s method [29] with a minor revision. After N-acylamino
acids were prepared by the reaction of dodecanoyl chloride with the corresponding amino acid, they
were precipitated from boiling toluene, and the products, N-acylamino acids, were filtered off as
white solids. In this way, since dodecanoic acid, which may be produced during the amidization
reaction, is highly soluble in toluene at room temperature, it can be removed from the products easily.
Then, the N-acylamino acids were neutralized with ethanolic KOH in ethanol to obtain their
potassium salts at room temperature. Since Jungermann’s method gave a very low reaction yield
(<40%), we applied an alternative method to synthesis DL-NaDDAs and KDDGly given in the
literature [30]. All N-acylamino acid surfactants were characterized by FTIR spectroscopy. The
molecular structures of the surfactant molecules are given in Figure 10.

Figure 10. The molecular structures of N-dodecanoylamino acid surfactants: (a)
KDDGly; (b) D-KDDA; (¢) D-KDDS; and (d) D-NaDDAs. For (b), (¢) and (d), their
mirror images give corresponding L-enantiomers, i.e., L-KDDA, L-KDDS and
L-NaDDAs, respectively. DL-racemic mixtures are composed of a 50:50 percent of
D- and L-enantiomers.

(a) coo™ 'k (b) co0™ *K (c) co0™ 'K (d) COO0™ *Na
H»é«H H3C>E<H HOHZC—E:—-H Na+'OOCH20—é<H
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3.1. Sample Preparation

Lyotropic liquid crystalline mixtures were prepared by weighing each constituent in test tubes.
Mixtures were subjected to successive agitation in vortex and centrifugation until complete
homogenization. Heating was not necessary during the mixture preparation procedure. In the
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following, a water-based ferrofluid (Ferrotec) was added to the mixture (about 1 pL of ferrofluid
per 1 g of the mixture). It is known that this amount of ferrofluid does not affect the phase transition
temperatures and phase sequence of the mixture [9]. The mixtures concentrations are given in
Table 2.

Table 2. Compositions of the mixtures investigated. The phase sequences correspond to
the observed phases (from left to right, the temperature was increased). UndeOH,
DDeOH and TDeOH are the alcohols, 1-undecanol, 1-dodecanol and 1-tridecanol,
respectively. X is the mole percent fraction of each constituent. ATNs represents the
biaxial nematic phase domain.

Sample Surfactant Xoarf XCs$:S0s  XNaxSOs  Xunaeon  Xppeon  Xrtoeon  XH,0 Phase Sequence ATwg (°C)

1 DL-KDDA 3.33 0.94 - - 1.08 - 94.64 Nc, Ng, Np ~1.10
2 DL-KDDS 3.56 - 1.09 0.68 - - 94.67 Ne¢, Ng, Np ~8.60
3 DL-KDDS 3.41 - 1.15 - 0.76 - 94.67 N¢, Ng, Np ~9.60
4 DL-NaDDAs 3.95 3.05 - 2.05 - - 90.95 Np, N ~2.85
5 KDDGly 2.74 - 1.00 - - 0.81 95.45 Nc, Ng, Np ~4.35

3.2. Laser Conoscopy

Laser conoscopy [18] is a very reliable technique to measure the two birefringences (An = n2— ni
and dn = n3 — m2) in the three nematic phases, Np, N and Nc, as a function of temperature. The
subscripts, 1, 2 and 3, refer to the laboratory frame axes with respect to which of the nematic phases
are aligned: the two orthogonal Axes 1 and 2 define the horizontal plane, and Axis 3 is perpendicular
to this plane and parallel to the laser beam propagation direction. It is possible to precisely measure
birefringences of the order of 1073 with this technique, which is the case for lyotropic liquid crystals.

For birefringence measurements via laser conoscopy, lyotropic nematic samples doped with
ferrofluid were transferred into a cell made of two optical circular glasses and a ring of glass
2.5 mm-thick (sample thickness set in 2.5 mm). A static magnetic field H = 3.05 kG (Walker Sci.
electromagnet), parallel to Axis 1, helps the orientation of the samples. The experimental setup has
a HeNe laser (A = 632.8 nm), a Neocera LTC-21 temperature controller (Neocera, Beltsville, USA),
with a precision of 0.001 °C, and a Julabo Refrigerated/Heating water-bath circulator (Julabo,
Seelbach, Germany) with a precision of 0.01 °C.

A key point in the laser conoscopy technique is to get high-quality conoscopic patterns, which are
obtained with well-aligned samples. For this purpose, samples were rotated about the angle of £30°
several times around Axis 3 in the Np and N phases with an applied external magnetic field
(H = 3.05 kG). Then, ongoing from Np to Nc, passing through Nz, the measurement of the
birefringences is performed as a function of temperature. In the case of the Nc phase, the sample is
left at rest in the presence of H (see, e.g., [9] for details).

3.3. X-ray Diffraction

The microstructure and local ordering of the micelles were investigated by X-ray diffraction using
a Xenocs Xeuss system, which consists of a GeniX>" beam delivery system with a Cu anode X-ray
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tube (A = 0.15411 nm), a collimation composed of two scatterless slits and a Pilatus 300K detector
(Dectris, Baden, Switzerland). The beam has a square cross-section of 0.8 x 0.8 mm?. The beam
center correction and the sample to detector distance of 72.6 cm were measured with a sample of
silver behenate. The sample holder is a small parallelepiped made of copper with inner channels for
water circulation, which enables the control of temperature with a precision of 0.1 °C. There is a
centered vertical hole parallel to the long face of the parallelepiped to place glass capillary tubes of
1.5 mm in diameter. Perpendicular to this, there is a horizontal small window that allows the passage
of the X-ray beam. Besides, two permanent magnets are attached to the sidewalls of the holder.
The magnetic field in sample position is of about 1 kG. The samples were oriented in each nematic
phase using the same procedure described above for laser conoscopy. The laboratory frame of
reference was defined with Axis 3 along the vertical direction parallel to the capillary long axis,
Axis 2 in the direction of the X-ray beam and Axis 1 parallel to the magnetic field direction.

Measurements in the Nc and Np phases have been done for the different lyotropic samples. At a
given temperature, the samples were irradiated in the direction perpendicular to the magnetic field
direction. The exposure time for each measurement was 15 min. The data analysis was done in the
framework proposed in [23], and the order parameter was calculated according the work of
Deutsch [24]. The angular and radial integrations were done using the FIT2D software. Water
(background) and noise subtractions were done for each integrated datum.

4. Conclusions

Five new lyotropic mixtures were reported presenting the biaxial nematic phase. In particular,
four of them have in their composition racemates of N-acylamino acid surfactants as the main
amphiphile. In three of these mixtures, the two uniaxial and the biaxial nematic phases were
identified. The analysis of the optical birefringences and the invariants of the order parameter as a
function of the temperature indicate that the uniaxial to biaxial phase transitions are of second order.
The mixtures with DL-KDDS were those that presented the largest biaxial phase domain in terms of
temperature. Moreover, the bigger the number of carbon atoms on the aliphatic chain of the
co-surfactant, the larger the biaxial phase domain. In the case of the mixture with KDDGly, the three
nematic phases were also identified. However, the orienting process that combines the presence of a
magnetic field and rotations of the sample, extremely efficient in all the other mixtures investigated
here, was shown to be not efficient. In the uniaxial phases, the orientation was achieved after a long
time, and in the biaxial phase, it was not even completely achieved. Hydrogen bonds between
neighboring head group molecules of KDDGly are suggested as being responsible for this weak
response of the system to the magnetic field.
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Part IV: Synthesis and Characterization

Novel Discotic Boroxines: Synthesis and
Mesomorphic Properties

Tobias Wohrle, Angelika Baro and Sabine Laschat

Abstract: A new synthetic approach to highly substituted triphenylboroxines 11 is described. Their
mesomorphic properties were investigated by differential scanning calorimetry (DSC), polarizing
optical microscopy (POM) and X-ray diffraction (SAXS, WAXS). The tris(3,4,5-trialkyloxy)phenyl
functionalized derivatives 11b—e showed broad mesophases for a minimum alkyl chain length of C9.
The phase widths ranged from 110 K to 77 K near room temperature, thus decreasing with enhanced
alkyl chain lengths. Textures observed under POM indicated a columnar hexagonal (Coln) mesophase
symmetry that was confirmed by X-ray diffraction experiments.

Reprinted from Materials. Cite as: Wohrle, T.; Baro, A.; Laschat, S. Novel Discotic Boroxines:
Synthesis and Mesomorphic Properties. Materials 2014, 7, 4045-4056.

1. Introduction

The discovery of stable liquid crystalline phases formed by disk-shaped molecules with long
alkyl chains in their periphery is generally dated to the seminal work of Chandrasekar published in
1977 [1]. Since then discotic liquid crystals have attracted the attention of many research groups
worldwide [2—4]. Due to the one dimensional charge and ion transport in the columnar mesophase,
the ability of liquid crystals (LCs) to self-heal structural defects by thermal annealing and the ease of
processing via spin coating, drop casting and other solution processing methods highly useful
applications [5—7] could berealized such as organic solar cells [8], organic field effect transistors [3]
and organic light emitting diodes [9].

From a molecular perspective, several scaffolds have turned out to be successful candidates for
the nanosegregation, which ultimately led into the formation of columnar mesophases. Besides
tri- and hexasubstituted benzenes, in particular triphenylenes [10], perylenes [11],
hexa-peri-hexabenzocoronenes [12,13], porphyrins [14,15], phthalocyanines [15], quinoxalines and
other aza analogues of polycyclic aromatic hydrocarbons were used as mesogenic subunits.
However, not only disk-shaped mesogens, but also non-conventional [16] and supramolecular and
hydrogen bonded liquid crystals [17] can self-assemble into columnar aggregates. While a variety of
LC materials containing heterocyclic 6-membered rings have been synthesized [18], e.g., triazines
such as 1 [19-21] or cyclotriphosphazenes such as 2 [22,23] (Figure 1), surprisingly little is known
about liquid crystalline boroxines, the cyclic trimers of organoboronic acids. Aryl boronic acids are
valuable reagents for a number of metal-catalyzed reactions, the most prominent one thereof is
certainly the Suzuki-Miyaura cross-coupling reaction [24—28]. Furthermore, boroxines may serve as
useful building blocks for flame retardants, lithium ion battery materials and covalent organic
frameworks [29,30]. The only example considering mesomorphism was a report by Preece and
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coworkers who studied a series of tris(alkoxyphenyl)boroxines 3, which, however, did not reveal any
mesophases (Figure 1) [31].

Figure 1. Chemical structure of liquid crystals (LC) materials containing a heterocyclic
six-membered ring as core unit.
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Based on this precedence we anticipated that the attachment of additional alkoxy groups at the
aryl rings should favor nanosegregation and thus induce mesophase formation. The results towards
this goal are reported below.

2. Results and Discussion
2.1. Synthesis of Boroxines

First, we intended to attach alkyloxy groups with chains lengths of C12-C18 at the phenyl rings
in boroxine 3 following known procedures [32-35]. However, only 3g (R! = Ci2H2s) could be
isolated in 30% yield, whereas boroxines with alkyl chain lengths >12 were not obtained as a problem
of poor solubility of the precursor boronic acid (for details see Supplementary Information).
Derivative 3g did not show mesomorphic properties.

Following our envisioned strategy, 4-bromo-1,2-dialkoxybenzenes 4 [36,37] were lithiated with
n-BuLi, THF at =78 °C, followed by treatment with B(OMe)s; and then directly hydrolyzed by
addition of aqueous HCI to the mixture. No trace of the boronic acids was detected, but the boroxines
5 were isolated (Scheme 1). Their yields decreased considerably with increasing chain lengths from
51% for 5a to 7% for 5d due to purification problems. Column chromatography led to decomposition,
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thus leaving recrystallization as only method to purify 5. With increasing chain length the solubility
of dialkoxybromides 4, boronic acids 6 and boroxines 5 was more and more alike. Therefore, the
crude product of Se with two Ci¢H3s groups at the phenyl ring was found as an inseparable mixture
of those three and no pure product could be obtained.

Scheme 1. Synthesis of boroxines 5 starting from the respective dialkoxy- bromobenzenes
4. Boronic acid 6¢ was prepared for comparison and assignment of '"H NMR and IR data
(see Supplementary Information).
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The synthesis of tris(3,4,5-trialkoxyphenyl)boroxines 11 commenced with the
5-bromo-1,3,4-trialkoxybenzenes 7 [38—41]. Their conversion into the boronic acids according to the
method described in Scheme 1 turned out to be problematic, because inseparable mixtures of boronic
acids and boroxines were obtained. This was also true, when the initial bromo-lithium exchange was
replaced by formation of a Grignard species instead. Therefore, an alternative method was applied
(Scheme 2).

Bromides 7 were treated with n-BuLi, followed by addition of isopropoxypinacolborolane [42] to
yield the corresponding pinacolborolanes 8 [38] which were directly treated with bisethanolamine in
i-PrOH. The resulting diethanolamine complexes 9 precipitated from the solution and after filtration,
they were hydrolyzed without further purification with HCI in THF giving a mixture of boroxines 11
and boronic acids 10. Refluxing this mixture with pyridine in Et2O [43] followed by hydrolysis with
HCl in Et2O provided the desired free boroxines 11 quantitatively. Noteworthy, this strategy did not
need purification at any step. Only pinacolborolanes 8 were deprotected to complexes 9 which
precipitated in analytically pure form (shown for 9e in the Supplementary Information). The
subsequent two reaction steps proceeded in quantitative yield without any impurities. The overall
yields of 11 starting from 7 were in the range of 20%—40%. The solid products 11 were air-stable,
however, storage in solvents containing traces of water led to slow decomposition to the
corresponding boronic acids 10.
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Scheme 2. Synthesis of boroxines 1la—e bearing three 3.4,5-trialkoxyphenyl
substituents. For comparison, diethanolamine complex 9e was isolated. Its 'H and '3C
NMR spectra are given together with characteristic IR bands for distinction of 10 and 11
(Table S2 in the Supplementary Information).
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2.2. Mesomorphic Properties of Boroxines

The liquid crystalline properties of compounds 5 and 11 were studied by differential scanning
calorimetry (DSC), polarizing optical microscopy (POM) and X-ray diffraction (XRD: wide-angle
X-ray scattering (WAXS), small-angle X-ray scattering (SAXS)).

All compounds Sa-d bearing three 3,4-dialkoxyphenyl substituents did not show any
mesomorphism. In contrast, boroxines 11 with additional alkoxy group turned out to be mesogenic
with exception of derivative 11a with C8 alkyloxy side chains. The results obtained from DSC
measurements are summarized in Table 1 and Figure 2.

Table 1. Phase transitions of the mesogenic boroxines 11a—e. “*.

T [°C] T. [°C]

Compound Phase (AH [kJ-mol™']) Phase (AH [kJ-mol”']) Phase Cycles
11a Cr 24 - - I 2nd heating
11b Cr 25 (65.5) Coly 135°(3.4) I 2nd heating
11b Cr 7(25.2) Coly 129 “(1.3) I 2nd cooling
11c Cr 30 (84.3) Coly 130 (7.7) I 2nd heating
11c Cr 22 (73.4) Colp 127 (4.4) I 2nd cooling
11d Cr 42 (116.4) Coly 128 ©(2.3) I 2nd heating
11d Cr 24 (72.7) Coly 126 (2.5) I 2nd cooling
11e Cr 49 (123.9) Coly 126 “ (5.6) I 2nd heating
11e Cr 33 (86.1) Colp, 123 (3.3) I 2nd cooling

“ The following phases were observed: crystalline (Cr), columnar hexagonal (Coly), isotropic liquid (I);

b transition temperatures were determined by DSC (heating/cooling rate 5 K-min'); ¢ peak temperature.
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Boroxines 11b—e displayed broad mesophases near room temperature. For boroxine 11b with C9
alkyloxy side chains a liquid crystalline phase between 25 °C and 135 °C was observed. With
increasing chain lengths melting points continuously rose up to 49 °C (11e) and clearing points
receded to 123 °C resulting in reduced phase widths from 100 K (11¢) to 77 K (11e).

Figure 2. Mesophase stabilities of boroxines 11a—e upon second heating (heating rate
5 K-min!). Mesophase widths are given.
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Considering the DSC traces of 11b—11e identical behaviour of all derivatives during heating and
cooling cycle is evident. As example, DSC curves of 11e are shown in Figure 3 (for further DSC
curves see Supplementary Information). Melting points were clearly visible while clearing point
peaks were less intensive and very broad. Hence, peak temperatures are given in Table 1. Upon
cooling both melting and clearing point displayed a supercooling of phase transitions. Clearing points
were slightly affected. Boroxine 11b shows the largest shift of 6 K from 135 °C upon heating to

129 °C upon cooling. The melting points of 11b and 11d, however, were significantly shifted by 18
K from 25 °C (11b) and 42 °C (11d) to 7 °C and 24 °C, respectively.

Figure 3. DSC curves of 11b (second heating/cooling cycle, heating/cooling rate 5 K-min ).
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Under the microscope boroxines 11b—11e behaved similarly. Upon cooling from the isotropic
liquid all derivatives formed homeotropic areas with few defects (Figure 4 top).

Figure 4. Textures of 11b—e as seen between crossed polarizers upon cooling from

isotropic liquid (cooling rate 5 K-min!, magnification x100). (top): standard glass

slides, (bottom): trimethylchlorosilane-treated glass slides.

Presumably, the boron atoms coordinate at the oxygen atoms of the glass surface, resulting in
aligned mesophases perpendicular to the surface. Therefore, the glass slides were treated with
trimethylchlorosilane prior to use. In this way, broken fan-shaped textures being typical for columnar
mesophases could be observed for boroxines 11b—11e under the POM (Figure 4 bottom).

In order to get further insight into the phase geometry, derivatives 11b—e were investigated by
XRD (SAXS and WAXS). Figure 5 shows both the SAXS profile and WAXS pattern exemplarily
for boroxine 11e. In the small-angle region three reflections are visible in a ratio of 1:1/4/3:1/2 which
were indexed as (10), (11) and (20) [44]. This diffraction pattern is typical for columnar hexagonal
(Coln) phase geometries. In the wide-angle region a diffuse halo was observed, which is generated
through the interaction of the molten-like alkyl chains. In the case of derivatives 11b—d, however,
only the (10) reflection and the diffuse halo were clearly visible in the diffractograms. Due to
identical molecule geometry also Coln mesophases are assumed for 11b—d (for XRD data see
Supplementary Information).

Figure 5. Small-angle X-ray scattering (SAXS) profile of the liquid-crystalline phase of
11e at 100 °C (Inset: wide-angle X-ray scattering, WAXS).
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3. Experimental Section
3.1. Materials

All reagents were used as purchased from the suppliers without further purification. Solvents were
dried and distilled under nitrogen prior to use and unless otherwise stated all reactions were carried
out under nitrogen atmosphere with Schlenk-type glassware.

3.2. General Procedure for the Synthesis of Tris(3,4,5-Trialkoxyphenyl)boroxines (11)

To a solution of the appropriate 7 (4.225 mmol) in abs. THF (150 mL) at =78 °C was added
n-BuLi (4.50 mL, 7.2 mmol, 1.6 M in n-hexane, Merck KGaA, Darmstadt, Germany) and the reaction
mixture was stirred for 1 h. Then isopropyl pinacol borate (1.32 mL, 1.20 g, 6.34 mmol,
Sigma-Aldrich, Steinheim, Germany) was added and the reaction mixture stirred for a further 1 h
at —78 °C. After warming to room temperature over 24 h, the reaction was terminated by addition of
NH4Cl1 (50 mL, saturated solution) and stirring for 1 h. The resulting aqueous suspension was
extracted with Et20 (3 x 50 mL). The combined organic layers were washed with H20 (2 x 100 mL)
and brine (80 mL) and dried (MgSO4). The solvent was removed under vacuum and the crude product
8 was directly used for the next step.

The crude appropriate pinacolborolane 8 was dissolved in a minimal amount of isopropanol,
diethanolamine (0.85 mL, 0.89 g, 8.45 mmol, calcd for quantitative yield in the previous step,
Sigma-Aldrich, Steinheim, Germany) was added, and the mixture was stirred for 24 h at ambient
temperature. The suspension was filtered giving the boronic acid diethanolamine complexes 9 as
white solids. Those were dissolved in THF (15 mL) and stirred with HC1 (7 mL, 2 M) for 2 h at room
temperature. The resulting aqueous suspension was extracted with Et2O (3 x 30 mL). The combined
organic layers were washed with H2O (2 x 500 mL) and brine (50 mL) and dried (MgSQOa4). The
solvent was removed under vacuum giving mixtures of boronic acids 10 and the appropriate
boroxines 11 in good overall yield.

The respective mixture of 10 and 11 (0.3 mmol, calcd for the maximum amount of 10) was
dissolved in abs. Et20 and, together with mol sieves (4 A) to trap resulting water, heated to reflux.
Pyridine (abs., 0.1 mL, 0.095 g, 1.2 mmol) was added and the mixture was stirred for additional 20
min. The solution was then cooled with ice (0 °C) and HCI-Et2O (pH = 1) was added. After 10 min,
the precipitate was collected on a glass fritted funnel and the filtrate was fully evaporated in vacuo
to give the desired boroxines 11 as colorless solids in quantitative yield.

3.2.1. Tris(3,4,5-Trioctyloxyphenyl)boroxine (11a)

"H NMR (500 MHz, CDCl3): § = 0.83-0.95 (m, 27H, CH3), 1.23-1.43 (m, 72H, CH>), 1.44-1.56
(m, 18H, OCH2CH2CH2), 1.72-1.90 (m, 18H, OCH2CH2), 4.01-4.14 (m, 18H, OCHz), 7.39 (s, 6H,
2-H) ppm. 3C NMR (126 MHz, CDCl3): § = 14.11, 14.12 (CH3), 22.70, 22.72, 26.1, 26.2, 29.3,
29.40, 29.46, 29.55, 29.56, 30.39, 31.87, 31.93 (CH2), 69.2, 73.5 (OCHz2), 113.9 (C-2), 142.7 (C-4),
152.9 (C-3) ppm. FT-IR (ATR): v = 2927 (w), 2855 (w), 1574 (w), 1467 (w), 1417 (w), 1333
(s, B-0), 1110 (w), 904 (s), 726 (vs, BX), 649 (s) cm ' (BX denotes the anhydride band [45]).
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MS (MALDI-TOF): m/z calcd. for [CooHi59B3012]" 1465.21, found 1465.04. Anal. caled. for
CooH159B3012 (1465.68 grmol™!): C 73.75, H 10.93; found: C 73.39, H 11.02.

3.2.2. Tris(3,4,5-Trinonyloxyphenyl)boroxine (11b)

'"H NMR (500 MHz, CDCl3): = 0.85-0.91 (m, 27H, CH3), 1.21-1.43 (m, 90H, CH>), 1.45-1.56
(m, 18H, OCH2CH2CH2), 1.73-1.90 (m, 18H, OCH2CH>), 4.04-4.13 (m, 18H, OCH>), 7.39 (s, 6H,
2-H) ppm. '3C NMR (126 MHz, CDCls): § = 14.12 14.13 (CHs), 22.71, 22.72, 26.1, 26.2, 29.3, 29.4,
29.52, 29.55, 29.62, 29.66, 29.7, 30.4, 31.94, 31.97 (CH2), 69.2, 73.5 (OCH>2), 113.9 (C-2), 142.7
(C-4), 152.9 (C-3) ppm. FT-IR (ATR): v = 2958 (w), 2924 (w), 2853 (w), 1575 (w), 1467 (w),
1417 (w), 1334 (s, B-0), 1261 (w), 1213 (w), 1111 (w), 1021 (w), 905 (s), 849 (w), 804 (W), 725 (vs,
BX), 649 (w) cm™!. MS (MALDI-TOF): m/z caled. for [CooH177B3012]" 1591.35, found 1591.79.
Anal. calcd. for Co9H177B3012 (1591.92 g'mol™"): C 74.70, H 11.21; found: C 74.30, H 11.30.

3.2.3. Tris(3,4,5-Tridecyloxyphenyl)boroxine (11¢)

"HNMR (500 MHz, CDCl3): § = 0.82-0.96 (m, 27H, CH3), 1.17-1.45 (m, 108H, CH2), 1.45-1.63
(m, 18H, OCH2CH2CH2), 1.71-1.93 (m, 18H, OCH2CH2), 4.02—4.13 (m, 18H, OCH>), 7.39 (s, 6H,
2-H) ppm. *C NMR (126 MHz, CDCl3): § = 14.1 (CH3), 22.7, 26.1, 26.2, 29.40,29.41, 29.51, 29.54,
29.60, 29.65, 29.7, 29.8, 30.38, 31.93, 31.95 (CH2), 69.22, 73.50 (OCH2), 113.9 (C-2), 142.7 (C-4),
152.9 (C-3) ppm. FT-IR (ATR): Vv =2958 (w), 2923 (W), 2853 (w), 1574 (w), 1466 (w), 1417 (w),
1333 (s, B-0), 1261 (w), 1212 (w), 1112 (w), 1014 (w), 905 (s), 801 (w), 723 (vs, BX), 645 (w) cm .
MS (MALDI-TOF): m/z calcd. for [CiosH195B3012]" 1717.49, found 1717.89. Anal. calcd. for
Ci0sH195sB3012 (1718.16 g'mol !): C 75.50, H 11.44; found: C 75.25, H 11.46.

3.2.4. Tris(3,4,5-Triundecyloxyphenyl)boroxine (11d)

'H NMR (500 MHz, CDCl3): = 0.80-0.94 (m, 27H, CHs), 1.20-1.43 (m, 126H, CHa), 1.45-1.58
(m, 18H, OCH2CH2CHa), 1.70-1.93 (m, 18H, OCH2CHz), 4.02—4.13 (m, 18H, OCHaz), 7.39 (s, 6H,
2-C) ppm. 3C NMR (126 MHz, CDCls): 5 = 14.1 (CH3), 22.7, 26.1, 26.2, 29.4, 29.50, 29.54, 29.6,
20.71, 29.75, 29.76, 30.4, 31.94, 31.96 (CHa), 69.2, 73.50 (OCHa), 113.9 (C-2), 142.7 (C-4),
152.9 (C-5) ppm. FT-IR (ATR): ¥ = 2958 (w), 2920 (s), 2851 (w), 1575 (w), 1506 (w), 1467 (w),
1419 (s), 1336 (vs, B-0), 1261 (w), 1241 (w), 1212 (w), 1172 (w), 1111 (s), 1021 (w), 845 (w),
802 (w), 721 (s, BX), 667 (w), 648 (w) cm . MS (MALDI-TOF): m/z calcd. for [C117H213B3012]"
1843.63, found 1843.49. Anal. calcd. for C117H213B3012 (1844.41 g-mol!): C 76.19, H 11.64; found:
C76.39,H 11.33.

3.2.5. Tris(3,4,5-Tridodecyloxyphenyl)boroxine (11e)

'H NMR (500 MHz, CDCL3): & = 0.88 (m, 27H, CH3), 1.17-1.44 (m, 144H, CH»), 1.45-1.61
(m, 18H, OCH>CH2CHb), 1.74-1.90 (m, 18H, OCH2CHb), 4.00-4.16 (m, 18H, OCH>), 7.39 (s, 6H,
2-H) ppm. 3C NMR (126 MHz, CDCls): § = 14.12 (CH3), 22.7, 26.1, 26.2, 29.4, 29.53, 29.55, 29.6,
29.72,29.77,29.78, 30.4, 31.9 (CHz), 69.23, 73.50 (OCH>), 113.9 (C-2), 142.7 (C-4), 152.9 (C-3) ppm.
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FT-IR (ATR): Vv = 2957 (w), 2919 (s), 2850 (s), 1575 (w), 1467 (w), 1419 (s), 1336 (vs, B-O),
1260 (w), 1213 (w), 1113 (s), 1012 (w), 907 (w), 846 (w), 799 (W), 736 (s), 720 (s, BX), 648 (w),
578 (w) cm '. MS (MALDI-TOF): m/z caled. for [Ci26H231B3012-H]" 1969.77, found 1968.80.
Anal. calcd. for C126H231B3012 (1970.65 grmol™!): C 76.80, H 11.82; found: C 77.02, H 11.92.

3.3. Instrumental Analysis

The following instruments were used for characterization of the compounds. NMR: Bruker
Avance 500 ('H, 500 MHz; '*C, 126 MHz) and Bruker Avance 300 (‘H, 300 MHz; '3C, 75 MHz).
"H and C NMR spectra were referenced to tetramethylsilane (TMS, Sigma-Aldrich, Steinheim,
Germany) (du = 0.0 ppm, dc = 0.0 ppm) as an internal standard. Unless otherwise stated, spectra were
recorded at room temperature. Assignment of the resonances was supported by chemical shift
calculations and 2D experiments (COSY and HMBC). Elemental analyses: Carlo Erba
Strumentazione Elemental Analyzer, Modell 1106. IR: Bruker Vector 22 FT-IR Spectrometer with
MKII golden gate single reflection Diamant ATR system. MS (ESI): Bruker Daltonics microTOF-Q
spectrometer. Polarizing optical microscopy: Olympus BX50 polarizing microscope combined with
a Linkam TP93 central controller. X-ray diffraction (WAXS, SAXS regions): Bruker AXS Nanostar
C diffractometer employing Ni-filtered CuKa radiation (A = 1.5418 A), standard stationary
temperature control unit for temperature programs. Differential scanning calorimetry (DSC):
Mettler-Toledo DSC 822e¢. Flash chromatography was performed on silica gel, grain size 40—-63 um
(Fluka) and aluminium sheets precoated with silica gel 60 F254 (Merck) were used for thin layer
chromatography.

4. Conclusions

A new and easy approach towards discotic boroxines and study of their mesomorphic properties
is reported. Pure boroxines 11 were accessible starting from 5-bromo-1,3,4-trialkoxybenzenes 7 via
four-step reaction which did not need purification of intermediates.

Derivatives S bearing three dialkyloxyphenyl groups are found to be non-mesomorphic. In
contrast, linkage of three trialkyloxyphenyl substituents gave boroxines 11 displaying liquid crystalline
behaviour. A minimum of C9 alkyl chain length (11b) turned out to be necessary for mesophase
formation because 11a with C8 alkyl chains is non-mesogenic. The phase widths ranged from 77 K
(11e) to 110 K (11b) near room temperature, thus decreasing with enhanced alkyl chain lengths.
Under POM, fan-shaped textures typical for columnar mesophases were observed for all boroxines
11b—e. The phase geometry was further supported by X-ray diffraction showing in the small-angle
region the typical diffraction pattern of columnar hexagonal mesophases.
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Structural Rheology of the Smectic Phase
Shuji Fujii , Shigeyuki Komura and Chun-Yi David Lu

Abstract: In this review article, we discuss the rheological properties of the thermotropic smectic
liquid crystal 8CB with focal conic domains (FCDs) from the viewpoint of structural rheology. It is
known that the unbinding of the dislocation loops in the smectic phase drives the smectic-nematic
transition. Here we discuss how the unbinding of the dislocation loops affects the evolution of the
FCD size, linear and nonlinear rheological behaviors of the smectic phase. By studying the FCD
formation from the perpendicularly oriented smectic layers, we also argue that dislocations play a
key role in the structural development in layered systems. Furthermore, similarities in the rheological
behavior between the FCDs in the smectic phase and the onion structures in the lyotropic lamellar
phase suggest that these systems share a common physical origin for the elasticity.

Reprinted from Materials. Cite as: Fujii, s.; Komura, S.; Lu, C.-Y.D. Structural Rheology of the
Smectic Phase. Materials 2014, 7, 189-212.

1. Introduction

Rheology is a fundamental issue in soft matter science. One of the most successful achievements
in the rheology of soft matter is the Doi-Edwards model, which describes the viscoelastic response of
entangled polymer melts [1]. This model guides further theories and experiments which contribute
not only to the industrial application of polymer materials but also to the progress of the basic
polymer science. In contrast to the success in the polymer systems, the rheology of soft matter
with meso-scale structures is still a developing field. Structured fluids such as foam, emulsions
and colloidal systems as well as polymers have been also widely studied for many industrial
applications [2-5]. However, the attempt to describe their universal rheological properties has
only started using the concept of “soft glassy rheology” [5,6]. Besides these glassy materials, the
rheology of surfactant systems which exhibit the gyroid phase with a three-dimensional periodic
structure, or the sponge phase with randomly connected bicontinuous interface remains unexplored
except for some pioneered studies [7—12]. Their unique viscoelastic responses arise predominantly
from deformation of meso-scale internal structures whose rearrangement can be easily induced under
deformation or flow.

The rheology of soft matter looks for a fundamental understanding in terms of the micro/meso
structures of the systems. Representative examples of “structural rheology” include emulsions,
foams, colloidal dispersions, surfactant solutions, and liquid crystals. Molecular systems such
as a lubricant confined in a narrow space also exhibit various responses depending on their
microstructure [13—15]. Since there are many different structures, to unify the rheology of structured
fluids is an attractive yet challenging subject. Furthermore, as the soft structures can also evolve in
the flow, a good selection of the structure unit is essential to understand the system. If we can
establish a fundamental principle for the “structural rheology”, the significance of the soft matter
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in the industrial application will increase. In this review, we take defects as the key structures to
understand the smectic rheology.

In this review article, we discuss the structural rheology of thermotropic smectic liquid crystal as a
typical example [16-19]. Among various soft materials which spontaneously form internal structures
such as lamellar, hexagonal, cubic, and gyroid phases [20-23], the simplest one-dimensional periodic
structure is the smectic-A phase in thermotropic liquid crystals. The smectic liquid crystals exhibit
a solid-like response in the layer perpendicular direction and a fluid-like response within the layers.
Although the solid and the fluid-like responses do not mix for the smectic with a perfect alignment,
self-organized textures combine these responses and give rise to the viscoelasticity. Even in such
simple systems, phenomena such as shear-thinning and the orientation transition of the smectic layer
are observed once a flow field is applied [24-29]. In lyotropic lamellar phases, it is known that bilayer
membranes form multi-lamellar vesicles (onions) under shear flow [30-34].

As Horn and Kleman [35] pointed out in their pioneering work, smectic rheology is influenced by
defects in the bulk. It has been explained that shear-thinning behavior depends on the defect dynamics
and/or the defect density [25,36-38]. Although the importance of defects in the smectic rheology is
a common understanding, there are relatively few studies that focus on the role of defects either
explicitly or systematically [39-42]. Meyer et al. and Lu et al. [36-38] studied the shear-thinning
behavior by considering the dynamics of screw dislocations and dislocation loops. They found that
the theoretically predicted shear-thinning behavior 7 ~ ¢, where * is the shear rate and o the shear
stress, was consistent with the experimental results within a limited range of the shear rate.

The thermotropic smectic liquid crystal 8CB changes from the crystalline phase to the smectic
phase at 7" = 21.5°C, and further to the nematic phase at Tgy = 33.4°C. In this review article,
using 8CB as a typical example of smectics, we summarize the structural observation, the linear and
nonlinear rheological behavior of the smectic-A phase close to (but below) 7gy. In the next section,
we briefly explain the defects in the smectic liquid crystal phase. The temperature and the shear rate
dependences of the defect size are discussed in Section 3. In Section 4, the nonlinear rheology of the
smectic phase is investigated from the viewpoint of unbinding of dislocations, and summarize them
in a dynamic phase diagram. The physical origin of the elasticity of the smectic phase with defects
is suggested in Section 5. In the following section, we explain the dynamics of defect formation
induced by a non-equilibrium phase transition in the smectic phase under flow. Finally, we mention
the similarities between textural defects in the thermotropic smectic phase and the onion structures
in the lyotropic lamellar phase.

In our study, we did not perform any surface treatment of the shear cell. The lack of the surface
anchoring may induce the misalignment of the smectic layers and lead to the nucleation of focal conic
domains (FCDs). However, in our experiment, reproducible results could be obtained by applying

the pre-shear even without any anchoring treatment.

2. Defect Structures in the Smectic Phase

A liquid crystal has fluidity of a liquid and elasticity of a crystal. It also contains defects

which locally break the translational symmetry and form reconnected layers [43]. Smectic-A phase
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with a layered structure is perturbed by two types of line defects; edge dislocations and screw
dislocations which are parallel and perpendicular to the layer surface, respectively. These line
defects appear in pairs with opposite signs so that two screw dislocations with opposite signs linked
by edge dislocations form a dislocation loop. Since the dislocation loop locally compresses the
layer thickness, an increase in the dislocation loop density causes the accumulation of strain energy.
Furthermore, FCDs are formed to relax the compression deformation [44,45]. FCDs are visible under
an optical microscope and have sizes from a few micrometers to a hundred micrometers.

As shown in Figure 1, there are two types of FCDs which can be distinguished by the sign of the
Gaussian curvature of the layers. The first type, FCD-I, has negative Gaussian curvature forming a
toroidal shape, and is frequently observed in thermotropic liquid crystals. Whereas the second type,
FCD-II, has a concentric sphere like onion structure which is observed only in lyotropic lamellar
phases. As presented in Figure 1b, FCD-Is are connected by edge dislocations to form “oily streaks”
which are commonly observed both in thermotropic and lyotropic systems [46].

Figure 1. Schematic diagrams of (a) two different types of focal conic domains, FCD-I
and FCD-II; and (b) oily streak structure in which five vertical cross sections of FCD-I
are connected by four edge dislocations [45,46]. In the FCDs, the layers are folded into
Dupin cyclides with ellipse and hyperbola so that the curved layers remain equidistant.
Reproduced by permission of EDP sciences.

(a) (b)

Not only the edge dislocations but also the screw dislocations also affect the FCD structure. In the
FCDs, the layers are folded into Dupin cyclides with ellipse and hyperbola which can be identified as
disclinations. Kleman et al. [47] and Meyer et al. [48] experimentally observed that the interaction
between FCDs and dislocations creates kinks on disclinations. As a result of this interaction, the
screw dislocations will align along the kink. Unbinding of the dislocation loops will thus increase
the kink density and may affect the FCD shape.
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It has been recognized that formation of dislocation loops plays an important role in the
smectic-nematic (SN) transition [49]. Helfrich [50] proposed that an increase in the dislocation loop
density destroys the smectic order, and the unbinding of dislocation loops drives the SN-transition.
In his model, the stability of dislocation loops is determined by its energy per unit length, i.e., line
tension. When the temperature is increased, the line tension decreases and becomes negative above
T = Tsn. This leads to the spontaneous nucleation and proliferation of dislocation loops, and the
decay of the smectic order is reflected by the temperature dependence of the layer compression
modulus B. Benzekri et al. [51,52] showed that B decreases according to a power-law behavior
with a critical exponent given by the Nelson-Toner model [53]. Using freeze-fracture transmission
electron microscopy technique, Moreau et al. [54] showed that dislocation loop size indeed increases
in the vicinity of the SN-transition for a lyotropic liquid crystal.

3. FCDs under Shear Flow

As Horn and Kleman presented [35], the FCD density increases by applying a shear flow. Their
experimental observations suggest that non-equilibrium textural defects is additionally induced by the
shear flow. Hence the smectic structures are strongly affected by the formation of non-equilibrium
defects. In this section, we discuss the relation between the proliferation of dislocation loops and the
FCD size and the shear rate [16].

Figure 2 shows polarized light microscope images of 8CB in the smectic phase under shear
flow. These images were obtained immediately after applying different shear rates for 10 min for
various temperatures ranging from the room temperature to 7sy. The vertical and the depth directions
correspond to the flow and the velocity gradient directions, respectively. It can be seen that strings
of FCDs along the flow direction fill the space. We also note that the FCD size decreases with
increasing the shear rate at each temperature. Under constant shear rate, on the other hand, the FCD
size increases as the temperature approaches 7g.

To systematically study the effects of the temperature and shear rate on the FCD size, it is
necessary to determine the mean diameter L of FCDs. A microscope image taken under the shear
rate ¥ = 0.1 s~! is presented in Figure 3 as an example in order to show how to obtain L. As shown
in the figure, the average of L can be estimated by tracing the distinguishable outlines of the FCDs
with circles. Some FCDs are not used because their boundary contrast is too low. These FCDs are
located either above or below the focus plane. We calculate L as the number average within the focus
plane region. Close to the transition temperature 75y, one expects that the correlation length of the
fluctuation and the dislocation size behave similarly to obey the scaling law in terms of the reduced
temperature ¢t = (Tsny — 1) /Tsn [55,56]. From our experiment, we found that L depends on ¢ and %
as L ~ 4792 (at each temperature) and L ~ t~%5 (at each shear rate), respectively. As presented in
Figure 4, the FCD size L can be scaled by the combined variable 4 ~0-2¢792,

Although there is no theory on the shear rate and/or temperature dependence of L, an analogous
scaling relation with the same exponent was predicted for the defect spacing which varies as

t70.5

~ 4792 [36,37]. Moreover, the average dislocation loop size diverges as ~ according to the

defect model by Helfrich [50]. We remind that dislocation loops are formed by pairs of edge
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and screw dislocations, and FCDs are linked by edge dislocations. Since the accumulation of the
strain energy due to an increase in the defect density is the driving force for the FCD formation,
the agreement of these exponents (0.2 and 0.5) suggests that the proliferation of dislocation loops
controls the FCD size. Incidentally, it has been suggested that the non-equilibrium structural
transition of lyotropic lamellar phase under shear is governed by the dislocation size [29].

Figure 2. Polarized microscope images of the smectic phase under shear flow at
different temperatures (a) 7' = 33.0; (b) 31.0; (¢) 29.0; (d) 25.0°C and shear rates
4 =0.1,1, 10,20, 100,200 s~. The shear flow was applied along the vertical direction
of the images which were taken just after the cessation of it. The scale bar corresponds
to 100 pm.

(a) T=33.0°C (b) T=31.0°C

200s!

Figure 3. Typical microscope image used to estimate the FCD size at 7" = 25.0°C and
4 = 0.1 s~L. The averaged diameter L of FCDs was estimated by tracing each FCD with

a red circle as shown in the picture. The scale bar corresponds to 50 pm.
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Figure 4. Log-log plot of the FCD size L as a function of the shear rate 4 and the

reduced temperature t. Different symbols correspond to different temperatures. The

70.2t70.5

scaling variable is chosen to be 7 so that all the data points fall onto a straight

dashed line whose slope is unity.
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4. Nonlinear Rheology of the Smectic Phase

It is known that the smectic phase exhibits both shear-thinning behavior and yield
stress [24-26,28,35]. Although it has been anticipated that such rheological behavior is influenced by
defects [41,42], we have further shown in the previous section that these structures are FCDs which
originate from dislocation loops. In this section, we discuss how the presence of FCDs are reflected
in the rheology of the smectic phase [16].

Figure 5 shows the flow curves in the temperature range from 25.0 °C to 34.0 °C across the
SN-transition temperature Tgy = 33.4°C. These flow curves are obtained by measuring the
steady-state value of the shear rate 7 when various values of the shear stress o are applied.
Within the power-law behavior ¥ ~ ¢™, m > 1 and m = 1 correspond to the shear-thinning
and the Newtonian behaviors, respectively. Since m > 1 for T' < Ty, the smectic phase exhibits a
shear-thinning behavior.

It should be noted that the flow curves are not fully described by a single power-law since the
slope in Figure 5 gradually changes as a function of the shear stress. Colby et al. [24] also observed
a similar behavior of the flow curve. In order to discuss the nonlinear rheological response in more
detail, we focus on the flow curve at 7' = 25.0°C as a typical example. First we realize that this
flow curve reaches to a finite stress value when the shear rate is extrapolated to zero. This means

that there is a yield stress oy, below which the flow ceases. Previously, Horn and Kleman [35]
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or Colby et al. [25] reported that the smectic phase shows the yield stress. The flow curves for
other temperatures also exhibit yield stress; it decreases at higher temperatures and vanishes at 7gy.
Furthermore, focusing on the high-shear flow curves near the transition point (e.g., 7' = 33.0 °C), we
see that the rheological behavior changes from shear-thinning to Newtonian at a specific shear stress.
The corresponding threshold stress value o required to become Newtonian shifts toward the lower
value when approaching 7gy. In the nematic phase at higher temperatures, only Newtonian behavior
is observed.

Figure 5. Log-log plot of the steady-steady shear rate 4 as a function of the applied
shear stress o at different temperatures. The inset shows a typical curve (7' = 33.1°C)
divided into three regimes. Regime 0 is fitted by the Herschel-Bulkley model given
by Equation (1); Regime I is fitted by the power-law behavior given by Equation (2);
and Regime II corresponds to the Newtonian behavior. At the threshold stress oy, the

transition from Regime I to Regime II takes place. The SN-transition temperature 7gy is
33.4°C.
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To extract the temperature dependence of the power-law exponent and the yield stress, the flow
curve was divided into three regions: shear-thinning region (Regime 0) showing the yield stress,
shear-thinning region (Regime I) described by a power-law, and Newtonian region (Regime II).
Notice that oy represents the boundary value between Regime I and Regime II. To estimate the yield
stress in Regime 0, we use the empirical Herschel-Bulkley (HB) model

o= oy, + AY" (1)



196

where A and n are parameters, and oy, is the yield stress. This model has been frequently used to
describe the non-Newtonian behaviors of yield stress fluids [57-59]. In addition to the HB model for
Regime 0, Regime I was fitted with the power-law:

o= Cytm 2)

Various quantities can be obtained by fitting these equations to the flow curve (see the inset of
Figure 5).

The temperature dependence of each parameter is summarized in Figure 6. Whereas o, and A
rapidly decrease and vanish at 75y, the exponent n does not show a simple temperature dependence.
On the other hand, C' and m are almost constant up to around 7" = 32.0 °C and show a significant
increase as 7Tgy is approached from below. The abrupt increase of C' and m near 7gy indicates
that the enhanced critical fluctuation or the proliferation of dislocation loops significantly affects
the shear-thinning behavior. The shear-thinning exponent m ~ 1.7 obtained at the low-temperature
region coincides with the theoretically predicted exponent m = 5/3 by Kleman et al. [36,37].

As discussed in the previous section, the growth of dislocation loops causes the increase of the
FCD size. Horn and Kleman employed a dimensional argument to relate the yield stress oy and the
FCD size L by o, ~ K/L?, where K is the bending modulus of the smectic phase [35]. Notice that
the value of K is only weakly dependent on the temperature [60]. According to this relation, we see
that a decrease of oy near Tgy corresponds to a rapid increase of L. Qualitatively, this temperature
dependence of L agrees with the direct observations of FCDs in Figures 2 and 4. Hence we expect
that the growth of dislocation loops influences the temperature dependence of o, through the increase
of the FCD size. We shall further discuss the elasticity of FCDs in the next section.

Next we discuss the transition from shear-thinning (Regime I) to Newtonian behavior (Regime
II) using the dynamic phase diagram. In addition to oy obtained from Figure 5, the temperature
dependence of the viscosity 7 under constant shear stress was measured to construct non-equilibrium
phase diagram. The temperature dependence of 1 measured at shear stress of ¢ = 10, 30, 50, and
100 Pa is shown in Figure 7. Several results are found; (i) at low temperatures, 1 decreases as the
temperature increases; (ii) above a certain temperature 77, 7 is almost constant; and (iii) at 75 slightly
lower than 75y, a peak is observed. The two characteristic temperatures 7} and 75 shift toward lower
values as the shear stress is increased.

The above results are summarized in the dynamic phase diagram presented in Figure 8. Here we
find that the shear stress dependence of 7} and the temperature dependence of o are almost identical
to each other. Furthermore, both 77 and 75 change linearly with respect to 0. The temperature
estimated by extrapolating 77 and 75 to zero shear stress coincides with 75y at quiescent state, and
the phase diagram can be divided into three regimes. Comparing with the flow curves of Figure 5
and the temperature dependence of 7 in Figure 7, we see that the low-temperature region (7" < 7})
corresponds to the shear-thinning region (Regime I), while the temperature region 77 < T' < Th
exhibits the Newtonian behavior (Regime II). For convenience, these two regions are denoted by

“SmA; phase” and “SmAj; phase”, respectively.



Figure 6. (a) The yield stress oy, the pre-factor A, the exponent n in Equation (1), and

(b) the pre-factor C', the shear-thinning exponent m in Equation (2) as a function of the

temperature 7'. These values are obtained by the best fit in Figure 5 for each regime.
Vertical dashed line indicates the SN-transition temperature; Tsy = 33.4 °C.
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Figure 7. Shear viscosity 7 as a function of the temperature 7' obtained at different
applied shear stress o = 10, 30, 50, 100 Pa. Here log 7 is shifted by a constant @ in order

to have a better visibility. Vertical dashed line indicates the SN-transition temperature;

Tsn = 33.4°C.
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Figure 8. Dynamic phase diagram of 8CB under shear plotted against the temperature
T and the applied shear stress 0. The smectic becomes Newtonian above oy, whereas
Ty and 75, are characteristic temperatures identified in Figure 7. The vertical dashed
line indicates 1’ = Tsn. The lines of oy and 7} coincide with each other. “SmA;” and
“SmA;;” denote the smectic phases in Regime I and 11, respectively, while “N” indicates
the nematic phase.
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Previously, dynamic orientation diagram of the smectic phase was constructed with the use of
rheo-physical methods such as small angle X-ray scattering under shear flow by Safinya et al. [27]
and Panizza et al. [26], or rheo-dielectric measurement by Negita ef al. [61]. Our dynamic phase
diagram qualitatively agrees with their results. Although Safinya et al. [27] and Negita et al. [61]
presented their diagrams as a function of the temperature and the shear rate, we also confirmed that
our diagram roughly coincides with them by mapping the shear stress to the shear rate using the
flow curves in Figure 5. As shown in Figure 9, it is known that two orientation states are possible
in the smectic phase: perpendicular orientation in which the layer normal is perpendicular to both
the velocity gradient and flow direction, and parallel orientation in which it is parallel to the velocity
gradient direction [62,63].

Since the dynamic phase diagram obtained in Figure 8 and the orientation diagrams based
on rheo-physical methods coincide, SmA; phase is a mixture of the perpendicular and parallel
orientations, or a leak structure for which layers are cylindrically rounded [26]. On the other
hand, SmAy; phase consists of the perpendicular orientation. From this finding, we realize that the
rheological behavior and the layer orientation are closely linked to each other. Furthermore, since
T, coincides with 7Tgy for sufficiently low-shear stress (o = 10 Pa), we anticipate that the peak in 7
reflects the precession motion of the monomers in the SN-transition [27,61]. The shift of 7, toward
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lower temperatures when subjected to high-shear stress implies that the SN-transition is induced by
the shear flow. In addition to the proliferation of dislocation loops in thermal equilibrium state, the
shear-induced SN-transition is due to the creation of non-equilibrium dislocation loops caused by the
shear flow. The shear-induced SN-transition originates from the unbinding of dislocation loops which
are created both under equilibrium and out-of-equilibrium conditions. A rich rheological behavior
associated with the shear-induced layer orientation has been also found in the lyotropic lamellar
phases [64—66].

Figure 9. Schematic diagram of a smectic phase with perpendicular (left) and parallel
(right) orientations under shear flow. V, v and n correspond to the flow gradient, flow
and vorticity directions, respectively. The SmA; phase consists of both perpendicular
and parallel orientations, while only the perpendicular orientation appears in the SmAy;
phase.
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5. Linear Viscoelasticity of the Smectic Phase

In this section, we discuss the influence of FCDs on the linear viscoelasticity of the smectic
phase [17]. We also argue the physical origin of the elasticity of the smectic phase with FCDs. As
described in the previous section, the dynamical smectic phase changes from the SmA; phase to
SmAy; phase as a function of the shear stress and temperature. Since the SmA[; phase exhibits only
Newtonian behavior, we mainly concentrate on the viscoelasticity of the SmA| phase.

In rheological measurements, the shear modulus G can be obtained by the ratio between the shear
stress o and the strain v as G = o0/+. On the other hand, o is given by the product of the viscosity
71 and the shear rate 7, i.e., 0 = 17y. Viscoelastic materials exhibit both elastic and viscous responses
which can be measured by applying oscillating strain with an angular frequency w and an amplitude
of 705 7 = Yo sin(wt). The dynamic storage modulus G’ and the loss modulus G” are determined by
the following relation:

o =[G (w) sin(wt) + G"(w) cos(wt)] 3)
In our experiment, all of the measurements were performed within the linear viscoelastic region
which was confirmed by the strain sweep tests.

Figure 10 shows the frequency dependence of G’ and G measured after the system is subjected

to a given pre-shear stress. For all temperatures, G’ is always larger than G”. Moreover, a plateau
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region is observed in the low-frequency range, as Colby et al. also reported [24]. This solid-like
viscoelastic behavior is strongly correlated with the defect density. In fact, Larson et al. [28] showed
that both G’ and G decrease when the defects are removed by applying a large amplitude oscillatory
shear. Hence the plateau modulus reflects the defect density.

Figure 10. Log-log plot of the dynamic storage modulus G’ and loss modulus G”
as a function of the frequency w at different temperatures. Filled and open symbols
correspond to GG’ and G”, respectively. Different symbols shown in (d) represent the
applied pre-shear stresses for which the steady states are obtained.

(a) T=33.0°C (b) T=31.0°C
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Concerning the pre-shear stress dependence of the plateau value of G’ (denoted as Gy) at different
temperatures, Gy becomes larger with increasing the pre-shear stress. However, as the temperature
approaches to 7gy such as at 7' = 33.0 °C, it decreases at high pre-shear stress and deviates from a
simple scaling suggested in Figure 11. Comparing the pre-shear stress dependence of G to Figures 5
and 8, we notice that the shear stress value where (G decreases is located near the boundary between
the SmA| and the SmA;; phases. Thus, the plateau value of G’ reflects the defects associated with
orientations of the layers. As discussed before, FCDs fill the SmA; phase under shear flow, whereas
they are not observed in the SmA[; phase. Hence, FCDs dominate the elasticity of the SmA; phase.
Once the orientation transition of the smectic layers takes place to become SmAy, the elasticity due
to FCDs vanishes.
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Figure 11. Log-log plot of the plateau shear modulus (7 as a function of the shear rate ~

and the reduced temperature ¢. Different symbols correspond to different temperatures.
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Similar to the temperature dependence of the yield stress, GG also decreases as Tgy is approached.
Since the FCD size L influences the shear modulus G’, a similar scaling behavior found in Figure 4 is
expected to hold. Here the value of G’ at w = 0.1 s~! was chosen as G which is plotted in Figure 11
as a function of the combined variable of v and ¢. Adopting the result of Figure 5, the measured
steady shear rate ~ for each applied pre-shear stress o can be used for the scaling plot. To obtain the
scaling plot for (G, we first determined the power-law dependence G, ~ 2 at each temperature.
Then the power-law behavior of GG as a function of ¢ with an exponent 0.7 was extracted so that all
the data points fall onto a straight line with a slope of unity, i.e., Gy ~ 4%2t°7. Except for the data
close to the border between the SmA| and SmA ; phases, all GG values fall on a straight line. Below,

we discuss the physical meaning of these scaling behaviors for G and L.

02t07 _02t 0.5

When comparing the two scaling relations Gy ~ 7~ and L ~ 7 obtained from
independent measurements, it appears that (G is almost inversely proportional to L, Gy ~ 1/L,
although the temperature exponent is slightly different. In order to satisfy this relation, the
proportionality coefficient on the right hand side must have the dimension of surface tension, i.e.,
energy per unit area. For layered systems such as the smectic phase or the lamellar phase, de Gennes

and van der Linden proposed an effective surface tension given by v.¢ ~ v K B, where K and B are
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the bending and the compression moduli, respectively [55,67,68]. Here the numerical pre-factor is
dropped. Thus the plateau shear modulus of the smectic phase GGy should obey the following relation:
VKB

— oY== 4
GUCL 4)

where (" is the dimensionless proportionality coefficient. In the case of 8CB, it is known that K is
almost constant, K = (5.2 £ 0.3) x 10~'2 N [60], whereas B decreases with increasing temperature
close to Tsn. According to the experimental result of Benzekri ef al., the temperature dependence
of B is given by B = (7.5 x 107) x t94£0.03 pa [51,52]. To verify the validity of Equation (4), we
compare the value of Gy L obtained from our experimental result and V¢ = /K B estimated from
the literature, i.e., GoL = (4.56 x 107%) x t*2 Nm~' and v KB = (1.97 x 1072) x t*2 Nm~'. It is
remarkable that both quantities scale as ~ t*-2. This result implies that the temperature dependencies
of Gy and L are related through the scaling B ~ %4,

Based on our experimental result, we conclude that the physical origin of the elasticity in the
smectic phase is the effective surface tension v.¢ ~ /KB of the FCDs. An analogous picture
also holds for the elasticity of concentrated emulsions [69,70]. Furthermore, a similar relation to
Equation (4) has also been observed for the onion phase in surfactant solutions which can be identified
with FCD-II [71,72]. The proportionality coefficient C’ for the onion phase is about C" ~ 0.4 — 1.2,
which is fairly close to C" = 0.456/1.97 ~ 0.23 obtained for the FCDs. The relatively small value
of ¢’ for 8CB may be due to the polydispersity of the FCD size. We mentioned before that FCD-I
can be observed not only in the thermotropic smectic phase but also in the lyotropic lamellar phase,
while FCD-II appears only in the lyotropic systems. Formation of these textures depend both on the
bending and the Gaussian moduli. As shown in Figure 1, the main geometrical difference between
FCD-I with toroidal shape and FCD-II with spherical shape is the sign of the Gaussian curvature.
Therefore, the energy cost for the deformation of FCDs, as determined by /K B, dominates the
elasticity in these two systems in spite of the geometrical difference. We expect that the origin of
elasticity is a universal feature that is common to different layered systems.

Equation (4) for the elastic modulus G is different from the relation for the yield stress oy, ~
K/ L? predicted by Horn and Kleman [35]. It should be noted, however, that G in our case was
measured within a linear regime, whereas the non-linear effect cannot be ignored in the estimation
of yield stress. Generally, the shear modulus and the yield stress are not proportional to each other.

6. FCD Formation Induced by Shear Quench

In the previous sections, we mentioned that the FCDs induced by the unbinding of dislocations
influence the viscoelasticity of the smectic phase. In this section, we explain our results in the
non-equilibrium FCD formation when the system is subjected to shear stress-quench from high
to low values [18]. Some studies on the FCD formation behavior under shear have been also
reported [73,74].

Microscope images in Figure 12a,b show the time sequences of snap shots after quenching the
system fromo = 85t0o 0.1 PaatT = 33.0°C, and from o = 85to 1.5 PaatT" = 31.0 °C, respectively.
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Comparing with the dynamic phase diagram in Figure 8, one sees that conditions of the stress-quench
in (a) correspond to the FCD formation starting from the SmAj; phase, while (b) is the FCD growth
inside the SmA; phase. The brightness in the image represents the birefringence intensity.

Figure 12. Time sequence of polarized images after quenching the system at (a) 7" =
33.0°C and (b) T' = 31.0°C. Shear stress was quenched (a) from o = 85 Pa to 0.1
Pa, and (b) from o = 85 Pa to 1.5 Pa, respectively. The horizontal direction is the flow
direction. The FCDs are moving under the shear flow, and these images were picked out
from the movies. The size of each image is 150 pm x 200 wm. The brightness of the

image reflects the birefringence intensity. The scale bars correspond to 50 pm.

(a) T=33.0 °C

t=0s 50 s .
(b) T=31.0 °C

100 s 200 s

The microscope image at¢ = 0 s in Figure 12a is considerably bright because of the perpendicular
orientation of the smectic layers [16,26,27]. After the stress-quench, the birefringence intensity
quickly decays within a few seconds. Such a relaxation of the birefringence is caused by a flip of
smectic layers from the perpendicular orientation to the parallel one. After the relaxation, a parabolic
pattern appears around ¢ = 50 s, showing the appearance of FCDs whose number density increases
as a function of time. At¢ = 0 s in Figure 12b, on the other hand, the birefringence intensity
is inhomogeneous. In later times, we see parabolic patterns as well as circular objects which are
also FCDs with smaller sizes. There is a distribution of the FCD size, and the population of larger
sizes increases with time. Around ¢ = 900 s in both cases, there are large FCDs aligned along the
flow direction.

Figure 13 shows the measured shear rate 4 as a function of time ¢ for stress-quenches at the
same temperatures as in Figure 12. In Figure 13a for 7" = 33.0 °C, open symbols correspond to the
stress-quench within the SmAj; phase, while closed symbols indicate the stress-quench from the
SmA[; phase to the SmA; phase. As drawn in the graph, the initial decay of ¥ can be fitted by
a single exponential function which is called the first mode. On the other hand, when the system
undergoes a non-equilibrium transition from the SmAj; to SmA; phases, the shear rate exhibits a
second decay mode as observed in Figure 13. In comparison with the microscope observations, we
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notice that the second mode appears when the formation of FCDs starts. As the terminal stress is

decreased, the fraction of the second mode gradually increases.

Figure 13. Log-log plot of the measured shear rate 7y as a function of the elapsed time ¢
after the stress-quench from o = 85 Pa to 60, 40, 20, 10,7, 5, 3,2, 1.5, 1 Pa (from upper
to bottom) for (a) 7' = 33.0°C and (b) T' = 31.0°C, respectively. Open and closed
symbols correspond to the shear quench within the SmAj; phase and those from the
SmA[; to the SmA; phases, respectively. Data for (b) correspond to the stress-quench
only within the SmA| phase. Solid curves are the fits using a single exponential function

with a characteristic time (first mode).

(a) T=33.0°C (b) T=31.0°C
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The obtained relaxation time for the first mode shows a slowing down at 7gy. Since the
smectic layers in the SmAy; phase consist of a perpendicular orientation, the relaxation of the layer
orientation accompanies a creation of edge dislocations before the FCD formation. It is known that
the dislocations exhibit climb motion under shear stress [75,76]. The characteristic time for the climb
motion of edge dislocation under stress is described by

d
Bob )
where d is the sample thickness, « the angle of the cone-plate shear cell, and b the mobility of the edge

Telimb ™~

dislocation. Using typical values d ~ 10 um, B ~ 10° Pa, o = 0.017 rad, and b ~ 10~® m?s/kg, we
obtain 7., >~ 0.1 s, which roughly corresponds to the experimentally observed first mode. Hence
the first relaxation can be attributed to the climb motion of edge dislocation, and the slowing down
close to Ty suggests that the climb motion is affected by the unbinding of the dislocation. Moreover,
a similar slowing down is observed for the second mode. The validity of Equation (5) can be further
checked by systematically changing d and «.

When the system is quenched within the SmA; phase at 7' = 31.0 °C as shown in Figure 13b, the

shear rate shows anomalous behavior depending on the stress-quench depth. As the quench depth
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is increased, the two decay modes are observed similar to those for 7' = 33.0 °C. However, there
is a distinct third mode in which the shear rate increases (rather than decreases) after the double
relaxation. Since this third mode corresponds to the time region when the alignment of FCDs takes
place, it can be attributed to the formation of oily streaks. The third mode becomes slower when the
temperature is decreased. Notice that oily streaks consist of FCDs connected by edge dislocations as
depicted in Figure 1b. Hence the alignment of FCDs is affected by the dislocation unbinding [46].
Slowing down of these characteristic times in the vicinity of the SN-transition indicates that the
dislocation unbinding dominates not only the SN-transition but also the dynamics of textural defects.

Here we shall qualitatively discuss the eccentricity of FCDs under shear flow. In Figure 12,
elliptic FCDs can be seen with minor axis aligned along the flow direction. The eccentricity of
the FCDs is caused by the shear since the FCDs at quiescent state are mostly circles as shown in
Figure 3. When the shear stress is quenched, the layers will first disassemble along the velocity
gradient direction, and may reconnect with the slightly tilted state to accommodate FCDs with the
large Burger vectors [18]. Asymmetry of the FCDs along the vorticity direction would reflect the
tilted layers in the FCDs. Moreover, the dynamic coupling between the dislocation loops and the
shear flow may induce the distortion of the FCDs since the dislocation loops can adapt to the applied
shear stress [38]. Kleman et al. [47] and Meyer et al. [48] indeed pointed out that the interaction
of the FCDs with dislocations causes the distortion of the FCD shape. Detailed analysis on the
eccentricity would clarify how the dislocation loops attribute to the FCD structure.

Finally, it is interesting to point out the similarity between the FCD (FCD-I) formation from
the perpendicularly oriented layers and the onion (FCD-II) formation from the planar lamellae with
parallel orientation. In our experiment, the double decay modes in the shear rate at fixed shear
stress indicate that the viscosity increases with two steps. Such a behavior is also observed in the
shear-induced onion formation at fixed shear rate [31,32]. Especially, the creation of dislocations
prior to the FCD formation coincidences with the previous observation in the lyotropic system
in which the increase of the defect density is essential for the onion formation [33]. Hence the
proliferation of the dislocations plays an important role in the structural development from the
planar layers for both thermotropic and lyotropic cases. A qualitatively similar time evolution of
the viscosity in these systems suggests that the structural development dominated by defects is an
universal mechanism in the layered systems.

7. Conclusions and Outlook

In this review article, we have discussed that the following properties are closely related to the
unbinding of the dislocation loops; (i) scaling behavior of the FCD size; (ii) temperature dependence
of the yield stress; (ii1) shear-induced SN-transition; (iv) physical origin of elasticity; and (v) FCD
formation from the SmA[; phase. In particular, we have clarified the physical origin of the elasticity
by comparing the scaling relations for the FCD size and the shear modulus. This result indicates that
the defects significantly affect the smectic rheology. Furthermore, the similarity in the rheological

properties between FCDs and onions is a noteworthy consequence.
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It should be noted that the origin of the nonlinear rheological behavior still remains to be clarified.
Both the yield stress and the plateau shear modulus, commonly used to characterize the elasticity,
depend on the FCD size. The shear modulus originates from the effective surface tension, whereas
the source of the yield stress is poorly understood. Nonetheless, the estimated yield stress using
an empirical relation oy, ~ K/L? with L ~ 10 —=10? pm roughly coincides with our experimental
observation in Figure 6. More detailed study will shed light on the yield stress in the smectic phase.
By the same token, the shear-induced onion formation in lyotropic systems is strongly concerned
with interactions of defects such as dislocations and oily streaks [30,33]. Understanding the origin of
the nonlinearity in the smectic phase with defects will also lead to the elucidation of the shear-induced
structural transition.

We expect that the concept of structural rheology is applicable not only to the smectic phase
but also to other structured fluids [2,3,5,77-79]. One of the most interesting systems, which
could be tackled by a similar concept, is the rheology of the blue phase in cholesteric nematic
liquid crystals. In this phase, the interaction between disclinations generates the yield stress, and
anomalous rheological behavior is expected depending on the type of disclination networks [80,81].
Especially, shear-induced breakup and reconnection of the disclination network may induce a new
non-equilibrium structure, as observed under electric field [82]. Soft glassy nature of the amorphous
blue phase due to the disordered disclination network is also an interesting issue related to the
defect-mediated rheology. Melting of the amorphous blue phase due to shear can be explained by the
proliferation of disclinations as in the lyotropic hexagonal phase [23].

Thanks to the development in visualization technology and microrheology method, better
understanding of the stress response due to meso-scale structures has become possible in recent
years [22,83—-87]. Simultaneous measurements of the viscoelasticity and image acquisition will give
us a time resolved spatial information under shear [77-79,88]. These technological developments are
expected to contribute to the fundamental science of non-equilibrium soft matter in the future.
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The Design and Investigation of Nanocomposites Containing
Dimeric Nematogens and Liquid Crystal Gold Nanoparticles
with Plasmonic Properties Showing a Nematic-Nematic Phase
Transition (N,-Nx/Niw)

Maria-Gabriela Tamba, Chih Hao Yu, Bai Jia Tang, Christopher Welch, Alexandra
Kohlmeier, Christopher P. Schubert and Georg H. Mehl

Abstract: The construction of liquid crystal compositions consisting of the dimeric liquid crystal,
CB_C9 CB (cyanobiphenyl dimer = 1",9"-bis(4-cyanobiphenyl-4'-yl)nonane), and the range of
nematic systems is explored. The materials include a laterally functionalized monomer, which was
used to construct a phase diagram with CB_C9_CB, as well as one laterally linked dimer liquid
crystal material and two liquid crystal gold nanoparticle (LC-Au-NPs) systems. For the Au-NP-LCs,
the NP diameters were varied between ~3.3 nm and 10 nm. Stable mixtures that exhibit a
nematic-nematic phase transition are reported and were investigated by POM (polarizing optical
microscopy), DSC (differential scanning calorimetry) and X-ray diffraction studies.
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Schubert, C.P.; Mehl, G.H. The Design and Investigation of Nanocomposites Containing Dimeric
Nematogens and Liquid Crystal Gold Nanoparticles with Plasmonic Properties Showing a
Nematic-Nematic Phase Transition (Nu-Nx/Nw). Materials 2014, 7, 3494-3511.

1. Introduction

The investigation of materials that show nematic-nematic transitions has increased considerably
over the last few years since the first report on such a phase behaviour in dimeric liquid crystals [1].
This is due to the scientific novelty of a new nematic phase, different in organisation to that of the
classical uniaxial nematic (Nu) phase. Additionally, there is considerable interest in the structure of
this low temperature nematic phase, as its mode of assembly is not yet fully understood. Hence, it
has been identified, rather cautiously, as Nx, as a twist-bent nematic phase, Nw, or as a heliconical
nematic phase [2—10]. These issues of phase assignment still need to be clarified, but they raise the
more general question of whether a number of different thermotropic nematic phases, positioned
below the classical N phase, do exist in organic or inorganic materials [11-13]. Beyond the interest
in the fundamental issues of phase structure, the observation that the low temperature nematic phase
in dimers, which in this contribution is termed Nx, simply because its structure has not yet been fully
clarified, is characterized by the spontaneous formation of chiral domains. This is of technological
relevance, as this property can, in principle, be used to either stabilize or to enhance chirality in
already chiral systems, such as TGB (twist grain boundary) arrays, blue phases or to induce chirality
in plasmonic metal nanoparticle systems [14]. Here, chirality promises a wide range of novel optical
effects [15,16]. Moreover, these LC nanoparticle (NPs) systems are potentially extremely interesting
for LC applications, as it has been shown that nanoparticles dispersed in liquid crystals can result in
enhanced switching behaviour. It has been reported that electro-optical switching in the microsecond
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regime is possible in the Nx phase [9]. The first step to realize such advantageous properties is to
explore the miscibility of metal nanoparticles in dimeric systems forming the Nx phase. This is the
subject matter of this report. Here, we report the first miscibility study of gold nanoparticles
(Au-NPs) in dimers with a nematic-nematic phase transition.

Though a number of NP systems have been functionalized with LC groups in order to enhance
their solubility in liquid crystals, the number of calamitic nematogenic systems is very low,
and the number of those that exhibit LC behaviour is very small indeed, as discussed in recent
reviews [16—-19].

2. Results and Discussion

As a starting point for the miscibility studies, the dimer, CB_C9 _CB (cyanobiphenyl dimer),
shown in Figure 1, was used, as the structure of the Nx phase in this material has been investigated
intensively [1,7-10,20]. As LC-Au-NP systems, LC nanoparticle materials reported earlier were
used [21-24]. As the LC-Au-NP materials to be investigated employ laterally connected mesogenic
groups, different from those that have been shown to exhibit Nx phase behaviour, the design of the
Nx phase forming composites was approached in a systematic study. In the first step, mixtures with
a laterally functionalized nematogen, the liquid crystal, 4’-undecyloxybiphenyl-4-yl-4-octyloxy-2-
(pent-4-en-1-yloxy) benzoate (1), shown in Figure 1, were performed in order to evaluate the limit
of the phase stability in the Nx phase in such a mesogenic system. For that, a full phase diagram was
constructed. A laterally functionalized mesogen was selected, due to the tendency of these systems
to show nematic phase behaviour. In the second step, specific compositions of CB_C9 CB with a
dimeric system containing siloxane groups (2) were prepared to gain additional knowledge in order
to optimize the composition range for the mixtures with the LC-NPs. In the final step, compositions
were prepared with LC gold particles. Here, liquid crystal Au-NPs were used, which have been
reported earlier, using structures, very close to those of the laterally connected mesogen investigated
initially. Two systems were explored.

In the first system, the particle size is as about 3.3 nm (Material 3), and in the second material, the
particle diameter is about 10 nm (Material 4). The chemical structures of the investigated systems
are shown in Figure 1.

The addition of the corresponding liquid crystal, 1 (4’-undecyl oxybiphenyl-4-yl 4-octyloxy-2-
(pent-4-en-1-yloxy) benzoate), which has a positive dielectric anisotropy, Ae, to the dimer,
CB_C9 _CB, allows the construction of phase diagrams. Though the structures of 1 have been
discussed earlier as a precursor for mesomorphic silsesquioxanes and carbosilazane dendrimers,
detailed LC properties have not yet been discussed [25,26]. Compound 1 exhibits an enantiotropic
nematic phase; typical defect textures are shown in Figure 2.
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Figure 1. Chemical structures of the materials investigated. CB_C9_CB, cyanobiphenyl dimer.
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Figure 2. Textures of the nematic phase of 1 between untreated glasses observed between
crossed polarizers. (a) N phase at 25 °C; (b) N phase at 50 °C.
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DSC measurements were conducted at varying heating and cooling rates on samples of
Compound 1. The transition temperatures and the corresponding enthalpy values of Compound 1
taken from the heating and cooling DSC scan (10 K/min, see Figure 3) are given below.

Figure 3. DSC studies (10 K/min) of Compound 1; values are taken from the first heating
and cooling scans. Cr 54.5 (71.14) N 73.3 (2.39) Iso (°C); Iso 71.8 (—2.59) N 2.06 (—1.84)
X —24.6 (=6.78) Cr (°C); the numbers in brackets are the transition enthalpies in J-g .

Integral 55207 md
normalized 71.14 Jg~™1
Onset 51.63 °C
Peak 54 .47 °C
Integral 18.55 mJ
Integral 12.72md normalized 2.39 Jg™1
normalized 1.64 Jg*-1 Onset 7266 °C
Onset 45.02 °C Peak 73.31 °C
Peak 46.28 °C X
< : : $ g :
V Integral -14.30 md N
b normalized -1.84 Jgr1 Integral ) -20.13 md
Integral -52.58 md Onset 6.08 °C normalized -2.59 Jg*-1
normalized -6.78 Jg™~1 o 206 °C Onset 72.38 °C
Onset -22.86 °C ‘ Peak 71.80 °C
Peak -24 .63 °C
IB[MGT AKZ 10 10 Km 23.10.2011
MGT AKZ 10 10 Km 23.10.2011, 7.7600 rr
30 -20 -10 0 10 = 30 @ 50 50 ) 80 90 =c

A systematic investigation of the binary mixtures (w/w) of Material 1 with positive dielectric
anisotropy with the cyanobiphenyl dimer, CB_C9_CB (5%—-50% (w/w)), was carried out. All binary
mixtures exhibit liquid crystalline behaviour. The mesophase types and the transition temperatures
for these mixtures are given in Table 1. All compounds exhibit nematic phases. The mesophases of
the mixtures were characterized by their optical textures, calorimetric studies and by X-ray
investigations. No additional layer-structured mesophases are induced in the mixed phase region of
this binary systems, i.e., only nematic phases could be found. Remarkably, for the system,
CB_C9_CB, more than 40% (w/w) of 1 can be added before the Nx phase is lost (see Figure 4).
However, it is noted that the Nx phase stability is strongly reduced upon adding 1, i.e., for the system
with 30% (w/w) of 1 in CB_C9_CB (MGTP201), a reduction of the transition temperature of the
high-temperature N phase to the low-temperature Nx phase of about 54 °C could be found. In other
words, the nematic Nx phase transition occurs on cooling at 62.1 °C. Moreover, the stability of the
enantiotropic (that is thermodynamically stable) Nx phase is lost upon adding between 5% (w/w) to
10% (w/w) of the monomeric Compound 1.
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Table 1. Transition temperatures of the binary mixtures (w/w) of 1 with dimer
CB_C9_CB, taken from the first DSC heating and cooling scans (10 K-min ™).
Cr = Crystallie; N = Nematic; Nx = Nematic (x or tb); Iso = isotropic liquid.

Binary Mixtures 1 % (w/w) CB_C9_CB Transition Temperatures (°C)
% (W/w)

CB_C9 CB 0 100 Cr 85.2 Nx 107.3 N 124.2 Iso; Iso 122.4 N 104.9 N, 40.5 Cr
MGTP205 5 95 Cr 69.9 Nx 95.8 N 112.8 Iso; Iso 111.3 N 92.9 Nx 35.3 Cr
MGTP204 10 90 Cr 85.8 N 108.5 Iso; Iso 107.2 N 86.7 Nx 31.1 Cr
MGTP200 15 85 Cr 83.7 N 105.2 Iso; Iso 104.5 N 77.8 Nx 31.1 Cr
MGTP206 20 80 Cr85.2N101.1 Iso; Is0 97.2 N 72.7 Nx 35.3 Cr
MGTP207 25 75 Cr 84.7 N 96.1 Iso; Iso0 90.9 N 70.0 Nx 29.9 Cr
MGTP201 30 70 Cr 69.6 N 90.9 Iso; Iso 86.5 N 62.1 Nx 34.2 Cr
MGTP202 40 60 Cr 68.4 N 83.8 Iso; Iso 80.3 N 51.4 Nx 34.3 Cr
MGTP203 50 50 Cr 66.5 N 78.7 Iso; Iso 74.6 N 31.7 Cr

1 100 0 Cr54.5N 73.3 Iso; Iso 71.8 N 2.06 X —24.6 Cr

Figure 4. Transition temperatures of the binary mixtures of dimer CB_C9_CB in 1,
taken from the first DSC heating and cooling scans (10 K-min'); the phase diagram of
the transition temperatures of these mixtures, taken from the first DSC (a) heating scans
(10 K'min ') and (b) cooling scans (10 K-min ).
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As a representative example the mesophase behaviour of the binary mixture, MGTP201, with
30% (w/w) 1 in CB_C9_CB will be described in more detail. The POM studies and the calorimetric
investigations evidenced the existence of an N-Nx phase sequence with textural and structural
features similar to the pure cyanobiphenyl dimer, CB_C9_CB.

The high-temperature phase could be easily identified as a nematic phase by its characteristic
texture. At the phase transition to the Nx phase, a fine structured rope texture or fan-like texture
develops, as shown in Figure 5a,b. The sheared texture contains non-specific features with
homeotropically oriented regions and some oily streaks, as shown in Figure 5c.

Figure 5. Textures of the MGTP201 (30% (w/w) 1 in 70% CB_C9_CB) between
untreated glasses observed in the same region on cooling between crossed polarizers:
(a) schlieren texture in the high-temperature nematic N phase at 85 °C; (b) fan-like
texture accompanied by rope texture developing in the low-temperature Nx phase at
48 °C and (c¢) sheared texture of the low-temperature Nx phase at 48 °C.

) ©

DSC measurements were conducted at different heating and cooling rates on samples of the binary
mixture, MGTP201, consisting of a mixture of 30% (w/w) 1 in CB_C9_CB. The transition
temperatures and the corresponding enthalpy values of the compound MGTP201 taken from the
heating and cooling DSC scans recorded at 10 K/min (see Figure 6) are given below.

X-ray measurements were performed whilst applying a magnetic field of about 0.5 T to orient
samples of the composition, MGTP201. The results confirm the presence of two nematic phases.
The X-ray patterns in the high-temperature nematic state show the known features of the XRD
patterns of the nematic phases of the pure cyanobiphenyl dimer, i.e., diffuse crescent-like scattering
on the meridian in the small angle region, parallel to the orienting magnetic field, and diffuse
crescent-like scattering on the equator in the wide angle region. The diffractograms collected at
77 °C are shown in Figure 7a,b. Similar to the pure cyanobiphenyl dimer, this pattern does not change
significantly at the phase transition to the low-temperature Nx phase recorded at 50 °C and shown in
Figure 7c,d. There is no indication of a transition to a smectic phase, even though the textural
features, such as the fan-shaped texture and or polygonal textures, would suggest, initially, the
formation of a smectic-like structure.

It is noted that an addition of 15%-20% (w/w) of 1 to CB_C9_CB results in a decrease of the
isotropisation temperature by ~20-24 °C, when compared to pure CB_C9_CB.
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Based on these successful miscibility studies with a monomer, the work was extended to the
dimeric system, 2, which is characterized by a very wide nematic range and by having features, such
as the central siloxane group, that are present in one of the to be investigated LC gold nanoparticle
systems. Compound 2 is a dimeric non-symmetric system, whose synthesis has been reported
earlier [27]. Material 2 exhibits a wide enantiotropic nematic phase; a typical POM texture is shown
in Figure 8. The nematic phase stability of 2 ranges on heating form —8.8 to 107.6 °C. The material
was synthesized according to a reported method, and the results of the investigations of the LC phase

behaviour are shown below [27].
Figure 6. DSC studies (10 K/min) of the binary mixture, MGTP201 (30% (w/w) 1 in
70% (w/w) CB_C9_CB); the values are taken from the second heating and cooling scans.
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Figure 7. XRD patterns of an aligned sample of the mixture, MGTP201, in the magnetic
field on cooling. (a,b) XRD patterns of the nematic phase at 77 °C: (a) original pattern;
(b) the same XRD pattern, but the intensity of the isotropic liquid is subtracted;
(c,d) XRD patterns of the Nx at 50 °C: (¢) original pattern; (d) the same XRD pattern,
but the intensity of the isotropic liquid is subtracted.

High temperature Low temperature

(@ (b) © @

Figure 8. Textures of the nematic phase of 2 between untreated glasses observed between
crossed polarizers.

DSC measurements were conducted with different heating and cooling rates on samples of
Compound 2. The transition temperatures and the corresponding enthalpy values of Compound 2
taken from the heating and cooling DSC scans recorded at 10 K/min, shown in Figure 9, are
given below.

An investigation of the selected composition of the binary mixtures (w/w) of Material 2 with a
positive dielectric anisotropy with the cyanobiphenyl dimer, CB_C9_CB, at concentrations of 15%
and 25% (w/w) evidenced that all of the compositions exhibit a nematic phase behaviour. The
mesophase types and transition temperatures for these mixtures are given in Table 2. The mesophases
of the mixtures were characterized by their optical defect textures, calorimetric studies and by X-ray
investigations. No additional layer- structured mesophases are induced in the mixed phase region of
this binary systems, i.e., only nematic phases could be found.
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It is noted that the recorded systems show monotropic Nx phase behaviour; or in other words, the
Nx phase is a meta-stable phase, which can be obtained upon cooling from the nematic (N) phase.
As a representative example of the mesophase behaviour, the results for the binary mixture,
MGTP208, with 15% (w/w) 2 in CB_C9_CB will be described in more detail. The POM studies
and the calorimetric investigations evidenced the existence of an N—Nx phase sequence with textural
and structural features similar to the pure cyanobiphenyl dimer, CB_C9_CB. The high-temperature
phase could be easily identified as a nematic phase by its characteristic texture; a typical schlieren
texture is shown in Figure 10a. At the phase transition to the Nx phase, a fan-shaped texture develops.
This is shown in Figure 10b. The sheared texture, shown in Figure 10c, contains non-specific features
and some oily streaks.

Figure 9. DSC studies (10 K/min) of Compound 2, the first heating and cooling scan.
The values are taken from the second heating and cooling scans. The transitions are: N
107.6 (2.22) Iso (°C); Iso 106.2 (—2.03) N —14.0 Tg (°C); the numbers in brackets are

the transition enthalpies in J-g~'.
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Table 2. Transition temperatures of the binary mixtures (w/w) of 2 with the dimer,
CB_C9 CB, taken from the first DSC heating and cooling scans (10 K-min™").

Binary 2 CB_C9 CB Transitions temperatures (°C)
mixtures % (W/w) % (W/w)
CB_C9 CB 0 100 Cr 85.2 Nx 107.3 N 124.2 Iso; Iso 122.4 N 104.9 N, 40.5 Cr
MGTP208 15 85 Cr 86.7 N 112.0 Iso; Iso 110.3 N 88.1 Nx 41.4 Cr
MGTP209 25 75 Cr 86.7 N 108.8 Iso; Iso 106.4 N 83.7 Nx 41.2 Cr
2? 100 0 Tg —8.8 N 107.6 Iso; Iso 106.3 N —14 Tg

 Values for the heating scan are taken from the second heating scan.
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Figure 10. Textures of the MGTP208 (15% (w/w) 2 in 85% (w/w) CB_C9 _CB)
between untreated glass slides, observed in the same region upon cooling between

crossed polarizers: (a) schlieren texture in the high-temperature nematic N phase at
100 °C; (b) fan-like texture of the low-temperature Nx phase at 70 °C and (c¢) sheared
texture of the low-temperature Nx phase at 70 °C.

(©)

DSC measurements were conducted at different heating and cooling rates of samples of the binary
mixture, MGTP208. The transition temperatures and the corresponding enthalpy values of the binary
mixture, MGTP208, taken from the heating and cooling DSC scan collected at 10 K/min, are shown
in Figure 11 below. The lowering of the isotropisation temperature of the composition of ~12 °C,
when compared to pure CB_C9 CB is lower than found for the comparable mixture with the
monomeric system, 1.

Figure 11. DSC studies (10 K/min) of the binary mixture, MGTP208 (15% (w/w) 2 in
85% CB_C9 _CB); the values are taken from the first heating and cooling scans.
Cr 86.7 (49.74) N 112.0 (1.96) Iso (°C); Iso 110.3 (—2.22) N 88.1(—2.35) Nx 41.4
(—41.44) Cr (°C); the numbers in brackets are the transition enthalpies in J-g .
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X-ray measurements were performed whilst applying a magnetic field of about 0.5 T applied to
orient the samples of the composition, MGTP208. The results confirm the presence of two nematic
phases. The X-ray patterns in the high-temperature nematic state show the known features of the
XRD patterns of the nematic phase of the pure cyanobiphenyl dimer, i.e., diffuse crescent-like
scattering on the meridian in the small angle region (parallel to the orienting magnetic field) and
diffuse crescent-like scattering on the equator in the wide-angle region. A diffractogram of the
composition, MGTP208, recorded at 97 °C is shown in Figure 12a,b. Similar to the pure
cyanobiphenyl dimer, this pattern does not change significantly at the phase transition to the
low-temperature Nx phase. The diffractogram recorded at 70 °C is shown in Figure 12c,d. There is
no indication of a transition to a smectic phase, even though the textural features, such as a
fan-shaped texture and/or polygonal textures, occur.

Based on the results on the monomeric and dimeric systems, the miscibility of CB_C9_CB with
liquid crystal gold nanoparticles was explored. These initial experiments suggested that a concentration
of ~15% of the gold nanoparticle system in CB_C9 CB might still allow for Nx phase formation. As
the initial LC gold nanoparticle system, Material 3 was selected. For 3, the gold particles have a
diameter of ~3.3 nm; the chemical synthesis, liquid crystal phase behaviour and plasmonic properties
have been reported elsewhere [22]. The results for the mixture, MGTP212 (15% 3 in 85%
CB_C9_CB w/w) will be described. The POM studies and the calorimetric investigations evidenced
the existence of the phase sequence, N—Nx, with textural and structural features similar to the pure
cyanobiphenyl dimer, CB_C9 CB. The high-temperature phase could be easily identified as a
nematic phase by its characteristic texture. At the phase transition to the Nx phase, a fine structured
fan-shaped texture develops, as shown in Figure 13a,b. The sheared texture contains non-specific
features, a small-scale fan-shaped texture and homeotropically oriented regions and some oily
streaks, shown in Figure 13c.

Figure 12. XRD patterns of an aligned sample of mixture MGTP208 in the magnetic
field upon cooling. (a,b) XRD patterns of the nematic phase at 97 °C: (a) original pattern;
(b) the same XRD pattern, but the intensity of the isotropic liquid is subtracted.
(c,d) XRD patterns of the Nx at 70 °C: (¢) original pattern; (d) the same XRD pattern,
but the intensity of the isotropic liquid is subtracted.

High temperature Low temperature
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Figure 13. Textures of the binary mixture, MGTP212 (15% (w/w) 3 in 85%
CB_C9 _CB), at U = 0 V between untreated glasses observed in the same region upon

cooling between crossed polarizers: (a) schlieren texture in the high-temperature nematic
N phase at 113 °C; (b) fan-like texture of the low-temperature Nx phase at 100 °C and
(¢) sheared texture of the low-temperature Nx phase at 84 °C.

DSC measurements were conducted at different heating and cooling rates of samples of the binary
mixture, MGTP212 (15% (w/w) 3 in 85% CB_C9_CB). The transition temperatures and the
corresponding enthalpy values of the binary mixture, MGTP212, taken from heating and cooling
DSC scans (10 K/min) are shown in Figure 14. A crucial feature is that only a very small reduction
of the isotropisation temperature occurs, when compared to pure CB_C9 CB and the stabilisation
of the Nx phase formation, which is enantiotropic in this system can be observed.

X-ray measurements were performed whilst applying a magnetic field of about 0.5 T to orient the
samples of the binary mixture, MGTP212 (15% (w/w) 3 in 85% CB_C9_CB). The results confirm
the presence of two nematic phases. The X-ray patterns in the high-temperature nematic state show
the known features of the XRD patterns of the nematic phases of the pure cyanobiphenyl based
dimers, i.e., diffuse crescent-like scattering on the meridian in the small angle region (parallel to the
orienting magnetic field) and diffuse crescent-like scattering on the equator in the wide-angle region
collected at 112 °C and shown in Figure 15a. Similar to the dimer containing cyanobiphenyl units,
this pattern does not change significantly at the phase transition to the low-temperature Nx phase.
A representative diffraction pattern, collected at 80 °C, is shown in Figure 15b. Small angle
intensities occur. 6-scans of the diffraction pattern in the N and Nx and the isotropic phases are shown
in Figure 15c. As the small angle intensities persist in the isotropic phase, they are attributed to the
average distance of the gold nanoparticles dispersed in the mixture. The distribution of the wide-angle
scattering along ¢ in the N and Nx phases (plotted are the recorded intensities vs.  (15°-25° 20)) is
shown Figure 15d for data recorded at 112 °C and 80 °C. To enhance the visibility of the signal, the
raw data was divided by the data collected in the isotropic phase at 135 °C. It is noticeable that the
macroscopic orientation in the Nx phase is much larger than in the N phase, where there is hardly
any increased orientation when compared to the isotropic phase. Beyond the small angle intensity,
attributed to the gold nanoparticles, there is no indication of a transition to a smectic phase, even
though the POM textural features, such as the fan-shaped texture, could suggest such a smectic-like
structure formation.
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Figure 14. DSC studies (10 K/min) of the MGTP212; the values are taken from the first
heating and cooling scans. Cr 85.6 (49.05) Nx 105.7 (1.19) N 122.2 (2.90) Iso (°C);
Iso 121.2 (—3.02) N 105.5 (—1.47) Nx 30.3 (—21.38) Cr; the numbers in brackets are the
transition enthalpies in J-g.
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Based on these results, the investigations were extended to the gold nanoparticle system, 4, where
the synthesis and the liquid crystal properties have been reported elsewhere [24]. The NP system, 4,
is characterized by particle diameters of ~10 nm; the LC groups are attached by an amino group to
the gold nanoparticles; the spacer linking LC groups and nanoparticles contain a siloxane group,
introduced in order to lower the glass transition temperatures and the viscosity of the system. Based
on the previous results and for systematic reasons, a high concentration of CB_C9_CB in the mixture
was targeted. The results of the investigation of the mixture, MGTP211 (15% 4 in CB_C9_CB
w/w), will be described. The POM studies and the calorimetric investigations evidenced the existence
of an N—Nx phase sequence with textural and structural features similar to the pure cyanobiphenyl
dimer, CB_C9_CB. The high-temperature phase could be easily identified as a nematic phase by its
characteristic texture. At the phase transition to the Nx phase, a fine structured fan-shaped texture
develops, shown in Figure 16a,b. The sheared texture contains a non-specific features, a small-scale
fan-shaped texture and homeotropically oriented regions and some oily streaks, shown in Figure 16c¢.
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Figure 15. XRD patterns of an aligned sample of the mixture MGTP212 in a magnetic
field upon cooling: (a) N phase at 112 °C (the insert subtracted intensities were recorded
in the isotropic phase); (b) Nx at 80 °C (the insert subtracted intensities of the isotropic
phase); (¢) 6-scan of the diffraction pattern in the N and Nx phases; SAXS: d =0.470 nm
(112 °C), d = 0.453 nm (80 °C); (d) distribution of the wide-angle scattering along y in
the N and Nx phases; intensity vs. y (15°-25° 20).
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DSC measurements were conducted at varying heating and cooling rates of the samples of the
binary mixture, MGTP211 (15% (w/w) 4 in 85% (w/w) CB_C9_CB). The transition temperatures
and the corresponding enthalpy values taken from the heating and cooling DSC scans (10 K/min) are
shown in Figure 17. The surprising result is that the Nx phase formation has been stabilized; the
composition with a 15% (w/w) addition of 4 forms an enantiotropic Nx phase, stable upon heating
up to 104.7 °C.
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Figure 16. Textures of the binary mixture, MGTP211 (15% (w/w) 4 in 85%
CB_C9_CB), between untreated glasses observed in the same region upon cooling
between crossed polarizers: (a) schlieren texture in the high-temperature nematic N
phase at 113 °C; (b) fan-like texture of the low-temperature Nx phase at 100 °C; and (¢)
sheared texture of the low-temperature Nx phase at 84 °C.
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Figure 17. DSC studies (10 K/min) of the mixture, MGTP211; the values are taken from
the first heating and cooling scans. Heating: Cr 85.4 (29.3) Nx 104.7 (1.42 ) N 121.2
(2.20) Iso. Numbers in brackets, transition enthalpies J-g !. Cooling: Iso 114.2 (—2.29) N
102.7 (—1.63) Nx 47.1 (=39.96) Cr; the numbers in brackets are the transition enthalpies
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X-ray measurements were performed whilst applying a magnetic field of about 0.5 T on oriented
samples of the binary mixture, MGTP211. The results show that the composition can be aligned by
a relatively weak magnetic field. The results confirm the presence of two nematic phases. The X-ray
patterns in the high-temperature nematic state show the known features of the XRD patterns of the
nematic phases of the pure cyanobiphenyl or terphenyl dimers, i.e., diffuse crescent-like scattering
on the meridian in the small angle region (parallel to the orienting magnetic field) and diffuse
crescent-like scattering on the equator in the wide-angle region, shown in Figure 18a; the data were
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recorded at 108 °C. Similar to a pure dimer containing cyanobiphenyl units, this pattern does not change
significantly at the phase transition to the low-temperature Nx phase; an example is in Figure 18b of the
data recorded at 80 °C. Figure 18c shows the distribution of the wide-angle scattering along y in the
N phase at 108 °C and Nx phases at 80 °C (plot: recorded intensity vs. y (15°-25° 20); the values are
divided by the data recorded in the isotropic phase at 135 °C, for better contrast). Though there seems
to be some sharpening of the intensities at ~90°, parallel to the external magnetic field, at 80 °C,
when compared to the nematic phase, overall, the differences are minimal. The 6-scan of the
diffraction patterns in the N and Nx phases at 108 and 80 °C show no strong small angle intensities;
the data is very similar to the pure CB_C9_CB.

Figure 18. XRD patterns of an aligned sample of the mixtures, MGTP211, in a magnetic
field (vertical) on cooling: (a) N phase at 108 °C; (b) Nx at 80 °C; (c¢) distribution of the
wide-angle scattering along y in the N and Nx phases; intensity vs. yx (15°-25° 20);
(d) 6-scan of the diffraction pattern in the N and Nx phases; SAXS: d = 1.29 nm
(108 °C), d =1.29 nm (80 °C).
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The absence of the reflections for average distances of the large gold particles is attributed to their
size. They are anticipated to be at smaller angles than what can be recorded with the equipment
available. There is no indication of a transition to a smectic phase, even though the textural features,
such as the fan-shaped texture and polygonal textures, could suggest a smectic-like structure,
indicative of the limited use of the analysis of optical defect textures for the identification of the Nx
phase formation.
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3. Experimental Section

The synthesis of the materials has been reported elsewhere. X-ray diffraction experiments were
performed on an MAR345 diffractometer with a 2D image plate detector (CuKa radiation, graphite
monochromator, A = 1.54 A) (MAR Research, Hamburg, Germany). The samples were heated in the
presence of a magnetic field using a home-built capillary furnace. Phase transitions were determined
using a Mettler DSC822¢ stage (Mettler Toledo Intl. Inc. Switzerland) DSC with STARe software
calibrated with indium in a nitrogen atmosphere calibrated against an indium standard (156.6 °C;
28.45 J-g"!; reported transition temperatures are the peak of the endotherm). Polarising microscopy
studies were carried out using an Olympus BX51 polarising microscope (Olympus Corp., Tokyo,
Japan). The microscope was equipped with a Mettler-Toledo FP900 heating stage (Mettler Toledo
Intl. Inc., Greifensee, Switzerland).

4. Conclusions

In a systematic study, the dimer system, CB_C9_CB, was mixed with a laterally functionalized
monomer, a structurally related laterally connected dimer system and LC nanoparticles, where the
diameter of the gold particles was varied between ~3.3 and ~10 nm. In all the investigated materials,
a nematic-nematic phase transition could be introduced, though at varying concentrations of the
components. The compositions were characterised by POM, DSC and XRD investigations. The
results show that it is possible to construct stable liquid crystal nanocomposites with materials having
a metallic plasmonic response. It was found that, surprisingly, the Nx phase formation was not
destabilized in mixtures with liquid crystalline gold nanoparticles; however, destabilization of the Nx
phase formation occurred when mixing with a conventional laterally functionalized nematic
monomer and a structurally related dimer. These results open up investigations of systems that
combine the advantageous properties of nematic-nematic systems with those that have the properties
of metallic nanoparticles.

Acknowledgements

The work was carried out through funding by the Engineering and Physical Sciences Research
Council (EPSRC) grants EP/J004480/1 and EP/G030006/1 and the EU FP7 contracts, 216025 and
228455. Mass spectroscopic analysis of the organic materials by the national mass spectrometry
facility in Swansea is acknowledged.

Author Contributions

Maria-Gabriela Tamba carried out the miscibility studies and the LC characterisation of the
materials investigated. Chih Hao Yu, Bai Jia Tang, Christopher P. Schubert and Christopher Welch
were responsible for the synthesis of the NP-LCs. Alexandra Kohlmeier, Christopher Welch and
Maria-Gabriela Tamba were responsible for the synthesis of the liquid crystals. Georg H. Mehl
directed the research and wrote the manuscript with input from Maria-Gabriela Tamba.



230

Conflicts of Interest

The authors declare no conflict of interest.

References

10.

11.

Panov, V.; Nagaraj, M.; Vij, J.K.; Panarin, Y.P.; Kohlmeier, A.; Tamba, M.G.; Lewis, R.A_;
Mehl, G.H. Spontaneous periodic deformations in nonchiral planar-aligned bimesogens with a
nematic-nematic transition and a negative elastic constant. Phys Rev. Lett. 2010, 105, 167801,
doi:10.1103/PhysRevLett.105.167801.

Chen, D.; Porada, J.H.; Hooper, J.B.; Klittnick, A.; Shen, Y.; Tuchband, M.R.; Korblova, E.;
Bedrov, D.; Walba, D.M.; Clark, N.A.; et al. Chiral heliconical ground state of nanoscale pitch
in a nematic liquid crystal of achiral molecular dimmers. Proc. Natl. Acad. Sci. USA 2013, 110,
15931-15936.

Cestari, M.; Diez-Berart, S.; Dunmur, D.A.; Ferrarini, A.; de la Fuente, M.R.; Jackson, D.J.B.;
Lopez, D.O.; Luckhurst, G.R.; Perez-Jubindo, M.A.; Richardson, R.M.; et al. Phase behavior and
properties of the liquid-crystal dimer 1",7"-bis(4-cyanobiphenyl-4'-yl) heptane: A
twist-bend  nematic  liquid  crystal.  Phys. Rev. E 2011, 84, 031704,
doi:10.1103/PhysRevE.84.031704.

Beguin, L.; Emsley, J.W_; Lelli, M.; Lesage, A.; Luckhurst, G.R.; Timimi, B.A.; Zimmermann,
H. The chirality of a twist-bend nematic phase identified by NMR spectroscopy. J. Phys. Chem.
B 2012, 116, 7940-7951.

Meyer, C.; Luckhurst, G.R.; Dozov, 1. Flexoelectrically driven electroclinic effect in the
twist-bend nematic phase of achiral molecules with bent shapes. Phys. Rev. Lett. 2013, 111,
067801, doi:10.1103/PhysRevLett.111.067801.

Borshch, V.; Kim, Y.-K.; Xiang, J.; Gao, M.; Jakli, A.; Panov, V.P.; Vij, J.K.; Imrie, C.T.;
Tamba, M.G.; Mehl, G.H.; Lavrentovich, O.D. Nematic twist-bend phase with nanoscale
modulation of molecular orientation. Nat. Commun. 2013, 4, 2635, doi:10.1038/ncomms3635.
Burnell, E.; Kohlmeier, A.; Tamba, M.G.; Mehl, G.H.; Dong, R. Solute NMR study of a
bimesogenic liquid crystal with two nematic phases. Chem. Phys. Lett. 2012, 552, 44—48.
Tripathi, C.S.P.; Losada-Perez, P.; Leys, J.; Kohlmeier, A.; Tamba, M.-G.; Mehl, G.H.; Glorieux,
C. The nematic-nematic phase transition in a liquid crystal dimer CBC9CB and mixtures with
5CB: A high-resolution adiabatic scanning calorimetric study. Phys. Rev. E 2011, 84, 041707,
doi:10.1103/PhysRevE.84.041707.

Panov, V.P.; Balachandran, R.; Nagaraj, M.; Vij, J.K.; Tamba, M.G.; Kohlmeier, A.; Mehl, G.H.
Microsecond linear optical response in the unusual nematic phase of achiral. Appl. Phys. Lett.
2011, 99, 261903, doi:10.1063/1.3671996.

Hoffmann, A.; Vanakaras, A.G.; Kohlmeier, A.; Mehl, G.H.; Photinos, D.J. On the structure of
the Nx phase of symmetric dimmers. 2014, arXiv:1401.5445v1.

Keith, C.; Lehmann, A.; Baumeister, U.; Prehm, M.; Tschierske, C. Nematic phases of
bent-core mesogens. Soft Matter 2010, 6, 1704-1721.



12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

231

Zep, A.; Aya, S.; Aihara, K.; Ema, K.; Pociecha, D.; Madrak, K.; Bernatowicz, P.; Takezoe, H.;
Gorecka, E. Multiple nematic phases observed in chiral mesogenic dimmers. J. Mater. Chem. C
2013, 7, 46-49.

Tschierske, C.; Photinos, D.J. Biaxial nematic phases. J. Mater. Chem. 2010, 20, 4263—-4294.
Sharma, A.; Worden, M.; Hegmann, T. Nanoparticle-Promoted thermal stabilization of room
temperature cholesteric blue phase mixtures. Ferroeletrics 2012, 431, 154—163.

Pendry, J.B. A chiral route to negative refraction. Science 2004, 306, 1353—1355.

Menzel, C.; Helgert, C.; Rockstuhl, C.; Kley, E.B.; Pertsch, A.T.T.; Leder, F. Asymmetric
transmission of linearly polarized light at optical metamaterials. Phys. Rev. Lett. 2010, 104,
253902, doi:10.1103/PhysRevLett.104.253902.

Donnio, B. Liquid-Crystalline metallodendrimers. Inorg. Chim. Acta 2014, 409, 53-57.
Nealon, G.L.; Greget, R.; Dominguez, C.; Nagy, Z.T.; Guillon, D.; Gallani, J.J.; Donnio, B.
Liquid-Crystalline nanoparticles: Hybrid design and mesophase structures. Beilstein J. Org.
Chem. 2012, 8, 349-370.

Stamatoiu, O.; Mizaei, J.; Feng, X.; Hegmann, T. Liquid crystals: Materials design and self
assembly. In Topics in Current Chemistry; Tschierkse, C., Ed.; Springer Verlag: Berlin,
Germany, 2012; Volume 318, pp. 331-393.

Balachandran, R.; Panov, P.; Vij, J.K.; Kocot, A.; Tamba, M.G.; Mehl, G.H. Elastic properties
of bimesogenic liquid crystals. Lig. Cryst. 2013, 40, 681-688.

Cseh, L.; Mehl, G.H. The design and the investigation of room temperature thermotropic
nematic gold nanoparticles. J. Am. Chem. Soc. 2006, 128, 13377-133786.

Zeng, X.; Cseh, L.; Fowler, A.; MacDonald, J.E.; Mehl, G.H.; Ungar, G. 3-D ordered gold
strings by coating nanoparticles with mesogens. Adv. Mater. 2009, 21, 1746—-1750.

Dintinger, J.; Tang, B.J.; Zeng, X.; Liu, F.; Kienzler, T.; Mehl, G.H.; Ungar, G.; Rockstuhl, C.;
Scharf, T. A self organized anisotropic liquid crystal-plasmonic metamaterial. Adv. Mater. 2013,
25,1999-2004.

Yu, C.H.; Schubert, C.; Tang, B.J.; Welch, C.; Tamba, M.G.; Mehl, G.H. Design, synthesis and
characterisation of mesogenic amine capped nematic gold nanoparticles with surface enhanced
plasmonic resonances. J. Am. Chem. Soc. 2012, 134, 5076-5079.

ElsdBer, R.; Mehl, G.H.; Goodby, J.W.; Veith, M. Novel nematic dendrimers based on
carbosilazane cores. Angew. Chem. Int. Ed. 2001, 40, 2688-2690.

ElsdBer, R.; Mehl, G.H.; Goodby, J.W.; Photinos, D.J. Nematic silsesquixanes—Towards
nanocrystals dispersed in a nematic liquid crystal matrix. Chem. Commun. 2000, 851-852.
Diez, S.; Dunmur, D.A.; de la Fuente, M.R.; Karahaliou, P.K.; Mehl, G.H.; Meyer, T.;
Jubindo, M.A.P.; Photinos, D.J. Dielectric studies of a laterally-linked siloxane ester dimer.
Lig. Cryst. 2003, 30, 1021-1030.



232

Part V: Applications of Liquid Crystals

Emerging Applications of Liquid Crystals Based
on Nanotechnology

Jung Inn Sohn, Woong-Ki Hong, Su Seok Choi, Harry J. Coles, Mark E. Welland,
Seung Nam Cha and Jong Min Kim

Abstract: Diverse functionalities of liquid crystals (LCs) offer enormous opportunities for their
potential use in advanced mobile and smart displays, as well as novel non-display applications. Here,
we present snapshots of the research carried out on emerging applications of LCs ranging from
electronics to holography and self-powered systems. In addition, we will show our recent results
focused on the development of new LC applications, such as programmable transistors, a transparent
and active-type two-dimensional optical array and self-powered display systems based on LCs, and
will briefly discuss their novel concepts and basic operating principles. Our research will give
insights not only into comprehensively understanding technical and scientific applications of LCs,
but also developing new discoveries of other LC-based devices.

Reprinted from Materials. Cite as: Sohn, J.I.; Hong, W.-K.; Choi, S.S.; Coles, H.J.; Welland, M.E.;
Cha, S.N.; Kim, J.M. Emerging Applications of Liquid Crystals Based on Nanotechnology.
Materials 2014, 7, 2044-2061.

1. Introduction

Liquid crystals (LCs), first discovered in 1888 by an Austrian botanist, Frederick Reinitzer,
continue to attract intense research interest because of their orientational order, the existence of
strong dipoles and easily polarizable groups, the rigidness of the long axis, anisotropic features in
the structural, optical, electrical and magnetic properties, as well as their easy response to electric,
magnetic and surface forces [1-5].

Much effort has been devoted to the great scientific and technological developments and achievements
for advanced photonic devices and high-performance display applications of LCs, as well as for
creating novel device concepts and new LC applications. As a result, LCs will be able to become
ubiquitous in diverse applications, ranging from displays to electronics, sensors, lasers and optical
computing in our daily life [2,6].

To date, besides the familiar displays being the most common applications of LC technology,
numerous studies on LCs have been performed to provide unparalleled opportunities to facilitate the
basic understanding of the science and to develop new non-display applications. In this regard,
especially, ferroelectric LCs that possess a variety of advantages, such as a permanent electric
polarization, high flexibility and fast response time, have attracted considerable attention in recent
years as the basis for noble field effect transistors (FETs), memory cells and optical switching device
applications [5,7]. In particular, among FET-based non-volatile memory devices, the ferroelectric
FET, an important type of memory cells without a storage capacitor, is significantly attractive for
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memory and switch applications, because of the wide range of its interesting features, including small
cell size, non-destructive read-out, low-power consumption, good retention and fast response
time [8—15]. Another example of emerging applications based on LCs is holography, which is an
ideal technology to realize three-dimensional (3D) dynamic images by changing the refractive
index [16,17]. However, unfortunately, photo-refractive materials and photo-chromic materials
require high external voltages and long response times, respectively, to modulate the refractive
index [18-22]. To avoid such difficulties, arrays of carbon nanotubes (CNTs)/nanofibers were
introduced to locally modulate the refractive index of the LC medium at low operation voltages [23-25].
Recently, we also developed a transparent, active-type 2D optical array that operates at low voltage
using a graphene/CNT hybrid structure instead of using opaque metals [16]. In addition to
demonstrating proof-of-principle concepts for individual single LC device applications, it is also
possible to achieve technological advances and revolution into a rapidly growing multidisciplinary
field involving displays, electronics and energy harvesting to integrate displays into a self-powered
system [26,27]. Recent developments in piezoelectric power generators harvesting energy steadily
from ambient mechanical vibrations without regard to time, place or any external conditions, present
innovative and emerging research topics [26,28—-32]. Among various piezoelectric materials and
structures, a ZnO nanowire has been intensively studied as one of the most attractive materials.
In particular, recent advance in the ZnO nanowire-based piezoelectric power generators exhibited
highly promising piezoelectric performance for a self-powered source, due to its dimensionality and
piezoelectric semiconducting properties containing non-toxicity, eco-friendliness and geometrical
versatility [28,30,33].

In this paper, we aim to present and review snapshots of our recent research carried out on
emerging applications of LCs, particularly focusing on the development of new applications based
on a combination of LCs and functional nanomaterials, such as, ZnO nanowires, CNTs and graphene.
In addition, we will briefly discuss novel device concepts and basic principles of programmable
transistors, a transparent and active-type 2D optical array and multifunctional hybrid systems based
on LCs. These explorations will give insights not only in comprehensively understanding the technical
and scientific applications of LCs, but also developing new discoveries of other LC-based devices.

2. Results and Discussion
2.1. Programmable Transistors Based on Ferroelectric Liquid Crystals

The intrinsic memory functionality of ferroelectric FETs based on a semiconducting channel and
ferroelectric materials arises from the modulation of the charge carrier concentration in the channel,
which defines two different conductance states, by switching the polarization of the ferroelectrics
electrically, as shown in Figure 1. When a positive gate pulse is applied, the polarization of
ferroelectrics is rearranged in the direction of the ferroelectric-semiconductor interface, resulting in the
build-up of positive charges on the semiconducting surface. Subsequently, this leads to the accumulation
of electrons and, thus, a high conductance state, corresponding to the ON state (Figure 1a) [7,12].
Conversely, when a negative gate pulse is applied, the negative polarization leads to the depletion of
electrons and results in a low conductance state, that is, the OFF state (Figure 1b). Accordingly, to
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create novel functionality in FETSs using ferroelectric materials as a new approach for the fabrication
of programmable ferroelectric transistors, serving as a hybrid cell for memory, switch and display
applications [34-37], we must first demonstrate ferroelectric LC-induced conductance modulation
and hysteresis behaviour in a FET.

Figure 1. Schematic views of ferroelectric liquid crystal (LC)-coated ZnO nanowire field
effect transistors (FETs) exhibiting charge accumulation and depletion in the channel.
(a) The ON memory state; (b) the OFF memory state. PVP, poly(4-vinylphenol).

(a) ON state (b) OFF state
_ G
__Pvp ferroelectrics — ::P¥1?: - :

electron accumulation electron depletion
region region

In order to address whether the ferroelectric polarization of LCs can affect the electrical
transport in FETs, we performed output (source-drain current versus voltage, Ips-Vps) and transfer
(source-drain current versus gate voltage, Ins-VG) measurements with a conventional back-gate FET
device structure (the inset of Figure 2b) [7]. Figure 2a,b shows the representative data of the output
characteristics and transfer characteristics of a back-gate ZnO nanowire FET without a ferroelectric
LC layer, respectively. The output curves exhibit well-defined linear regimes at low biases and
saturation regimes at high biases, showing the typical pinch-off characteristics of n-type
semiconductor FETs [7,11,12,38]. It was observed that the back-gate nanowire FET exhibited
negligible hysteresis, being caused by uncontrolled chemical species adsorbed on the ZnO nanowire
when exposed to ambient air [7,12], before coating ferroelectric LCs, as shown in Figure 2b. Figure 2¢,d
shows the electrical properties of the ferroelectric LC-coated nanowire FET with a back-gate
structure. Noticeably, we observed that the electrical performance of ZnO nanowire FETs is
significantly improved after coating a ferroelectric layer. Here, note that we performed electrical
measurements with the same device before and after the coating of ferroelectric LCs in order to
circumvent size and morphology effects, such as the channel length and nanowire diameter. Thus,
the main reasons causing the conductance enhancement of the nanowire FET with a ferroelectric LC
layer can be due to the polarization effect, as well as the suppression of chemisorption effects of oxygen
and/or water molecules at the ZnO surface [7,39]. It was also observed that the FET (Figure 2d)
exhibits a clockwise hysteresis behaviour obtained with a double sweep of the gate voltage from —10
to 20 V at variable drain voltages (Vps = 0.1 and 1 V). Here, an interesting finding is that the
hysteresis width of the nanowire FET considerably increases after coating a ferroelectric LC layer
compared with that of the conventional nanowire FETs without a ferroelectric LC layer (Figure 2b).
These results indicate that the channel conductance and threshold voltages of ZnO nanowire FETs
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are strongly dependent on the channel charge density of the ZnO nanowires, which can be effectively
modulated by the polarization of ferroelectric LCs.

To further verify the origin of the large hysteresis and modulation of the channel conductance in
the nanowire FET device, we fabricated a top-gate nanowire FET (the inset of Figure 3), which is an
attractive configuration to allow the favourable polarization of the ferroelectric layer, inducing a
more effective field effect on the nanowire channel [7,12]. As expected, we observed that, unlike the
hysteresis behaviour of the back-gate nanowire FET with a ferroelectric LC layer, the top-gate
nanowire FET with the ferroelectric LC layer exhibits a counter-clockwise hysteresis loop, as shown
in Figure 3. That is, in contrast to a back-gate configuration causing the opposite polarization states,
as the gate voltage was swept from a negative (positive) value, a negative (positive) polarization of the
ferroelectric LC was induced on the nanowire surface. This implies that hysteresis behaviours
associated with threshold voltage shifts and channel conductance are strongly dependent on the sign
of polarization charges induced in the ZnO nanowire channel according to voltage sweep directions.
This is consistent with the results of previous studies on ferroelectric memory transistors [12,40].

Figure 2. (a) Output characteristics (Ins-Vps) and (b) transfer characteristics (Ips-Vg) of
a back-gate ZnO nanowire FET without a ferroelectric LC layer. The inset shows a
schematic view of a ZnO nanowire FET with a back-gate configuration; (c) output
characteristics and (d) hysteretic behaviours of the ferroelectric LC-coated
ZnO nanowire FET. Reprinted with permission from [7]. Copyright 2013, American
Institute Physics.
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Figure 3. Hysteretic behaviour of a top-gate ZnO nanowire FET with a ferroelectric LC layer.
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To demonstrate the practical memory properties of ferroelectric LC-coated nanowire FETs,
we investigated the switchability and retention time of a device with a top-gate structure [7].
Figure 4a shows the reversible, reproducible ON and OFF switching characteristics of a memory
device. Two different conductance states, defined as the ON (high conductance) and the OFF

(low conductance) states of a memory, were measured at the read gate voltage (Vg = 0 V) after the
application of a writing and an erasing gate voltage pulse of 15 and —15 V, respectively.

Figure 4. (a) Reversible, reproducible ON and OFF switching characteristics of a
top-gate nanowire FET with a ferroelectric LC layer; (b) retention times for the ON and
OFF states of ferroelectric LC-coated FETs measured after the application of a writing
pulse (+15 V) and an erasing pulse (=15 V). Reprinted with permission from [7].
Copyright 2013, American Institute Physics.
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Figure 4b shows the retention characteristics of the ferroelectric LC-coated nanowire FET-based
memory measured at Vps = 0.1 V and Vg = 0 V after a device was switched to the ON and OFF
states using writing and erasing gate voltage pulses, respectively. We find that the ON and OFF states
were retained over 10° s. Although the retention times of our memory device based on ferroelectric
LCs are still short and need to be further improved for data storage device applications, it is
noteworthy that we demonstrate proof-of-principle concepts, showing the feasibility of creating a
new hybrid system with switch, memory and display functions. Additionally, we believe that the
observed memory effects originate from the reversible switching between two polarization states,
which are effectively reoriented according to the polarity sign of applied gate voltages and, thus,
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resulting in the accumulation or depletion of the channel electrons in the ZnO nanowire, as illustrated
in Figure 1. This study will provide great potentials for use of LCs in a hybrid system with switch,
memory and display functions.

2.2. Future Three-Dimensional Holography Based on Liquid Crystals

To avoid the requirements of high external voltages to modulate the refractive index of LCs, a
combination of a graphene/carbon nanotube (CNT) hybrid structure, such as a transparent active-type
2D optical array, and LCs, as the medium inducing various refractive index changes, can be
considered as a viable strategy. An array of CNT pixels was fabricated on the patterned catalysts to
modulate the refractive index in a desired location by using chemical vapour deposition, as shown in
Figure 5a,c [16]. A strong local field can be generated by geometrically sharp CNTs with a large
field enhancement factor, which locally modulates the refractive index of the LC medium at low
operation voltages [23-25]. In addition, instead of using opaque metals, graphene with 96%
transmittance per layer was used as the transparent electrodes for the transmissive mode for optical
devices. Here, note that the height distribution of the CNT forests is important for obtaining uniform
diffraction patterns. This distribution was measured using an optical surface profiler. Figure 5b
shows that CNTs were uniformly distributed on each pixel with an average height of 1 £ 0.2 pm.

Figure 5. (a) Fabrication schematics of graphene/vertically aligned carbon nanotube
(CNT) hybrid structure on quartz; (b) a 3D image of CNT heights obtained from optical
surface profiler; (¢) scanning electron microscopy (SEM) images of graphene/vertically
aligned CNTs on quartz substrates. The inset shows a digital photographic image of our
optical element. Reprinted with permission from [16]. Copyright 2011, John Wiley
and Sons. VACNT, vertically aligned CNT.
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Figure 6 shows the diffraction pattern through the graphene/vertically aligned CNTs (VACNTS)
hybrid structure as a function of the applied voltage from zero to 6 V [16]. We used a He-Ne Laser
with a 633 nm wavelength to generate diffraction patterns from the graphene/VACNT hybrid
structure on a quartz substrate, as shown in Figure 6a.

The LC director was aligned randomly in the graphene plane and aligned homogeneously parallel
to the upper electrode, whose anchoring was invoked by the rubbing polyimide. Thus, the light can
be transmitted partially from the graphene region, whereas CNTs absorb light and emit light again
like an antenna, which act as a slit to generate a spherical wave. A series of light transmitted through
2D slits behaves like a 2D Young’s slit, creating a planar interference pattern. LC molecules near the
CNTs can be aligned parallel to the long axis of a CNT [41,42], and in particular, those located at
the tip of CNTs can be aligned more strongly parallel to the field direction, because the field is
strongly enhanced by the sharp CNT tip [43]. The path difference of light from slits can be modulated
by the degree of alignment of LC molecules in each slit, being varied by an external electric field.
Thus, each pixel acts as a circular slit, and hence, a 2D diffraction pattern from periodically arranged
2D CNT pixels (15 um space in the current study) was observed, as shown in Figure 6¢. As the
voltage increases to 2 V, a strong local field enhanced by the CNT tips changes the LC director
nearby to modify the local refractive index. Therefore, An in the local area increased the change in
light intensity of the diffraction pattern, as shown in Figure 6d [23-25,44]. At a voltage higher than
6 V, all the LC directors were aligned along the field direction; therefore, An ~ 0, invoking no
diffraction pattern changes and, thus, resulting in reducing the light intensity (Figure 6e).

Figure 6. (a) Schematic of the measurement for diffraction patterns; (b) schematic
illustration for the structure of the fabricated optical device. LCs are aligned by the
applied electric fields between two electrodes with the spacing of 20 um. Digital
photographic images of diffraction patterns at (¢) 0 V, (d) 2 V, and (e) over 6 V,
respectively. Reprinted with permission from [16]. Copyright 2011, John Wiley and
Sons. ITO, indium-tin-oxide.
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We measured the detailed light intensity changes at the first order spot as a function of voltages
for different tip morphologies [16]. As the voltage increases, more LC molecules were aligned along
the field, inducing larger An near the tip. Thus, this resulted in the increase in the intensity of the first
order until a maximum value was reached. After a maximum value of the intensity, the alignment of
LC molecules no longer occurs, and therefore, An decreases, reducing the intensity of the diffracted
first order light. A similar trend was also observed independent of the tip morphology and type of
CNTs. We also observed that the peak voltage was reduced when the single-walled CNTs were
aligned better, due to a more efficient alignment of LC molecules near the CNTs. The maximum
diffraction intensity was observed around 2-3 V. As expected, a higher peak voltage was required
for multi-walled CNTs due to their poor alignment and/or smaller field enhancement factor [41].
It is further noted that the degree of alignment of the CNTs plays an important role in improving the
diffraction light intensity. We believe that our current approach for the development of transparent
optical elements could be beneficial for realizing future 3D holography.

2.3. Self-Powered Liquid Crystal Displays

In addition to innovative and conceptual approaches to future LC applications, practical and
multidisciplinary applications via the convergence of displays and energy generation technology
have also attracted considerable attention. There is no doubt that the mobile information technology
is one of the most important key features describing current society. In particular, display technology
represented by LC displays in mobile devices is an essential, commonly used component for the
information exchanges.

One of the most important issues in mobile devices is sustainable energy supply. Although the
battery technology has been continuously improved, so far, it has always been required to realize
sustainable cord-free, i.e., self-powered devices. For this reason, various energy harvesting technologies
have been actively studied, especially, and piezoelectric nano-energy harvesting has been considered
as a promising technology, which is accelerated with the development of nanotechnology.

The energy harvesting functionality of piezoelectric ZnO nanowires arises from the modulation
of the piezoelectric polarization when the mechanical force is applied on the nanowire, which induces
the relative displacement of the Zn cations with respect to the O anions along the strain direction [33].
This piezoelectric effect produces ionic charges distributed along the nanowire and, hence, results in
the piezoelectric field, which drives electrons to flow in an external circuit to balance the
piezoelectric potential generated across the two ends of a nanowire. Consequently, the negative
piezoelectric potential developed on the compressed top side of a nanowire by mechanical stress
leads to the accumulation of electrons on the bottom side (the middle of Figure 7), whereas when the
external force is released, the accumulated electrons on the bottom side flow back to the top side
(the right of Figure 7) through the external circuit in order to balance the difference in Fermi levels
at the two sides [26].
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Figure 7. Operation principle of a piezoelectric energy harvester fabricated with
ZnO nanowires. Reprinted with permission from [26]. Copyright 2013, Royal Society
of Chemistry.

LCs, basically, are operated by voltages, which are favourable power consumption characteristics
to the piezoelectric energy harvester without the need for a high current supply. In this regard,
Wang’s group at the Georgia Institute of Technology reported that a piezoelectric nano-generator
can generate enough energy to drive a small LC display (Figure 8) [45]. They demonstrated that the
harvesting performance is enhanced by using conical ZnO nanowires. Due to the geometrical shape,
the nanowires are assembled with a unipolar feature, which is probably the key for producing a
macroscopic piezoelectric potential in the direction normal to the substrate. This harvester produced
output voltage up to 2 V (an equivalent open circuit voltage of 3.3 V) with a few hundreds of nano
amperes of output current, which can drive a small LCD panel.

For sustainable piezoelectric energy harvesting to drive integrated devices, such as LC displays,
it is important to target the proper mechanical energy sources. Sound is one of the most common and
abundant mechanical energies in our daily life. However, due to the rarefaction nature of the air, the
media of sonic waves, it is difficult to harvest the mechanical energy of sound. Since the first
sonic-driven piezoelectric energy generator was reported by using of ZnO nanowires in 2008 [30],
various efforts have been continued to improve the performance of sound energy harvesters. As a
result, recently, it has been reported that enhanced sound energy harvesters can produce enough
output power to operate a polymer-dispersed LC (PDLC) light shutter [27,46,47].

Recently, we successfully demonstrated operating PDLC light shutters using sonic-driven
piezoelectric energy generators, as shown in Figure 9 [27]. It has been well known that the free
electrons in an as-grown ZnO nanowire significantly screen piezoelectrically generated charges,
resulting in decreasing the output piezopotential [26]. Therefore, to enhance the output characteristics,
we introduced p-type counter dopants, such as P and Ag, to eliminate the free carrier screening effect
by decreasing free electrons in the ZnO nanowire, because as-grown ZnO nanowires are naturally n-
type semiconducting with superior conductivity due to oxygen deficiencies [26]. The doping process
was carried out at low temperature compatible with glass substrate-based processes by using all
solution processes based on a spin-on-dopant method [27]. Here, it is important to note that the low
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temperature process is crucial for the hybrid system to integrate energy harvesters into displays,
because most of all the display components are fabricated based on glass or plastic substrates.

Figure 8. (a) A schematic image of the fabricated energy harvester using ZnO conical
nanowires (CNWs) and (b) a model showing the setup for measuring the energy
conversion. The polystyrene substrate used to hold the nanogenerator at its upper side,
where the force, F, is applied. The CNWs are under compressive strain during the
deformation; (¢) the model used for calculating the potential distribution across the top
and bottom electrodes of the harvester with the presence of a pair of CNWs; (d) the
measured output voltage; (e) a snap shot of an LC display driven by the harvester.
Reprinted with permission from [45]. Copyright 2010, American Chemical Society.
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Figure 9. (a) SEM images of p-type ZnO:P nanorods on a glass substrate; (b) the
piezoelectric output potential measured from sound-driven piezoelectric nanogenerators
(SPNGs) consisting of ITO-coated flexible polyethylene terephthalate (PET) as a top
electrode and ZnO nanorods before and after P-doping; (¢) a polymer-dispersed LC
(PDLC) device (4 cm x 5 cm) switched on (left) by an SPNG and (right) before being
switched on using an SPNG, respectively. Reprinted with permission from [27].
Copyright 2014, Royal Society of Chemistry.
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Furthermore, in order to address the issues related to the mechanical impedance of the substrate,
we investigated various substrates toward an optimized harvesting system, as external mechanical
energy sources are generally transferred into piezo-structures through the substrate. In this regards,
textile with favourable form factors is one of the promising substrates for an effective harvester, due
to its wide degree of freedom in shapes with flexible and stretchable characteristics, as well as higher
efficiency in coupling external sonic waves into its own vibrational motion (Figure 10). Figure 10a
shows the vibrational amplitudes of three different substrates, Si, flexible polyethersulfone (PES),
and textile measured under the same input sonic power of 100 dB at 100 Hz using a laser optical
vibrometer. The vibrational amplitudes were 30, 960 and 2250 pm for Si, flexible PES and textile
substrates, respectively. With the optimized structures based on a textile substrate, the high output
voltage and current of the harvester (8 V and 2.5 pA from 10 cm?) were generated as shown in Figure
10c. In addition, to demonstrate the capability of directly driving a practical display device, reflective
mode display (PDLC display) panels (9 cm x 3 cm) were driven by the textile nanogenerator
(Figure 10d) [46].

Figure 10. (a) Large-area SEM images of ZnO nanowires grown on a textile substrate;
(b) comparison of the vibration amplitude of the Si, flexible PES and textile substrates
that were vibrated by a sonic wave; (¢) output voltage and current from the large-area
textile harvester (10 cm?) at 100 dB and 100 Hz; (d) a PDLC display panel operated by
the sound-driven textile harvester. Reprinted with permission from [46]. Copyright
2012, Royal Society of Chemistry.
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It is also expected that the combination of carrier controlled ZnO nanowires and textile substrates
would be one of the viable ways to generate higher output power. To this end, we directly synthesized
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Ag-doped ZnO nanowires by using a hydrothermal synthesis method fabricated under 90 °C without
introducing any high temperature post-annealing processes. The Ag-doped nanogenerators made
based on 10 cm? of a polyester textile substrate generated a power of 0.5 uW under a sound input of
80 dB, 100 Hz, which is nearly 2.9 times higher than that of a nanogenerator with un-doped ZnO
nanowires, and successfully operated PDLC light shutters (Figure 11) [47]. These findings imply
that our doping approach at low temperature provides opportunities for the potential use of textile
nanogenerators with high performance as self-powered devices.

Grid-free displays, especially powered by an energy harvester, will be the basis serving as a key
component for future mobile devices, and our study on the piezoelectric energy generator integrated
with LC displays will provide great potential for realizing grid-free display systems.

Figure 11. (a) Schematic diagram of device operation for the ZnO nanowire-based
nanogenerator grown on the flexible polyester; (b) piezoelectric potential and
(¢) piezoelectric current measured from Ag-doped ZnO nanowires (red line) and
un-doped ZnO nanowires, respectively, (black line) on polyester substrates using sound
waves; (d) OFF-state of the PDLC device; (e) ON-state of the PDLC device after
generating sound waves. Reprinted with permission from [47]. Copyright 2013 Royal
Society of Chemistry.
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3. Experimental Section

Growth of ZnO nanowire arrays: ZnO nanowires were grown on a-plane sapphire substrates
with Au catalysts by a vapour transport method. ZnO powder and graphite powder were mixed in a
weight ratio of 1:1, and then, the mixed powders were ground together. A layer of Au thin film (~3 nm)
was deposited on the sapphire substrate using electron-beam evaporation. The source materials and
substrates were placed in an alumina boat, which was loaded at the centre of an alumina reaction
tube located in a high-temperature tube furnace. The ZnO nanowires were then grown on the substrates
at a temperature of 930 °C for 20 min under a flow of Ar (23 sccm [standard cubic centimeters
per minute]).

Fabrication of nanowire FETSs: To fabricate ZnO nanowire FET devices, ZnO nanowires were
first dispersed by sonication in isopropyl alcohol and then transferred onto a silicon substrate by
dropping a liquid suspension of ZnO nanowires from a pipette. A 100 nm-thick silicon oxide layer
was employed as a gate oxide layer on a heavily doped p-type silicon substrate used as a global back
gate. Source and drain electrode patterns were defined by conventional photolithography followed
by electron beam evaporation of Ti (80 nm)/Au (40 nm) electrodes on a nanowire and lift off
processes. The separation of source and drain electrodes was ~3 um. The ferroelectric LC was simply
spin-coated at 4000 rpm onto the ZnO nanowire channel by using a solution-based spin-coating
method. For the top-gate nanowire FETs, cross-linked poly(4-vinylphenol) (PVP) (acting as a
dielectric layer) was coated on the prepared substrate with source and drain electrodes, followed by
a curing step. The cross-linked PVP dielectric layer was prepared by mixing PVP (10 wt% of solvent)
with additive poly(melamine-co-formaldehyde) methylated (5 wt% of solvent) in propylene glycol
monomethyl ether acetate (PGMEA). Top-gate electrodes were made by depositing a 50 nm-thick
Au layer on the PVP layer using the electron beam evaporator.

Graphene/VACNT hybrid structure: Graphene was synthesized on a Cu foil (75 pm) using a
thermal chemical vapour deposition (CVD) method and transferred onto the quartz substrate. The
reaction chamber was heated to 1000 °C and then CH4 (5 sccm), Ar (1000 scem) and Hz (200 scecm)
gases were introduced into the reaction chamber for 2 min. After coating PMMA film on a
graphene/Cu substrate, the Cu film was removed by submerging the film into Cu etchant (CE-100,
TRANSENE Company, Danvers, MA, USA). The graphene/PMMA film was then transferred onto
a quartz substrate. This process was repeated to obtain several layers of graphene. Conventional
photolithography was used to make dot arrays with a ~1 um dot size and ~15 um spacing between
dots. 10 nm Al and 1 nm Fe layers were deposited as catalysts for CNT growth. Vertically aligned
CNTs were synthesized by remote plasma-enhanced CVD with Ar (200 sccm), H2 (200 sccm) and
C2Ha (75 scem) gases at 750 °C for 5 min.

Optical cell assembly: The graphene/VACNTSs hybrid structure was covered with the top ITO
glass electrode separated by a 20-pum spacer. ITO glass was coated with polyimide and rubbed for
horizontal alignment of the liquid crystal. A nematic liquid crystal with positive dielectric anisotropy
(Merck, Darmstadt, Germany, ZLI 4792) was injected into the cell.

Polymer dispersed liquid crystal: PDLC composite materials consisting of a nematic LC TL203
(Merck, the ordinary refractive index no = 1.529) and a monomer PN393 (Merck, the polymer
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refractive index np = 1.499) with weight ratio of 78:22 has been made by applying a
UV-polymerization-induced phase separation method. The intensity of the UV light for curing the
monomers was 20 mJ/cm?, and indium-tin-oxide (ITO)-coated glass was used as the device substrates.

4. Conclusions

We present recent research snapshots of LCs that are focused on developing new LC applications.
We recently demonstrated emerging applications of LCs ranging from electronics to holography and
self-powered systems. Moreover, we describe novel concepts and operating principles of new
memory and transparent and active-type 2D optical array devices based on LCs. Finally, we show
self-powered display systems integrated with piezoelectric nanogenerators as one of the key
technologies for future grid-free displays. This review will give insights not only into understanding
the basic technical and scientific applications behind LCs, but also into developing new discoveries
of the practically use of other LC-based devices.
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Liquid-Crystal-Enabled Active Plasmonics: A Review
Guangyuan Si, Yanhui Zhao, Eunice Sok Ping Leong and Yan Jun Liu

Abstract: Liquid crystals are a promising candidate for development of active plasmonics due to
their large birefringence, low driving threshold, and versatile driving methods. We review recent
progress on the interdisciplinary research field of liquid crystal based plasmonics. The research scope
of this field is to build the next generation of reconfigurable plasmonic devices by combining liquid
crystals with plasmonic nanostructures. Various active plasmonic devices, such as switches,
modulators, color filters, absorbers, have been demonstrated. This review is structured to cover active
plasmonic devices from two aspects: functionalities and driven methods. We hope this review would
provide basic knowledge for a new researcher to get familiar with the field, and serve as a reference
for experienced researchers to keep up the current research trends.
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1. Introduction

Plasmonics [1-13], the study of the interaction between electromagnetic field and free electrons
in a metal, has drawn increasing attention recently due to its huge potential for solving many eminent
issues encountered by our world. Up to now, exciting plasmonic applications, for instance,
super-resolution imaging [14—19], optical cloaking [20-23], and energy harvesting [24—29], have
been reported. Many other potential applications are under development. All these developments are
attributed to the advanced nanofabrication techniques. Top-down nanofabrication techniques such as
electron beam lithography [30—33] and focus ion beam milling [34—40] allow the accurate fabrication
of structures at nanoscale with desirable trade-off on the high equipment expenses, as well as the
considerably long time during sample preparation. Bottom-up techniques like self-assembly [41—43]
can easily achieve regular patterns at a large scale at a rather low cost, but are not preferred for the
cases that require accurate positioning and alignment with nanometer precision. Despite their
strengths and weaknesses, both top-down and bottom-up techniques make their unique contributions
to plasmonics by providing various nanostructures for plasmonic applications for different purposes.
One major drawback of such plasmonic devices is that the fabricated nanostructures serve as passive
devices providing consistent outputs given the same inputs, which greatly limits their application
because of the additional investments required in fabricating another similar device with little change
in the sample design. Thus, the new research field of active plasmonics emerges, which deals with
reconfigurable function after the devices are fabricated, with the help of active mediums responsive
to certain stimulus. Many active mediums have been used to build active plasmonic devices,
including liquid crystals [44-59], molecular machines [60,61], elastic polymers [62—64], and
chemical oxidation/reduction [65—67]. Among all the mentioned active mediums, liquid crystal
stands out from all the rest because of its large birefringence on refractive index, low threshold on
transition among different states, and versatile driven methods to cause the transitions. As a truly
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unique gift from nature, liquid crystals possess the smallest elastic constants and the largest
birefringence among all known materials. In addition, their large birefringence spans the entire
visible-infrared spectrum and beyond, which was first reported by Wu [68] in 1986. By virtue of
their organic nature, they can be chemically synthesized and processed on a very large scale; they
are also compatible with almost all technologically important optoelectronic materials. The alignment
of liquid crystals can be easily controlled by many means, such as electricity, light, and acoustic
waves, thus making them an excellent candidate for the development of active nanophotonics.

By integrating liquid crystals with plasmonic nanostructures, active plasmonic materials and
devices with enhanced performance have been demonstrated. In this review, we summarize the recent
research progress and achievements in liquid crystal based plasmonics. We hope the contents
covered in this review can serve as a tutorial introduction to readers with little background in either
plasmonics or liquid crystals. We also hope experienced researchers can further expand their
knowledge of the given topic and be inspired to take this field to new horizons.

2. Plasmonics and Liquid Crystal Basics
2.1. Surface Plasmons

Surface plasmons are a special kind of light formed by collective electron oscillations at the
interface of a noble metal and dielectric. They can only propagate at the metal/dielectric interface
and decay exponentially away from the interface. Surface plasmons exhibit different properties as
their counterparts with the same frequencies, like much larger wave vectors, very short wavelengths,
and limited propagating length with the dumping loss while propagating inside the metal. They also
fit into Maxwell equations, and the wave vector supported by different combinations of metal and
dielectric interfaces can be calculated by solving the equation as shown below:

€ &
k, =k, |-2fe
sp 0 8m+8d (1)

where ksp represents the wave vector of surface plasmons and ko is the wave vector of the incident
light in vacuum. em and &4 are dielectric constants of metal and dielectric, respectively. From the
equation above, it is clear that direct conversion from propagating electromagnetic waves into surface
plasmons is impossible due to the mismatch of their wave vectors. There are many different ways to
solve this problem and the most commonly used ones are Kretschmann/Otto configurations and
gratings, as illustrated in Figure 1.

The Kretschmann configuration consists of a prism with high refractive index attaching to a glass
slide with refractive index matching to oil; the other side of the glass slide is covered with a thin
layer of gold film. There are two metal/dielectric interfaces found in this system as air/gold and
glass/gold interfaces. According to Equation (1), the two different interfaces support different surface
plasmon modes. Incident light from the prism side cannot excite surface plasmons on both interfaces;
however, with the help of a large refractive index from the prism side, it is possible that the leakage
horizontal wave vectors from the incident light on the prism side will match the surface plasmon
wave vector on the air side, validating the relation of:
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where np is the refractive index of the prism; &air is the dielectric constant of air and 0 represents the
incident angle from the prism side. One alternative way is to use gratings, where the grating constant
provides the missing momentum components from the incident light to surface plasmons. In order
to do so, the period of the gratings should be at the close range of the incident wavelength. The
equation describing this process can be expressed as:

ksp =n,k,S1n0 = mA 3)

A=2m/d is the grating constant (d is the period of grating). n: is the refractive index of incident plane;
0 is the incident angle and m is integer. Both methods are well investigated and have found their wide
applications in plasmonic-related research with many other excitation methods being developed.
Sometimes they can be combined together to maximize the system performance. The excitation
conditions have to be strictly followed to allow surface plasmons to be excited; while a less strict
method requiring irregular sharp edges can also excite surface plasmons through the strong scattering
caused by the wave vector match; however, the exciting efficiency is quite low since only a small
amount of wave vectors can match with surface plasmon wave vectors during the exciting process.

Figure 1. (a) Kretschmann configuration for surface plasmon excitation. The matching
of wave vectors between surface plasmons and the incident light is achieved with the
help of a prism with high refractive index and (b) the large surface plasmon wave vectors
can also be obtained with the help of a grating. The grating provides additional wave
vector components that can assist the conversion from incident light into surface
plasmon waves.

() (b)

Plasmonics is the further extension of surface plasmons, with its focus on the light-matter
interaction occurring at nanoscales along with different nanoparticles and nanostructures. At this
scale, light can not only be confined at the metal/dielectric interface, but also can be squeezed, tightly
focused/confined, and manipulated at will with the assistance from various nanostructures. Its huge
potential in various applications such as energy, biomedicine, metamaterials and photonic/quantum
computing has been explored and revealed from time to time.
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2.2. Liquid Crystals

Liquid crystals have attracted a lot of attention due to the unique electro-optical and thermo-optical
properties and have been used in numerous applications [69,70], such as liquid crystal displays for
televisions, projectors, watches, cellphones, spatial light modulators for adaptive optics in real time
optical imaging, optical switches and attenuators for telecommunications, and optical phase arrays
for beam steering, etc. The research on liquid crystal materials and devices is of special importance
not only to the quality of our daily life but also to the development of the human society.

Figure 2. Phases of liquid crystals: (a) nematic phase; (b) smectic phase and
(¢) cholesteric phase.

(@) UG

Generally speaking, there are three phases of thermotropic liquid crystals, known as the nematic
phase, smectic phase, and cholesteric phase. Figure 2a illustrates the nematic phase in which only
long range orientational order of the molecular axis exists. Figure 2b shows the smectic phase in
which one-dimensional translational order as well as orientational order exists. Figure 2¢ illustrates
the cholesteric phase of a liquid crystal by viewing the distribution of molecules at several planes
that are perpendicular to the helical axis. The cholesteric phase is actually a nematic type of liquid
crystal except that it is composed of chiral molecules. As a consequence, the structure acquires a
spontaneous twist in line with a helical axis normal to the director. The twist can be right-handed or
left-handed depending on the molecular chirality. Under proper treatment, a slab of nematic liquid
crystal can be obtained with a uniform alignment of the director. Such a sample exhibits uniaxial
optical symmetry with two principal refractive indices 7o and ne. The ordinary refractive index no is
for light with electric field polarization perpendicular to the director and the extraordinary refractive
index ne is for light with electric field polarization parallel to the director. The birefringence (or
optical anisotropy) is defined as An = ne — no. If no < ne, liquid crystal is of positive birefringence,
whereas if no > ne, it is of negative birefringence. In classical dielectric theory, the macroscopic
refractive index is related to the molecular polarizability at optical frequencies. The existence of the
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optical anisotropy is mainly due to the anisotropic molecular structures. In the optical regime,

g, =gmn. and g = g, thus Ae =g, (n—n>). For most liquid crystals, the ordinary refractive

index is around 1.5. The optical anisotropy plays an essential role in changing the polarization state
of light in liquid crystals.

For light propagating in the liquid crystal with an incident angle 0 relative to the optical axis,
shown as Figure 3, two eigen refractive indices are seen by the light with two modes of propagation.
One mode with its polarization direction perpendicular to the plane formed by the wave vector and
the optic axis is called ordinary wave, which sees a refractive index of no (independent of the incident
angle 0). The other one with its polarization direction parallel to the plane formed by the wave vector
and the optic axis is called extraordinary wave, which sees an effective refractive index (dependent
of the incident angle 0). The effective refractive index seen by the light can be written as:

1
cos’0 sin’0|?
neff (e) = |: nz + }’l2 :| (4)

Similarly, the optical anisotropy is also a function of temperature and approximately linearly
proportional to the order parameter S. A general trend of the refractive index is plotted in Figure 4 as
a function of temperature [71]. As we can see, the optical anisotropy decreases as the temperature
increases and vanishes in the isotropic phase.

Figure 3. Light propagation in uniaxial mediums.
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By combining liquid crystals with plasmonics, a new research category of liquid crystal based
plasmonics as a branch of active plasmonics is eminent and starts to draw increasing attention from
researchers all over the world. Here, we summarize recent research progresses and achievements of
the liquid crystal plasmonics to share our thoughts about the field, and hopefully inspire talented
researchers who are interested in pursuing excellence in this research area.
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Figure 4. Temperature-dependent refractive indices of SCB at A = 546, 589 and 633 nm.
Squares, circles, and triangles are experimental data for refractive indices measured at
A =546, 589 and 633 nm, respectively. Figure 4 is adapted from reference [71].
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3. Active Plasmonic Devices Based on Liquid Crystals

The birefringence of liquid crystal is demonstrated as a difference in refractive index, making it
an ideal active medium for active plasmonic devices for different applications, such as plasmonic
switches [50—54], active plasmonic color filters [30,35,39] and plasmonic waveguides [72]. While
the concept of applying liquid crystal to plasmonic nanostructure is straightforward, there are various
ways to pump or drive the liquid crystal to achieve a noticeable refractive index change. In the
following, representative liquid crystal based active plasmonic devices will be categorized and
discussed according to the driving methods.

3.1. Electric-Field-Driven Method

Electric fields have very strong impacts on rod shape of liquid crystal molecules. When the liquid
crystal molecules are subject to an electric field, one end of a molecule has positive charges, while
the other end is negatively charged, forming an electric dipole. As a result, the director of the liquid
crystal molecules will be re-oriented along the direction of an external electric field. Therefore,
electric field is the most commonly used method to drive the liquid crystal devices. Utilizing this
characteristic of the liquid crystal, efforts have been made to combine liquid crystals with
periodically nanostructured metal films to develop electronically controlled transmission, reflection,
and absorption of the plasmonic structures, concerning their applications on switches, filters, and
modulators. One example is given by Dickson et al. [55], who have demonstrated precise control
over surface plasmon dispersion and transmission of gold nanohole arrays using liquid crystals.
A schematic of the experimental setup is shown in Figure 5a. A liquid crystal layer with the thickness
controlled by the spacers is sandwiched between a conductive indium-tin-oxide (ITO) glass substrate
and a gold film with nanohole arrays milled by using a focused ion beam. White light impinging
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from the ITO side of the sample will pass through the liquid crystal layer and then reach the
nanostructures to excite different surface plasmon polariton modes. Upon applying voltages, electric
fields are built up across the ITO substrate and the gold film, and the liquid crystal molecules tend
to realign along the electric field direction. As a result, effective refractive index at the interface of
gold/liquid crystal is changed and subsequently results in a variation on the surface plasmon
dispersion relation; thus, changing the excitation conditions of certain plasmon modes. This change
is phenomenally reflected as a transmission modulation from the spectrum and provides us an active
control of surface plasmon modes. De Sio ef al. [57] also reported that a carrier accumulation layer
in the proximity of the ITO substrate can be formed under the external electric field, hence modifying
the effective refractive index around the metallic nanostructures and affecting their plasmonic
resonances subsequently. To achieve an additional degree of control freedom, dual-frequency liquid
crystal (DFLC) therefore is much preferred in designing an active plasmonic device, because it
responds to the applied voltages with different frequencies. DFLC can change its sign of dielectric
anisotropy from positive to negative, or negative to positive, upon the frequency change of the
applied electric fields [73,74]. Complementary gold nanodisk and nanohole arrays have been
demonstrated using electron-beam lithography followed by lift-off process, which are promising
carriers to build plasmonic devices, as shown in Figures 5b,c. By overlaying a DFLC layer on these
nanodisk and nanohole structures, reversible tuning of plasmonic resonances and transmission have
been demonstrated. In these hybrid systems, homeotropic alignment of DFLC was set at the initial
state by using a self-assembly alignment layer of hexadecyl trimethyl ammonium bromide (HTAB).
When the frequency of the applied electric field is lower than the crossover frequency of DFLC, and
all the liquid crystal molecules will keep the homeotropic alignment, i.e., perpendicular to the
substrate, which is independent of applied voltages. Once the applied frequency exceeds the
crossover frequency, the liquid crystal molecules tend to prefer the homogeneous alignment, i.e.,
parallel to the substrate, which is dependent on applied voltages. As a result, the switching/tuning
effect with various transmissions can be easily obtained by varying applied voltages. Another
example of tuning nanorod plasmons using liquid crystal is given by Khatua and co-workers [58].
With the applied external voltage as low as 4 V, complete modulation of the polarized scattering
intensities of individual gold nanorods can be simply achieved. Note that the demonstrated strategy
can be readily translated to other antenna architectures with more complex designs and various
plasmonic elements for the electrical manipulation of light in structures with nanoscale dimensions.

Recently, a plasmonic Fano switch has also been demonstrated with a more specific design [75].
The device consists of a specifically designed cluster of gold nanoparticles fabricated using
electron-beam lithography. The cluster comprises a large hemi-circular disc surrounded by seven
smaller nanodiscs as shown in Figure 6a. Interactions between LSPRs of the individual nanoparticles
within a cluster lead to a so-called Fano resonance, which is a result of near-field coupling between
collective “bright” and “dark” plasmon modes of the cluster. By breaking the symmetry of the
nanoparticle cluster through the hemi-circular centre disc, the Fano resonance is polarization-
dependent and can only be observed for one polarization of the incident light. As a result, no Fano
resonance appears in the light spectrum, for incident light that is polarized at 90° to this direction.
The nanoparticle clusters are incorporated into liquid crystals in which the molecules at the device
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interface can be rotated in plane by 90° when an AC voltage of about 6 V is applied. The field creates
a twist in the overall alignment direction of the crystals, which leads to a phase transition from
“homogenous nematic” (voltage off) to “twisted nematic” (voltage on). Due to the birefringence of
the liquid crystal, the voltage-induced phase transition causes an orthogonal rotation of the scattered
light from the plasmonic clusters as it travels through the device. This results in switching between
the optical response with and without the Fano resonance, as shown in Figure 6b.

Figure 5. (a) Schematic and experimental setup of a plasmonic switch consisting of
nanostructures and liquid crystals. Electric field is generated by applying voltages across
the gold film and bottom ITO glass, switching effect at the wavelength of 670 nm is
shown in the inset; (b) SEM image of nanohole array and the working mechanism of
DFLC. The scale bar indicates one period length of 300 nm; (¢) SEM image of gold
nanorods of another design of plasmonic switch using DFLC. The inset extinction
spectrum shows the plasmonic resonance change under different voltage and frequency
combinations. Figure S5a—c is adapted from reference [55], reference [47] and
reference [50], respectively.
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3.2. Light-Driven Method

All-optical tuning method has been widely applied in liquid crystal based optical elements like
spatial light modulator, filter, reflector, efc.; and it has many advantages such as non-contact tuning,
low power consumption, and friendly integration, making it an exciting concept to be applied on
light driven liquid crystal based devices. As compared to the electrical tuning method, light driven
method requires: (1) no conductive ITO substrates; (2) low power consumptions and (3) large
operation windows covering UV to mid-IR. Azobenzene and its derivatives are a widely used guest
in a liquid crystal host. They have a trans-cis reversible isomerization dynamic behavior upon
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exposure to a UV or visible light beam. The isomerization will disrupt the local order of surrounding
liquid crystal molecules in the mixture, resulting in realignment of those liquid crystal molecules to
exhibit a refractive index change. Such an index change has been utilized for dynamic control of
many photonic devices, such as switchable gratings [51,76—79] and photonic crystals [80,81].
It 1s also straightforward for dynamic control of surface plasmons [52,82,83]. One example of a
light-driven plasmonic switch has been demonstrated by Hsiao et al. [52] with a light responsive
liquid mixture consisting of nematic liquid crystals and an azobenzene derivative. 4-butyl-4’-methyl-
azobenzene (BMAB) is used to induce the switching effect. Figure 7a shows the spectral changes of
BMAB under UV exposure that reflects its trans-cis isomerization process. Figure 7b shows the
extinction spectra  of a photoresponsive liquid crystal/gold nanodisk array (see the inset of Figure 7b)
cell at normal incidence of a probing beam before (solid curve) and after (dashed curve) the light
pump (A =420 nm, [ =20 mW) at the incident angle of 45°. One can observe a 30 nm blue-shift of
the extinction peak. Figure 7c shows the spectral changes of extinction in another azo dye (methyl
red) doped grating integrated with the same gold nanodisk array [83]. The switching effect before
and after the light pump is shown in Figure 7d with both switching “ON” and “OFF” time less than
4 seconds, which is the typical response time for the azobenzene and its derivatives under the
continuous light pump. However, under the pulsed laser pump, the response time of azobenzene
doped liquid crystals could reach nanoseconds since the photoisomerization of azobenzene from
trans-state to cis-state could undergo the pathway of either n—n* rotation or n—n* inversion with
different response speeds [84].

Figure 6. (a) SEM image of the octamer structure (top), which shows Fano-like and
non-Fano like spectra with polarization at 0° and 90° (bottom); (b) the scattering spectra
of the octamer structure in the Von and Vofr states measured at a detection: the
homogenous nematic phase in the Vo state (top) and the twisted nematic phase in the
Von state (bottom). All figures are adapted from reference [75].
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Figure 7. (a) The spectral changes of BMAB under UV exposure that reflects its trans-
cis isomerization process; (b) extinction spectra (normal incidence) of a photoresponsive
liquid crystal/gold nanodisk array cell before (solid curve) and after (dashed curve) the
application of a 20 mW pump light (A = 420 nm) at an incident angle of 45°. Thirty nm
blue-shift of the extinction peak can be observed. The alignment of liquid crystal
molecules is achieved mechanically using photo-responsive azobenzene. (¢) The spectral
changes of extinction in another azo dye (methyl red) doped grating integrated with the
same gold nanodisk array and (d) switching effect and time of holographic
polymer-dispersed liquid crystals gratings upon laser excitation. Figure 7a,b is adapted
from references [39,52], respectively. Figure 7c,d is adapted from reference [83].
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Based on the same working mechanism, we have also demonstrated light-driven plasmonic color
filters with high optical transmission and narrow bandwidth by overlaying a layer of photoresponsive
liquid crystals on gold annular aperture arrays (AAAs). The schematic of the light-driven plasmonic
color filters and experimental setup is shown in Figure 8a. The enlarged Part I in Figure 8a shows
the fabricated square pattern of gold AAAs using focused ion beam lithography. The inner and outer
radii of each individual aperture are labeled as rin and rou, respectively. The magnified Part II in
Figure 8a shows the working mechanism of the optical driving process: a reversible nematic—
isotropic phase transition induced by the trans-cis photoisomerization of the photochromic liquid
crystals. The gold AAAs with various aperture sizes and periods have been reported to generate
different colors in the visible range. The addition of photoreponsive liquid crystals will then make
the transmission of color filters optically tunable. The photosensitive liquid crystal mixture has
similar composition as other mixtures discussed above. With its large birefringence An = 0.225
(at the wavelength of 589 nm, no = 1.521, ne = 1.746), it offers major intensity modulation of the
transmitted color through the plasmonic color filter shown in Figure 8b, where the intensity of each
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individual color generated from plasmonic structures can be further tuned, as confirmed by both
simulations and experiments in the reported work [39]. Therefore, any color could be achieved
through the composition of three tunable primary red, green and blue color filters. This all-optical
tuning behavior is highly reversible and reproducible, making such a kind of color filter promising
in all-optical information processing and displays. Another useful device is plasmonic absorbers,
which can exhibit extraordinary absorption efficiency of more than 90% at designated wavelength
bands by engineering nanostructures with different shapes and sizes. Inclusion of birefringent
nematic liquid crystals in their makeup can make the absorption bands electrically or optically tuned
or modulated, hence providing additional freedom to control the absorption bands. Zhao ef al. have
experimentally demonstrated a light-driven plasmonic absorber based on a nematic liquid crystal
host doped with an azo dye [45]. Figure 8c shows the schematic of light-driven reconfigurable
plasmonic absorber. A cladding layer of liquid crystals mixed with azo dyes is added on top of the
plasmonic absorber. The use of azo dye is to effectively absorb the light energy and transfer the
absorbed energy to heat up the liquid crystal environment. The liquid crystal used here is
thermo-sensitive type with transition temperature of 35 degrees (5CB). Liquid crystal will transform
from a nematic to isotropic state after heating up, along with a gradual refractive index change from
1.61 to 1.56 with the increase of temperature. The refractive index change modifies the frequency
selected surfaces as well as the resonance frequency of the resonant cells formed by top gold
nanostructures, and a bottom gold layer. A noticeable shift of the absorption dips of around 25 nm
has been confirmed in Figure 8d. Note that the photosensitive liquid crystals with an azo group in
their mesogenic structure exhibit a higher solubility compared to non-mesogenic azo-dyes [85-87].
Furthermore, the orientational order of liquid crystals still remains high in the presence of mesogenic
azo dopants and their photoisomerization effect on the host liquid crystal is stronger than that of
non-mesogenic dopants.

3.3. Surface Acoustic Wave (SAW)-Driven Method

Although liquid crystal driven by surface acoustic waves (SAWs) is loosely connected to the
scope of this review paper, we put it here as an insight into prospective integration of liquid crystal
with micro- and nano-technologies. SAWs are sound waves propagating along the surface of a
piezoelectric substrate. Its low power consumption and intactness from the driven medium make it
an effective approach to re-align the liquid crystal molecules. Liu et al. [49] have demonstrated a
SAW-driven light shutter based on polymer-dispersed-liquid-crystal (PDLC). A schematic of the
designed light shutter is shown in Figure 9a. It consists of a PDLC film layer and two inter-digital
transducers (IDTs) on a piezoelectric substrate. The PDLC film consists of liquid crystal droplets
randomly distributed in a polymer matrix. Before applying SAW, the PDLC film exhibits strong
scattering due to the refractive index mismatch between the polymer matrix and liquid crystal
droplets, thus demonstrating a non-transparent state. When a radio frequency signal is applied to IDT,
SAW is excited and then propagates along the surface. When the propagating SAW encounters the
PDLCs, a longitudinal wave is induced and leaks into the PDLCs. The longitudinal wave will cause
the liquid crystal molecules to realign to eliminate the refractive index mismatch, i.e., their ordinary
refractive index matches with that of the polymer. As a result, the PDLC film becomes completely
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transparent. The acoustic wave induced streaming inside the liquid crystal rich regions as well as the
temperature change caused by the attenuation of this longitudinal wave are believed to be key factors
to reorient the alignment of liquid crystal molecules. Figure 9b shows the experimental results
marking the “ON” and “OFF” states of the SAW-driven shutter. The word “PDLC” can be clearly
observed by turning ‘ON’ the shutter, and the film is opaque when the shutter is “OFF”. We believe
that such a SAW-driven liquid crystal mechanism will be applicable to the plasmonic
devices as well. Our research on SAW-driven plasmonic devices incorporated liquid crystals is
currently on-going.

Figure 8. (a) Light driven plasmonic color filter tuned by liquid crystals. The nanostructure
used is a new type AAA that can generate different colors by changing the sizes and
periods of AAA. One example of AAA is given in the inset; (b) different colors generated
using plasmonic color filters. By pumping the liquid crystal mixtures to realign the liquid
crystal molecule orientation, intensity modulation on the ultra-small color filter can be
achieved and demonstrated in the reported work.; (¢) one representative case of
reconfigurable plasmonic absorber using liquid crystal. The small and big nanodisk
arrays in the inset are designed to produce two absorption maximums to improve the
performance of the plasmonic absorbers and (d) light sensitive liquid crystal mixture is
used to tune the absorption dips in real time. Experimental results confirm a tuning range
around 25 nm in the near infrared range. Figure 8a,b is adapted from reference [39] while
Figure 8c,d is adapted from reference [45].
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Figure 9. (a) Light shutter based on acoustic modulation of PDLC. The shutter effect is
caused by realignment of liquid crystal molecules; (b) experimental demonstration of
acoustic driven light shutter. Letters of “PDLC” beneath the PDLC film can be clearly
observed after SAW applied. Transmission changes before and after SAW applied is
shown. Response time can be estimated. All figures are adapted from reference [49].
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3.4. Heat-Driven Method

Temperature also plays an important role in affecting the liquid crystal refractive indices. As the
temperature increases, the extraordinary refractive index, ne, behaves differently from the ordinary
refractive index, no. The derivative of ne (i.e., One/0T) is always negative. However, 0no/0T changes
from negative to positive as the temperature exceeds the crossover temperature [88,89]. For many
liquid crystals, the temperature-dependent refractive indices can be accurately controlled, hence
providing another effective means to develop active plasmonics. As previously discussed in
Figure 4, we can clearly observe that the optical anisotropy decreases as the temperature increases
and finally disappears (i.e., ne = no) at the isotropic phase regardless of wavelength. Based on this
mechanism, Altug group has demonstrated the thermal tuning of SPPs using liquid crystals [90], as
shown in Figure 10. Varying the temperature within the nematic phase from 15 to 33 °C, they
demonstrated a refractive index change as large as ~0.0317, thus enabling a tuning of plasmonic
wavelength as large as =19 nm. The ability to control the order of liquid crystal molecules from
nematic to isotropic phase provides an efficient way of spectral tuning. At the phase transition
temperature, more than 12 nm shift has been achieved via changing the temperature by only =1 °C
corresponding to a refractive index change of =<0.02. It has been known that plasmonic nanoparticles
can induce a photo-thermal heating effect, which depends on the geometries of the nanoparticles
strongly and has been extensively investigated [91-94]. It is expected that with the involvement of
liquid crystals, such a photo-thermal heating effect will also affect the effective refractive index of
the liquid crystals and hence tune the plasmonic resonances as well.
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Figure 10. (a) Schematic view of the experimental setup containing a liquid crystal cell
thermally controlled by a heat bath, white light incident source collected by an objective
lens and a spectrometer collecting the plasmonic response for different temperature
values and (b) zoomed schematic of the liquid crystal cell between the upper CaFz
window and the plasmonic chip. This figure is adapted from reference [90].
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4. Summary and Outlooks

In summary, we have reviewed the recent research progress and achievements in liquid crystal
based plasmonics. Different driving methods of the liquid crystal based plasmonic devices have been
categorized and discussed. The versatile driving methods of the liquid crystals provide enormous
freedom in the design and implementation of the plasmonic devices. Although tremendous efforts
have been focused on the development of liquid crystal based active plasmonic devices in recent
years, many challenges still remain before they can be efficiently used in practice. In the below, we
provide a more specific description of these challenges as well as future demands.

4.1. Current Challenges

Currently, most liquid crystal based plasmonic devices are fabricated by mechanically assembling
liquid crystals on passive plasmonic nanostructures on a substrate. However, large-area uniform
liquid crystal alignment on the nanostructures is still a big challenge given the fact that only the liquid
crystal molecular layer that is near (generally < 100 nm) to the plasmonic nanostructures affects the
plasmonic signals. In order to achieve large-area uniform liquid crystal alignment in plasmonic
devices, one possible way is to co-self-assemble liquid crystals and plasmonic nanoparticles [95-98].
Based on the co-self-assembly method, uniform areas up to 100 um? have been achieved, which is
promising for device development.
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4.2. Future Demands
4.2.1. Fast Response Liquid Crystals

High speed is always demanding for active plasmonic devices, especially for future development
of nanophotonic circuitry/chips with multiple functions assembled. Currently, most liquid crystal
based plasmonic devices have a millisecond scale response using the electric-field-driven method.
To have a faster speed, one could choose some special liquid crystals, such as ferroelectric liquid
crystals, which in general have microsecond response time. In confining the liquid crystal in a
polymer matrix, it will also help increase the response speed. For example, millisecond response
time has been achieved in a polymer-dispersed liquid crystal (PDLC) system, in which microscale
liquid crystal droplets are randomly confined in a polymer matrix [99,100]. While in a holographic
polymer-dispersed liquid crystal (HPDLC) system, in which nanoscale liquid crystal droplets are
periodically confined in a polymer matrix, microsecond response time has been demonstrated [101-103].
More recently, polymer network liquid crystal (PNLC) [104] and polymer-stabilized blue
phase liquid crystal (BPLC) [105] have received much attention since both systems can achieve
sub-millisecond response time.

4.2.2. Large Birefringence Liquid Crystals

Currently, liquid crystals employed in most reported work have the birefringence of 0.1-0.2.
Although such a birefringence has already given detectable changes in terms of peak shift or
intensity, there is much room for further improvement. To achieve more pronounced changes, liquid
crystals possessing larger birefringence are highly desired. Thus far, liquid crystals with large
birefringence of >0.4 [106—108] and even >0.7 [109] have been reported, respectively. We believe
that much enhanced performance, such as large peak shift and intensity modulation, will be achieved
by integrating the large birefringent liquid crystal into plasmonic nanostructures, hence beneficial to
the development of active plasmonics.

4.2.3. Multi-Function or Multi-Control Integration

At the current stage, a single function of liquid crystal based plasmonic devices has been
demonstrated in terms of proof-of-concepts. Looking ahead, it will be great that a single device could
do multiple functions. Liquid crystal enabled plasmonic devices look promising for achieving
multiple functions. In addition, multi-mode controls of liquid crystals will also lend a convenient
hand and allow us to choose their functions freely under certain circumstances. For example,
azo-dye-doped liquid crystals or azobenzene liquid crystals can respond to not only electric fields
but also light [110], which gives us more freedom to control them.
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Improving the Pass-Band Return Loss in Liquid Crystal
Dual-Mode Bandpass Filters by Microstrip Patch Reshaping

Javier Torrecilla, Virginia Urruchi, José Manuel Sanchez-Pena, Noureddine Bennis,
Alejandro Garcia and Daniel Segovia

Abstract: In this paper, the design and experimental characterization of a tunable microstrip
bandpass filter based on liquid crystal technology are presented. A reshaped microstrip dual-mode
filter structure has been used in order to improve the device performance. Specifically, the aim is to
increase the pass-band return loss of the filter by narrowing the filter bandwidth. Simulations confirm
the improvement of using this new structure, achieving a pass-band return loss increase of 1.5 dB at
least. Because of the anisotropic properties of LC molecules, a filter central frequency shift from
4.688 GHz to 5.045 GHz, which means a relative tuning range of 7.3%, is measured when an external
AC voltage from 0 Vims to 15 Vims is applied to the device.

Reprinted from Materials. Cite as: Torrecilla, J.; Urruchi, V.; Sénchez-Pena, J.M.; Bennis, N.;
Garcia, A.; Segovia, D. Improving the Pass-Band Return Loss in Liquid Crystal Dual-Mode
Bandpass Filters by Microstrip Patch Reshaping. Materials 2014, 7, 4524-4535.

1. Introduction

During the last two decades, liquid crystals (LC) have become a promising approach for the design
of tunable devices at microwave frequencies. The anisotropy of the molecules of these materials
allows LC electrical properties to depend on their molecules orientation, which can be changed by
applying an external electric field. Concretely, the LC permittivity can be varied between two extreme
values, € and &, as a function of the applied voltage. This is the reason which permits LC-based
devices to be voltage-controlled. Some examples of tunable devices based on LC technology at
microwave frequencies in the bibliography are capacitors [1], antennas [2], filters [3], etc.

Moreover, the advantages of using LC in size, cost or power consumption [4] compared to other
studied technologies for designing tunable microwave devices, make these materials very suitable
for this purpose. For example, varactor diodes need high voltages, up to 30 V, in order to
achieve large tuning ranges for frequencies higher than 1 GHz [5], while devices based on ferrite
technology [6] require a magnetic field for tuning, which leads to problems in terms of size and power
consumption. Therefore, the improvement of the existing LC-based prototypes and the development
of new LC tunable devices at these frequencies are interesting challenges to be faced in the
immediate future.

Filters are very important devices at microwave telecommunication systems, for example, in
satellite communications, due to their ability of selecting (bandpass filters) or rejecting (bandstop or
notch filters) bands of frequencies. Furthermore, the demand on the development of tunable filters
has increased during the last years. In this work, a tunable LC-based band-pass filter with microstrip
geometry is presented. A reshaping of a dual-mode square patch geometry reported in previous works
has been proposed as the microstrip filter. This new patch structure is expected to improve the filter
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performance, increasing the pass-band return loss. A high return loss is desirable in a filter frequency
response because it involves a lower pass-band filter insertion loss variation. The design,
manufacture and experimental results of the device are detailed in this paper.

2. Liquid Crystal Bandpass Filter Design

Since dual-mode technology for bandpass filters was introduced by Wolffin 1972 [7], these filters
have been widely used in microstrip technology because of their advantages, specifically in size
reduction. This is a critical issue in LC-based devices, since a size reduction involves a decrease of
the amount of used LC and, thus, a lower manufacturing cost. Dual-mode operation consists of a
resonant circuit where two electromagnetic degenerated modes are excited due to the presence of
some kind of perturbation in the microstrip structure. Therefore, a two-pole filter can be obtained
with a single resonator, which implies a significant size reduction. For implementing dual-mode
filters in microstrip technology, different topologies have been used, such as square-loops [8] or
T-shaped stubs [9].

The topology shown in Figure la is a dual-mode filter structure developed by S. Li ef al. [10]
achieving a good performance [11]. It consists of a microstrip metallic square patch with a central
square notch and two perpendicular feed lines for exciting the two degenerated modes. In this work,
a reshaping of the patch of this structure has been proposed. The modification consists of making a
square cut of size k etched on the patch, as it is shown in Figure 1b. This new microstrip patch is
expected to improve the passband return loss (S11 parameter) and to narrow the filter bandwidth.

Figure 1. Geometry of a microstrip square patch resonator with a central square notch
(dual-mode). (a) Without any additional cut; (b) With a square cut on a specific corner.

a

& >
< >

(b)

The value of the filter central frequency (fc) for the structure presented in Figure 1 is a function of
the structure dimensions and the effective permittivity (eefr). It is especially sensible to variations in
the b dimension, while filter bandwidth depends on the a, ¢ and e dimensions [10]. Thus, for fixed
dimensions of the structure, fc can be varied as gefris modified. In addition, permittivity depends on
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the substrate materials of the device, so a suitable choice of the substrate materials has been the
strategy to achieve the device tunability. In this work, LC is used as the dielectric substrate of the
microstrip line in the device. As LC permittivity changes between two extreme values, €1 and &1, by
applying voltage, the filter central frequency is also voltage-controlled. Therefore, the use of LC as
dielectric substrate is the reason which allows the filter to be tunable.

LC is a fluid material, so it needs to be confined in a cavity inside the device which will be
afterwards sealed. For this reason, the filter is implemented by using an inverted-microstrip structure,
as shown in Figure 2. This structure has been already reported in other LC-based devices [12]. The
LC cavity is designed of 0.25-mm thick and delimited by the spacers; the dielectric material Taconic
TLX-08 (&r=2.55) is employed for them. This material is also used as the substrate that supports the
microstrip line with 0.8-mm thick.

Before the fabrication of the device and the filling with the LC, several electromagnetic
simulations by using the software Ansoft HFSS have been run for optimizing the filter dimensions.
Initially, the LC cavity has been considered to be empty in the simulations, that is, &= 1. As it is recalled
in Section 3, LC permittivity extreme values are unknown at microwave frequencies. The dimensions
of the patch have been chosen by comparing the spectral response of the filter with a conventional
dual-mode patch (Figure 1a) and with the new patch with a square cut (Figure 1b). The results of the
patch dimensions for the topology presented in Figure la is solved for a filter central frequency
nearby 7.5 GHz considering empty the LC cavity. These values are summarized in Table 1. The
microstrip line width (w) has been designed of 0.65 mm in order to obtain input impedance (Zin)
close to 50 Q.

Figure 2. An inverted-microstrip structure for a LC bandpass filter. The detail of the
parts of the filter is shown. Note that figure is not drawn to scale.
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Table 1. Results for the dimensions of the conventional dual-mode patch.
Some concerned parameters are: bandwidth (BW), central frequency (fc) and input

impedance (Zin).
Dimension Value Comments
a 11.6 Changes in BW
b 5 Changes in f.
c 2.8 Changes in BW
d 10 Changes in BW
e 0.5 Changes in BW
W 0.65 Changes in Z;,

Once the dimensions have been fixed, a square cut with side k is made in the conventional
microstrip square patch. The new dual-mode structure (Figure 1b) is simulated for several values of
k. With £ = 2 mm a significant band-pass return loss improvement is achieved. Figure 3 shows a
comparison between the filter frequency response (parameters S21 and Si1) obtained in simulation
for the new dual-mode patch and for the conventional one. Table 2 summarizes the performance of
both structures.

Figure 3. S-parameters obtained in simulation for both filters with a conventional
dual-mode patch and with the new dual-mode one with a square cut.
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Table 2. Comparison between the performances of both dual-mode filters.

Structure Central Frequency (f.) Bandwidth (BW)  Return Loss (RL)
With a conventional patch 7.69 GHz 1320 MHz 4.3 dB
With a new patch 7.665 GHz 1050 MHz 5.8dB

The results for the empty filters suggest that the patch with the new shape improves the pass-band
return loss (RL) and narrows the filter bandwidth of the filter. A filter bandwidth reduction of 20.5%
is achieved, which leads to obtain a pass-band return loss increase of 1.5 dB.
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3. Manufacturing of the Device

Once the viability and improvements of the new dual-mode structure have been confirmed with
the simulations in an empty device, the device is manufactured and built over an inverted-microstrip
structure (Figure 2). As it was described previously, Taconic TLX-08 (Taconic Europe, Ry,
Denmark) is used for the spacers and for the microstrip line support. FR4 (&r = 4.4) is used as the
substrate which supports the ground plane and it is not expected to affect the filter behavior.

The manufactured device (Figure 4) is filled with the nematic LC Merck MDA-98-1602 (Merck,
Darmstadt, Germany), whose properties are, initially unknown at microwave frequencies. It is
important to take account that LC are materials employed, specially, for the design of tunable
electrooptical devices, so they are not usually tested at microwave frequencies. In the manufacturing
process, LC molecules are aligned parallel to the microstrip line by rubbing a thin film of polyimide
which acts as an alignment layer. In these conditions, when no voltage is applied, the LC permittivity
is minimum, &r1. As voltage is applied, the molecules rotate and, at a saturation voltage value, LC
molecules are oriented nearly perpendicular to the microstrip line; at this point, LC permittivity
reaches its maximum value, &4. The tunability of the filter central frequency is achieved; the LC
permittivity increases, while the filter central frequency decreases, as voltage is applied.

Figure 4. Manufactured LC bandpass filter.

4. Experimental Results and Discussion

The device S-parameters are measured by using an Agilent §703B network analyzer (Agilent
Technologies, Santa Clara, CA, USA). A sinusoidal AC signal of 1 kHz is used as the voltage
for switching the LC. In order to superimpose the LC driving voltage with the microwave signal,
a bias-T device is connected between the port 1 of the analyzer and the filter input.

The filter is measured for several values of external LC driving voltage between 0 Vims and
15 Vims. Figures 5 and 6 graph the frequency dependence of S21 and S11 parameters, respectively, for
different values of applied voltage. In the absence of applied voltage, the filter central frequency
reaches its maximum value, 5.045 GHz. As it was expected, this value is clearly below the obtained
in simulation when the LC cavity was considered to be empty (7.665 GHz), because LC permittivity
is supposed to be greater than 1. As an increasing voltage is applied, the LC permittivity increases,
so the filter central frequency decreases. When the LC driving voltage reaches the saturation value
(15 Vims), the filter central frequency is minimum, 4.688 GHz, because of the fact that the LC
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permittivity is maximum, €. The tunability of the filter central frequency as a function of the LC

driving voltage is shown in Figure 7.

Figure S. LC driving voltage dependence of the S21 parameter for the new bandpass filter.
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Figure 6. LC driving voltage dependence of the Si1 parameter for the new bandpass filter.
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Figure 7. Tunability of the filter central frequency as a function of the LC driving voltage.

5.1
5.05 &ses
5

+*

b

©

a
.

P
©
*

o
0o
a
‘

P
oo
.

Frequency (GHz)

L) )
o Py
aoNoa

LC Driving voltage (Vrms)



277

A filter central frequency tuning range of 357 MHz is achieved, which means a tuning relative
range of 7.3%. Comparison between liquid crystal filters is not an easy task because multiple criteria,
for comparing performance of the filters, are available: central frequency, filter bandwidth, number
of poles, topology, etc. However, not at all comparable between them. Tunable bandpass filters of
Table 3 share some characteristics that are comparable between them, independently of the specific
structure, configuration and dimensions. Therefore, the new filter we have proposed, with a compact
and non-complex structure, has similar performance, in terms of relative tuning range, than filters
with the same number of poles [13,14]. But, the performance could be improved even further if high
dielectric anisotropy liquid crystals were used [15]. Of course, by increasing the number of poles of
the filter [3], leads to higher performance but also to higher filter complexity.

Table 3. Filter performance compared to other LC-based bandpass filters.

Centroal Relative Number
LC-based filter . Comments
Frequency (fo) Tuning Range of Poles

Dual-mode filter structure. Merck

P t k H .39 2
resented wor > GHz 7:3% MDA-98-1602 as used LC
3-pole mi trip filter. A highl
Goelden et al. [3] 20 GHz 10% 3 pore TICTOSTHD THIET. A MEWY
anisotropic LC is used
DBR filter structure.
Berni .1 H y 2
ernigaud et al. [13] > GHz 6% Merck BL037 as used LC
2-pole DBR structure.
Missaoui ef al. [14] 5 GHz 4.8% 2 pofe B STuCtTe

Merck LC K15 1s used

The filter bandwidth gets narrower as an increasing voltage is applied, while the relative
bandwidth, defined as the ratio between the bandwidth and the central frequency, remains constant.
The pass-band return loss of the filter slightly gets worse as an increasing voltage is applied. Table
4 shows a summary of the measurements.

Table 4. Summary of the experimental measurements of the spectral response for the

new LC bandpass filter.
LC Drive  LC Dielectric Central Bandwidth Relative Return Loss
Voltage Constant (g) Frequency (f;) (BW) Bandwidth (BW/f,) (RL)
0 Vims €l 5.045 GHz 636 MHz 0.126 54dB
15 Vims &l 4.688 GHz 568 MHz 0.122 4.9 dB

The variation of the frequency as a function of the applied voltage shown in Figure 7 suggests
that the LC director fi, which is the vector that represents the local average orientation of LC
molecules in the LC bulk, has an average tilt angle which changes as voltage is applied. For low
values of voltage, tilt angle is close to 0°, while it is nearby 90° for high values of voltage. This
average tilt angle presents a quasi-linear dependence for intermediate values of the applied voltage,
while it tends to saturation for extreme values.

A complementary analysis of the spectral response performance, comparing the simulations and
the measurements, has been carried out this time for the filter filled with the LC. Due to LC features
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are initially unknown at microwave frequencies, an iterative process is programed for fitting both
experimental and simulated responses. The routine considers several values for LC permittivity and
loss tangent, and keeps the device dimensions invariant. As a result, the software protocol gives rise
to a preliminary estimation of the dielectric properties of the LC. Therefore, the extreme values of
permittivities, & and e, and LC loss tangent, tan 6, and tan 0, are inferred. As it is shown in
Figure 8, a fairly good agreement between the measured filter frequency response (when no voltage
is applied) and the simulated response (with & = 2.62 and tan 6 = 0.05) is achieved. In the same way,
the measured frequency response by applying the saturation voltage value (15 Vims) and the
simulation response, considering & = 3.06 and tan & = 0.02, are also in reasonable agreement
(Figure 9).

Figure 8. Comparison between the measured frequency response when no voltage is
applied and the simulated considering when & = 2.62 and tan 6 = 0.05.
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Therefore, in a preliminary estimation, it can be inferred that the dielectric properties for the used
LC at 5 GHz are the shown in Table 5.

Figure 9. Comparison between the measured frequency response when 15 Vims are
applied and the simulated considering when &= 3.06 and tan 6 = 0.02.
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Table 5. Preliminary estimation of the dielectric properties extreme values for the LC
Merck MDA-98-1602.

Applied LC drive voltage Estimated LC permittivity Estimated LC Loss Tangent

(e) (tan 0)
0 Vrms 8rJ_ = 2.62 tan 8J_ = 0.05
15 Vrms &l — 3.06 tal’l 6” = 0.02

Let us note that LC loss tangent estimated values are high. This may be the reason why the filter
exhibits high insertion loss, as it is shown in Figure 5.

With these estimated values, a comparison between the microstrip conventional square patch and
the new patch, supposing the cavity filled with LC, can be obtained in simulation for the extreme
values of LC permittivity and loss tangent. Figure 10 shows the frequency response of both structures
considering &1 = 2.62 and tan 6. = 0.05. In Table 6, the performances of the new square patch
structure and the conventional one are summarized. A filter bandwidth narrowing of 14.7% and a
pass-band return loss increase of 1.5 dB, which means an increase of 30.6%, are achieved by using
the new patch. In the same way, Figure 11 and Table 7 present a comparison between both structures
when &1 = 3.06 and tan &1 = 0.02 are considered, obtaining a filter narrowing of 17.8% and a
pass-band return loss improvement of 1.9 dB, which means an improvement of 38.8%.

Table 6. Comparison between the performance of both dual-mode filters considering
&1 =2.62 and tan 6. = 0.05.

Structure Central Frequency (fc) Bandwidth (BW) Return Loss (RL)
With a conventional patch 5.037 GHz 737 MHz 34dB
With a new patch 5.039 GHz 629 MHz 4.9 dB

Figure 10. S-parameters obtained in simulation for both structures considering &r; = 2.62
and tan 6. = 0.05.
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Figure 11. S-parameters obtained in simulation for both structures considering &1 = 3.06
and tan &1 = 0.02.
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Table 7. Comparison between the performance of both dual-mode filters considering
&d = 3.06 and tan o1= 0.02.

Structure Central Frequency (f) Bandwidth (BW) Return Loss (RL)
With a conventional patch 4.723 GHz 661 MHz 3dB
With a new patch 4.671 GHz 543 MHz 4.9 dB

5. Conclusions

In this work, a tunable LC-based bandpass filter using dual-mode microstrip technology has been
designed and experimentally measured. A reshaping of a square patch dual-mode geometry has been
proposed as the microstrip filter. This new structure is expected to achieve a significant pass-band
return loss improvement.

Because of LC molecules dielectric anisotropy, a filter central frequency variation from 4.688
GHz to 5.045 GHz is experimentally obtained, which means a relative tuning range of 7.3%. The
experimental results have led to a preliminary estimation of the LC permittivity and loss tangent,
whose values were initially unknown at microwave frequencies, obtaining & = 2.62 and &1 = 3.06
for the LC permittivity and tan &, = 0.05 and tan &= 0.02. Simulations have been run supposing
these estimated values, confirming the improvements of using the new dual-mode structure.
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Liquid Crystal Lensacons, Logarithmic and Linear Axicons

José Francisco Algorri, Virginia Urruchi, Braulio Garcia-Camara and
José Manuel Sanchez-Pena

Abstract: Until now, several attempts have been made to obtain axicons by using liquid crystals.
Previous results had always a considerable deviation from the linear response and the resulting
aperture is square. In addition, classical fabrications methods are expensive and only produce fixed
phase profiles. In this study, a novel structure to obtain tunable axicons with a perfect conical shape
and a circular aperture is proposed and theoretically studied. The proposed optical device is based
on nematic liquid crystal and phase shifted electrical signals. A simulation program consisted of
Finite Elements Method to solve the voltage distribution combined with the Frank-Oseen equation
to solve the molecular position of the nematic liquid crystal is employed. This device is totally
reconfigurable by using low voltage signals. The focus depth and the position of this one can be
controlled electrically.

Reprinted from Materials. Cite as: Algorri, J.F.; Urruchi, V.; Garcia-Camara, B.; Sanchez-Pena, J.M.
Liquid Crystal Lensacons, Logarithmic and Linear Axicons. Materials 2014, 7, 2593-2604.

1. Introduction

The term axicon was first proposed by Mcleod in 1954 (from Greek: “axis image”) [1]. In the
referred work, a glass cone was first studied to image a point source into a line focus. The main
advantage over traditional optical lenses is that axicons produce a field distribution that is
proportional to the zero order Bessel function (Jo). In the near field, these beams are characterized
by a bright central part surrounded by concentric rings of decreasing intensity. The energy density in
the central part of the Bessel beam is high and the focus depth (distance of the preservation) is greater
than for Gaussian beams [2]. For this reason, they are also known as non-diffracting Bessel beam
(Gaussian beams are broadened and blurred by the diffraction). With the development of optical
manufacturing and processing technologies, this type of optical lenses is now commercially
available. Despite the usually high fabrication costs, the applications have grown exponentially. First
applications were focused on precision alignment for large telescopes [3] and laser machining [4].
After this, negative and positive axicons were used to change the diameter of the Bessel beam ring
for ablating corneal material for corneal surgery [5]. In 1992, a scanning optical system based on
axicons was proposed [6]; in such a way that now almost every supermarket bar code reader uses
axicons. Medical applications have also benefited from the use of axicons, for example: optical
coherence tomography [7,8], tissue characterization [9], biophotonics [10,11], among others. Other
important applications are optical tweezers [12], atom optics [13], etc.

The great number of applications has created an increasing interest in the fabrication of these
optical elements. Classical manufacturing methods, using diamond turning from solid materials such
as BK7 glass or fused silica, cause them to be expensive. Gradient index (GRIN) axicon has been
demonstrated in [14], but the profile has a round axicon tip. Computer-generated holographic optical
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elements have been also proposed [15] but may require accuracies of nanometers. To overlay these
problems, Fresnel axicons were proposed in ref. [16], but they still have the problem of a fixed
phase profile.

The parameters defining an axicon are the propagation distance, zmax, the ring spacing, Ap, and
the size of the beam core, ro. All of these terms proportionally depend on the effective cone angle.
This is the main reason of axicons are catalogued by this latter parameter. When the effective cone
angle of an axicon can be changed, a total control over the resulting Bessel beam is achieved.
However, the variation of the effective cone angle of an axicon is a difficult task. Some systems
to make tunable axicons are the fluidic axicon [17] or liquid crystal spatial light modulators
(LC-SLM) [18]. Fluidic axicons have a tunable range limited by the refraction index of the fabrication
materials. In contrast, the main problems of LC-SLM are the price and the characteristic structure,
based on pixels surrounded by opaque areas, causing losses of light efficiency. The pixel resolution
causes limitations in the effective cone angle too; the aliasing limits this one to few miliradians [17].
Some works have been researching new ways to create tunable axicons with LC. For example, the
generation of axicons with several millimeters of diameter, based on modal control technique, has
been proposed in ref. [19]. This technique uses a high resistivity layer to distribute the voltage
continuously. In a previous study, we have proposed and demonstrated a structure based on several
electrodes and modal control technique to generate an array of four optical elements. This structure
can produce four axicons of several millimeters with a high range of tunability [20]. The results
obtained have always shown a considerable deviation from the linear response and the resulting
aperture is square.

In this study, a structure to obtain tunable axicons with a reconfigurable shape, perfect circular
aperture and a high range of tunability, is proposed and theoretically studied. The proposed optical
device is based on nematic LC and phase shifted electrical signals. The specific patterned electrode
produces a circular aperture. It also reduces the typical phase deviation produced in the edges of the
active area when a modal technique is used. A simulation program consisted of Finite Elements
Method (FEM) to solve the voltage distribution combined with the Frank-Oseen equation to solve
the molecular position of the nematic LC is employed. This device is totally reconfigurable by using
low voltage signals. Lensacons, logarithmic axicons and even another type of this kind of optical
elements known as fractional axicons, which is a new concept proposed recently in ref. [21], can be
obtained. The amplitude of the optical phase shift, as well as the position of this one, can be controlled
electrically. This device could contribute to developing new applications and to reduce the
fabrication costs of the actual devices.

2. Structure and Theoretical Basis

The proposed device comprises two tin-doped indium oxide (ITO) coated glasses separated by
spacers of 50 pum. The resulting cavity has to be filled with a MDA 98-1602 nematic LC. The
appropriate values of the LC have been obtained from the datasheet issued from the manufacturer
(Merck Ltd., Kanagawa, Japan). The design of the electrode pattern at the top and bottom substrate
consists of two circular sections of ITO electrodes (Figure 1a). A high resistivity layer covering the
ITO electrodes is required. Several materials can be employed, depending on the necessary sheet
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resistance (Rsq), for instance, Titanium Oxide (TiO2), PEDOT, thin films of ITO or Nickel, efc.
The resistivity of these materials ranges from 0.1 to 10 MC)/sq. The necessary resistance is inversely
proportional to the voltage frequency and directly proportional to the thickness. In this case, a
resistivity of 1 MQ/sq, 1 kHz of voltage frequency and 50 pum of thickness are used in the simulations.
A lower Rsq does not produce any remarkable change, but the power consumption would be higher.
Although the thickness is not a critical parameter, the lower the thickness, the lower the optical phase
shift, keeping the same phase profile. Substrates are arranged such that their circular areas match
with each other. The resulting area is 40 mm’. The diameter can be increased if the Rsq is
proportionally decreased. A scheme of the proposed structure, comprising these layers, is shown in
Figure 1b. An alignment layer is also deposited over the high resistivity layer (e.g., polyimide). The
LC molecules have an elongated shape that causes different molecular polarizabilities between the
long and short axis. The effective refractive index depends on the angle between the long axis of the
molecules and the linear polarization of the incident light. For this reason, a homogeneous alignment
layer, with the same direction as the polarized light, is necessary. After a rubbing process,
microgrooves are created in this layer. The main aligning mechanism is based on shear stress induced
on the alignment layer [22] and intermolecular interactions between LC and polyimide [23].

The resulting active area is determined by the space between the circular ends of the electrodes.
Ui and Uz correspond to the voltage distribution in each high-resistivity layer. It is important to
mention that the separation distance of 0.4 mm is essential to create perfect axicons and reduce the
typical phase deviation produced in the edges of the active area. This specific value is proposed after
several optimization tests. If the diameter is increased, this dimension should also be increased in the
same proportion. The functionality of this space is established in the next section. The voltage
distribution in the active area, which is formed by the two high resistivity layers (Ui — U2), results in
a second-order two-dimensional coupled partial differential equation (PDE) system.

{VSUIZ =R, (G- joC)-(U -U,)

. (1)
VU? =R, (G- joC)-(U,-U,)

where G and C are distributed conductance and capacitance, respectively, per unit area. Rsq1 and Rsq2
are the sheet resistance of the two high resistivity layers. The solution of this system was experimentally
validated in [20]. The solver considers all the possible boundary conditions (Dirichlet and Neumann),
mainly determined by the applied voltages. The Frank-Oseen equation in combination with the
electrical energy is employed to determine the LC molecular position Equation (2):

2
—\2 - - 2 - -2 1= =
K, (Vn) +K22(n-Vxn+€J +Koy [nx V) ~DE )

where 1 (nx, ny, n:) represent the average local orientation of molecules, Kii are the elastic
deformation constants and D is the displacement vector and £ the electric field. The & is the pitch
of a chiral helicoidal dopant (only for twist purposes). In this case, it is infinite because we use a
nematic LC that is just a cholesteric of infinite pitch. As this molecular position also affects the
voltage distribution, an iterative process is necessary to determine both the final voltage and
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molecular position. This molecular distribution generates a gradient in the refraction index which
distribution is proportional to the voltage. In our previous work, we demonstrated how the application
of complex signals in this type of systems can generate interesting optical modulations. The proposed
device in this study goes one step further improving the structure to create axicons with a perfect
conical shape, and avoiding the typical defects in the active area edges. Among the structural
parameters, the circular patterned and the optimized space between them, are key factors. Moreover,
the use of this device to create a new type of optical element, known as fractional axicon, is also
theoretically demonstrated.

Figure 1. Scheme of the proposed structure. (a) Top view and (b) 3D diagram of the
substrates arrangement. Note drawings are not to scale.
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3. Results and Discussion

The simulation program uses the following input parameters about the device structure and the
nematic LC features: thickness = 50 pm, K11 = 13.6 pN, K33 = 15.7 pN, y1= 203 mPas, An = 0.2666
(ne = 1.7779, no = 1.5113), Ae = 16.2 (ge = 1.7779, €0 = 1.5113) and Rsq1 = Rsqz = 1 MQ/sq, 5° as
pretilt angle. The configuration of the device is basically focused on creating three kinds of optical
elements: an axicon with a perfect conical shape, which depth of focus and position should be
tunable, a lensacon and fractional axicon with the same properties. The driving scheme consists of
the application of four electrical signals, with the same frequency (2 kHz) but four different electrical
phase shifts (V1 = 0°, V2 = 180°, V3 = 90°, V4 = 270°) on each electrode. The only configurable
parameter is the amplitude of the signals. Additionally, there is necessary an extra signal with
different frequency (1 kHz) and variable amplitude (V0). The electrical phase shift of this signal will
be zero and it could be connected to the electrodes by means of an operational amplifier in adder
configuration [19]. It creates an offset value in the voltage distribution and eliminate the
characteristic zero crossing when phase shifted signals are applied to a modal device.

As commented above, the proposed devices based on modal control technique have always square
aperture. In this study, we proposed the use of circular electrodes to avoid this problem. Despite this,
there is an undesirable effect produced by the modal control configuration; a voltage gradient along
the electrodes. It has been observed that the use of little separation distances between electrodes can
reduce this effect producing a small gradient voltage at these gaps, but reducing the voltage gradient
along the electrodes. The functionality of the proposed spaces is shown in Figure 2.
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Figure 2. Voltage and optical phase shift distribution in the XZ plane, and interference
pattern for (a) a structure without spaces and (b) the proposed structure.
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The use of these spaces solves considerable the problem at the edges of the active area. In the
interference pattern, the structure without spaces provoke a semi-square rings in the outer zone of
the active area. However, the voltage decreasing produced by the spaces make a considerable lower
gradient and the interference pattern reveals a circular ring, even in the outer zone of the active area.

In the following sections three different studies have been taken into account. The first one
generates linear axicons and reveals how they are totally reconfigurable in terms of optical phase
shift amplitude. This is a clear advantage over commercial axicons that typically produce a fixed
phase shift. In Section 3.2 the generation of lenascons and fractional axicons is demonstrated. Finally,
the application of this device in optical trapping applications (with a focus movable in x-y focal plane)
is shown. In combination with the optical phase shift tunability, the position of the optical trap along
the z-axis could also be changed.

3.1. The Linear Axicon

A linear axicon is the optical element that produces an optical phase shift with the shape of a
perfect cone. Figure 3 shows the voltage distribution and the resulting optical phase shift, of the
proposed structure, with the following voltages: Vi=V2=V3=Va=1 Vims and Vo = 1.3 Vims. In this
figure, the resulting voltage distribution of Equation (1) has a linear shape.
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Figure 3. (a) Voltage and (b) optical phase shift distribution, in three dimensions, of the

proposed structure.
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However, the LC birefringence, which is determined by the molecular position as a function of
voltage, is a non-linear curve. There is a quasi-linear range after the threshold voltage (when the
molecules start to move) and before the saturation voltage (when the molecules start to reach the
perpendicular position). When a 10% margin from these two limits is used, a linear range can be
obtained. Two molecular distributions are shown in Figure 4. Only one plane is selected to clearly
see the molecules. Figure 4a uses an offset voltage of 1.3 Vims and V1= V2= V3 = Va = 0.1 Vims.
In contrast, in Figure 4b the molecules are completely oriented and the axicon is formed with the
following voltages: Vi=V2=V3=Va=1 Vims and Vo= 1.3 Vims.

Figure 4. Molecular distribution (XZ plane) for (a) a low voltage applied to the electrodes
(0.1 Vims); (b) and a higher voltage (1.3 Vims).
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It is not straightforward to obtain clear conclusion from these kinds of figures, for the following
reason: only one plane is considered and the number of molecules has been reduced. When the light
passes through the device the effective refractive index caused by each molecule generates a phase
shift between substrates. This is estimated by integration of the molecular effective refractive index
over the thickness.

As can be observed, the voltage distribution produces a linear response in the optical phase shift.
For this are necessary small voltage gradients. Despite this, a wide range of tunability can be
achieved, as it is shown in Figure 5; only the cone profiles in the XZ plane are depicted. The applied
voltages are V1= V2= V3= Va=Vx Vms and a fixed offset voltage Vo = 1.3 Vems.
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Figure 5. Phase shift profile in the XZ plane for several voltages applied to the electrodes.
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Due to the high birefringence of MDA-98-1602 the optical phase shift is very high. With a slight
variation of 1.2 Vms, the optical phase shift is tunable from 1.6x radians to 22x radians. In addition,
this optical phase shift can be translated to an effective cone angle. Thus, the characteristic
parameters could be changed in a broad range.

3.2. The Lensacon and Logarithmic Axicon

The non-linear response of the LC birefringence has two characteristic curves. The first one is
produced when the electrical energy overcomes the forces that hold the molecules in place, and the
molecules start to move. The other one, which has an inverse curvature, is produced when the
molecules start to reach the perpendicular position. Taking advantage of these zones, the generation
of lensacons [24] and logarithmic axicons [25,26], by using LC is proposed and theoretically
demonstrated for the first time. These optical elements are axicons in which their profile phase has a
little curvature. In order to create the lensacon, the offset voltage (7o) has to be smaller than the
threshold voltage. In contrast, a voltage smaller to the saturation voltage is required to create
logarithmic axicons. Figure 6a shows the phase profile of lensacons, for which the applied voltages
are V1= V2= V3= Va= Vx Vims and the offset voltage is Vo = 0.8 Vms. On the other hand, considering
aVo=23 Vmms and Vx= 2.5 Vims a logarithmic axicon is observed in Figure 6b. Its molecular
distribution is shown in Figure 7.

Changing the voltage of Vi, V2, V3 and Va4 (all equal to Vx), these phase profiles could also be
tuned. In Figure 6a a tunable lensacon is shown. The optical phase shift can be easily tunable
from 0.8x radians to 12z radians, with only a small variation of 0.8 Vims.
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Figure 6. Phase shift profile in the XZ plane, for (a) lensacons; and (b) logarithmic axicons.
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Figure 7. Phase shift profile in the XZ plane, for (a) lensacons and (b) logarithmic axicons.
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The resulting effect in the case of the logarithmic axicon is a control over the curvature itself.
This effect was recently proposed by using diffractive optical elements. This new optical element
was called “fractional axicon” (it has a fractional power dependence on the radial coordinate) [21].
In Figure 6b the generation of this optical element simply by low voltage electrical signals
is demonstrated.

3.3. Moving Focus

The application of optical tweezers based on modal LC devices has considerably reduced
functionality over holographic optical traps (HOTs) or the generalized phase contrast (GPC) systems.
This is mainly because they can only be used for single or double traps [27]. Despite this, LC devices
have a reduced complexity and in consequence they are low-cost and more compact. Other
advantages are the analog control (increasing the accuracy) and a larger light efficiency. The
proposed device has reduced RMS deviation from the perfect profile. In combination with the
experiment proposed in the previous section, the position of the optical trap along the z-axis will also
be controllable. In order to move the focus in the x-y plane, a gradient between electrodes is needed.

The above figures illustrate how the position of the focus can be easily moved in the x-y plane.
The first image correspond to the same cone as Figure 3 (in XY plane) where the applied voltages
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were V1=V2=V3=Vs=1.3 Vims and Vo= 1.3 Vims. Then the voltage is increased only in two electrodes
(while the others remains at 1.3 Vms), as is described in Figure 8. Each pair of voltages move the
focus position in one direction, right (V1, Va), left (V2, V3), up (V2, Va), and down (V1, V3). In order to
change the position of the optical trap along the z-axis, a change in the total voltage (V%) is required,
as was established in the previous section.

Figure 8. Optical phase shift in the XY plane several voltages applied to the electrodes.
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The focusing speed of the proposed device is directly related to the rising and decay time of the
LC molecules [28],

2
L(ij trise — Yldz /[<11TCz (3)

t = =

K\ n V1V, -1
As can be seen these relations are cuadratically proportional to the device thickness. In this case

and considering a Vi = 1.2 Vims, the decay time will be 3.78 s (switch off the device). If the voltage

is increased to 2.3 Vs, for example, the time necessary for the molecules to reach the new position

will be 1.41 s.
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4. Conclusions

In summary, modal LC axicons offer a simple and low cost solution for the tunable generation of
Bessel beams. These ones have several advantages over other reported methods: analog control, high
tunability, moving focus in the x-y plane and high light efficiency. Unlike other reported LC axicons,
the proposed device has a circular aperture that creates perfect cone profiles. The inclusion of some
little spaces in the patterned electrode reduces undesirable effects in the edges of the active area
(reduced aberrations). For the first time, the generation of perfect axicons, lensacons, logarithm axicons
and fractional axicons, by the same structure (totally reconfigurable by low voltages), have been
proposed and theoretically demonstrated. We conclude that the simulation tool is essential to design
this type of devices because some critical parameters as thickness, resistivity of the deposited layer,
frequency and amplitude of the voltage control, can be known before the device fabrication. This device
could contribute to developing new applications and to reducing the fabrication costs of the
actual devices.
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Passive Temperature Stabilization of Silicon Photonic Devices
Using Liquid Crystals

Joanna Ptasinski, lam-Choon Khoo and Yeshaiahu Fainman

Abstract: In this work we explore the negative thermo-optic properties of liquid crystal claddings
for passive temperature stabilization of silicon photonic integrated circuits. Photonic circuits are
playing an increasing role in communications and computing, but they suffer from temperature
dependent performance variation. Most existing techniques aimed at compensation of thermal effects
rely on power hungry Joule heating. We show that integrating a liquid crystal cladding helps to
minimize the effects of a temperature dependent drift. The advantage of liquid crystals lies in their
high negative thermo-optic coefficients in addition to low absorption at the infrared wavelengths.

Reprinted from Materials. Cite as: Ptasinski, J.; Khoo, 1.-C.; Fainman, Y. Passive Temperature
Stabilization of Silicon Photonic Devices Using Liquid Crystals. Materials 2014, 7, 2229-2241.

1. Introduction

Silicon photonic devices and circuits offer a rapidly growing and promising technology for
high-speed signal transmission systems with data rates of 100 Gbps, which far exceed the capabilities
of copper cabling. Such devices are suited for data centers and high performance computing
applications where standard copper based Ethernet networking is inadequate. Photonics based
systems offer the advantage of reduced energy consumption in addition to the ability to pack a larger
number of communication channels into a smaller space [1]. In the next few years, large numbers of
silicon photonic products will come to market and there will be an increase in the number of complex
silicon photonic systems developed in academia [2]. As silicon photonic chips mature, the
technology is likely to be increasingly used in processing tasks such as interconnecting multiple cores
within processor chips to boost access to shared cache and busses. Eventually, silicon photonics may
be involved in actual processing, augmenting or replacing a chip’s semiconductor transistors with
optical equivalents with greater computing performance [3]. The field of silicon photonics is
expressly well positioned at this time as paths for commercialization are now widely accessible, the
costs and risks associated with prototyping products have dropped, and adopting the same silicon
processing tools that the semiconductor industry uses to fabricate Complementary Metal-Oxide—
Semiconductor (CMOS) transistors opens access to an immense infrastructure for yield
improvement, metrology and process control [2]. Conversely, as optics penetrates deeper into the
chip temperature stability becomes more important due to silicon’s high thermo-optic coefficient
(1.86 x 107%/°C) accompanied by an appreciable modification of the refractive index in the presence
of rising temperature and resulting in performance deterioration of photonic devices and
systems [4,5]. Correspondingly, at power densities of 100 W/cm? in modern microelectronic Very
Large Scale Integration (VLSI) chips, the problem of heat dissipation is a major challenge even with
the most advanced packaging technologies. Local temperature stabilization becomes impossible with
thousands of devices with varying temperature profiles across a single chip [6].
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There has been a tremendous amount of research on the suppression of temperature sensitivity in
silicon based chipscale devices and a common approach consists of using external heaters or
thermoelectric coolers. A related scheme focuses on the use of direct local heating of the silicon
device by alternating the bias current, or using silicon itself as a resistive material for heating [4,7].
However, as these approaches are active, they increase power consumption and account for the
largest share in a power budget of state-of-the-art silicon photonics [4], in addition to demanding a
large device foot-print and cost. Passive thermal stabilization techniques rely on the use of a negative
thermo-optic coefficient (TOC) material to offset silicon’s high positive TOC [5,6], tailoring the
degree of optical confinement in silicon waveguides [7], or a careful design of the device
geometry [4,8,9]. Materials used for thermal stabilization consist of polymers, such as acrylates
demonstrated by Ye ef al. [10], where a temperature dependent peak resonance wavelength shift of
a racetrack resonator was reduced 8.3 times. However, the demonstration was geometry specific and
performed over a very small temperature range. Other research consisted of working with Polymethyl
methacrylate, a common lithography resist, or ExguideTM LFR-372 (ChemOptics Inc., Daejeon,
Korea) over a wider temperature range with similar findings [5,8,11]. A drawback to polymers is
that they are vulnerable to temperature degradation, chemical instability, ultraviolet (UV) aging, and
poor mechanical characteristics [12,13]. Alternative methods which rely on engineering of the device
geometry to lower the temperature sensitivity of the entire waveguiding system require additional
space on the chip, are sensitive to fabrication tolerances and assume that the temperature
compensating devices are located in the same thermal hotspot [7,12].

Here we explore a passive thermal stabilization scheme for resonant photonic devices using liquid
crystal (LC) claddings. Liquid crystals’ relatively low viscosity (the viscosity of E7 is 40 cps at
20°C [14]) makes it possible to backfill them into chambers made during the fabrication process in a
manner similar to microfluidic devices [15—-17]. The main allure of liquid crystal claddings lies in
their large negative thermo-optic coefficients and low absorption at the infrared and visible
wavelengths, which translates into lower insertion losses. The thermo-optic coefficient dn/dT in
nematics is extraordinarily large, ranking among the largest of all known materials [18]. The rod-
like nematic liquid crystals exhibit optical birefringence: ordinary refractive index no for light
polarized perpendicular to the liquid crystal and extraordinary refractive index n. for light polarized
parallel to the liquid crystal [19]. LC crystalline properties become apparent when the liquid crystal
is contained in thin flat cells. The alignment of the liquid crystal axis in such cells is essentially
controlled by the cell walls whose surfaces are treated in a variety of ways to achieve various director
axis alignments [20]. Homeotropic alignment (where the LC long axis is perpendicular to the surface)
is typically achieved by treating the cell walls with a surfactant such as hexadecyl-trimethyl-
ammoniumbromide (HTAB) and planar alignment is most easily achieved by rubbing
unidirectionally with a lens tissue; LCs then align their long axis along the rubbed direction [20]. As
a material, LCs are low cost, easy to use (including the possibility of filling various volumes), offer
high damage threshold to laser radiation, and overcome roughness and stress induced scattering loss
and polarization dependence [21,22]. Moreover, LC molecular design provides leeway in modifying
their structure and properties [ 18-22].



297

We use ring resonators, which are highly sensitive to changes in the refractive index to characterize
the thermo-optic properties of liquid crystals. A ring resonator consists of a closed loop waveguide
commonly in the shape of a ring or a racetrack. Coupling to and from the device is achieved by
placing bus waveguides within a close proximity of the ring, allowing for evanescent modes to
overlap and allow coupling [23]. The ring behaves as an interferometer and shows a resonance for
light whose phase change after each full trip around the ring is an integer multiple of 2w, where the
difference between the vacuum wavelengths corresponding to two resonant conditions is referred to
as the free spectral range (FSR) [23,24]. A resonant wavelength change is observed in response to
an effective index change for the resonant mode and the amount of the resonant wavelength shift is
influenced by the length of the ring perimeter [23], where the resonant wavelength is described by:

L-n
Ares = meff (1)

here L is the ring perimeter, netr is the effective index of the mode, and m is an integer.

Figure 1. Simulation showing a resonance shift due to rising temperature for a ring
resonator clad in silicon dioxide.
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Figure 1 depicts a 2D finite-element simulation in COMSOL Multiphysics (Palo Alto, CA, USA)
showing the projected fundamental TE like mode resonance shift due to rising temperature for a
silicon ring clad in SiO2. Silicon photonic waveguides commonly consist of a silicon core and silica
claddings, because the large refractive index contrast between the core and cladding allows for total
internal reflection with a very large incident angle [24-26]. Typically, the TE like mode is more
frequently used than the TM like mode due to its low bending loss, stronger confinement in the
waveguide core, and minimal leakage into the silicon substrate beneath the buried oxide (BOX) layer.
In this simulation, the ring was 500 nm wide, 250 nm tall, and with a perimeter of 62.2 um. The
effective index method was used in defining the effective mode indices and propagation constants of
our ring resonator. The high TOC of silicon (Ansi/AT = 1.86 x 10 #/°C) together with the TOC of
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SiO2 (Ansio2/AT=1 x 107°/°C) resulted in a 3.2 nm resonance shift for a 30 °C change in temperature,
from 1541.7 nm to 1544.9 nm, which translates to AAM/AT = 106.7 pm/°C.

In modern dense wavelength division multiplexing (DWDM) systems with channel spacing of
<l nm, a difference of AMAT = 106.7 pm/°C will greatly influence channel location and
crosstalk [27].

2. Results and Discussion

2.1. Liquid Crystal Materials

Liquid crystals used in the experiment consisted of SCB (Sigma Aldrich, St. Louis, MO, USA),
E7 (Merck, Hunterdon County, NJ, USA), Lixon ZSM-5970 (Chisso Corp., Minamata, Japan), and
MDA-05-2968 (Merck). Table 1 depicts some of the common characteristics of these liquid
crystal mixtures.

Table 1. Room temperature properties of liquid crystals used in the experiment.

L. . . . Optical Anisotropy
Liquid Crystal Mixture Clearing Point
n Te To <n>
5CB (@22 °C, 589 nm) 35°C 0.191 1.725 1.534 1.598
E7 (@20 °C, 589 nm) 58 °C 0.226 1.747 1.521  1.597
Lixon (@25 °C, 589 nm) 123 °C 0.109 1.596 1.487 1.523
MDA-05-2968 (@20 °C, 589 nm) 109.5 °C 0.2685 1.781 1.5125 1.602
2.2. Results

Ring resonator samples consisting of 9.9 um radius, 500 nm width, 250 nm height, 100 nm gap
between the ring and bus waveguide were characterized. A measurement was performed on a sample
clad in air, which resulted in an 87.5 pm/°C resonance shift and it served as the baseline. Subsequent
measurements were completed with liquid crystal claddings listed in Table 1. It should be noted that
the samples did not rely on an alignment layer in order to achieve a specific liquid crystal orientation
and the liquid crystals were assumed to be randomly oriented exhibiting an average refractive
index <n>. The experimental results are shown in Table 2 and Figure 2, where Table 2 provides a
summary of the observed resonance shift per degree Celsius, while Figure 2 tracks the resonant
wavelength change as a function of increasing temperature. MDA-05-2968 LC produced a peak
wavelength shift of 58 pm/°C, while the best response was attained with 5CB (40 pm/°C) and it is
further detailed in Figure 3, where the measured resonance is shown at each temperature increment.
Samples clad in E7 and Lixon presented a thermal drift of 56.3 pm/°C and 52.3 pm/°C, respectively.

Table 2. Summary of results appearing in Figure 2.

Liquid Crystal Cladding Resonance shift/°C Measured Temperature Range

5CB 40 pm 24 -32°C
E7 56.3 pm 24 - 56 °C
MDA-05-2968 58 pm 24 -74 °C

Lixon 52.3 pm 24— 46 °C
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Figure 2. Measured ring resonator samples clad in liquid crystal (LC) mixtures.
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It can be seen in Figure 2 that the resonant wavelength shift of LC clad ring resonators is linear.

This is to be expected, as the average LC index decreases linearly as temperature rises in both the

anisotropic and isotropic phase [28,29].
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The measured resonance shifts were used in calculating the thermo-optic coefficients of the liquid
crystal mixtures at 1550 nm. First, the measured air-clad ring resonator response served to validate
a COMSOL Multiphysics model. The measured resonance shift of an air clad resonator was
87.5 pm/°C, which strongly agrees with the COMSOL simulation resonance shift of 87.5 pm/°C, and
it gives us confidence in our model. The measured and the simulated results for an air cladding are
depicted in Figure 4. Experimentally observed liquid crystal cladding resonance shifts were used to
obtain the change in the silicon waveguide mode effective indices using Equation (1). The effective
mode indices then served to calculate the thermo-optic coefficient of the LC mixtures using our
COMSOL model. Table 3 contains a summary of the results. SCB provides the greatest negative
average refractive index <n> TOC of Anscs/AT = —8.7 x 10%/°C at 1550 nm. Lixon possesses the
next best TOC of AnLixon/AT =—7.2 x 1074/°C; followed by E7 Ang7/AT=—6.7 x 104/°C, and MDA
Anvpa/AT = —6.5 x 107%°C. In relation to literature, our estimated TOC value of E7
(Ane7/AT = —6.7 x 107%/°C) is slightly greater than the average temperature dependent refractive
index <n> value reported (An/AT = —5.24 x 107#/°C) [30]. This inconsistency is due to some of the
E7 molecules being initially aligned in the ne state as compared to a completely random <n> state.
LC molecules in the ne orientation will undergo a considerably larger refractive index change as a
function of temperature in comparison to those randomly aligned [29,30]. It is not until the isotropic
state that the LC An/AT fully equalizes [29].

Figure 4. (A) Measured resonance shift in air of a ring resonator; (B) Simulated shift of
a ring resonator clad in air as a function of rising temperature.
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Table 3. Change in the effective index as a function of a 30 °C increase in temperature
and the corresponding thermo-optic coefficient of the liquid crystal mixture at 1550 nm.

LC
Liquid Crystal Cladding Effective Index Shift for a 30 °C rise in Temperature AR/AT
n
5CB Anerr=—0.0021 —0.00087/°C
E7 Anesr=—0.0029 —0.00067/°C
Lixon Anerr =—0.0027 —0.00072/°C

MDA-05-2968 Anerr=—0.0030 —0.00065/°C
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While liquid crystals aid in minimizing temperature associated effects, complete athermal
response cannot be achieved without modifying the device geometry. The amount of thermal
stabilization is directly related to the extent of the optical mode overlap with liquid crystals, or any
other negative TOC material. For instance, the mode of narrower waveguides will sense more of the
liquid crystal cladding due to a larger portion of it being present outside of the silicon core region.
An example of this appears in Figure 5, which depicts the amount of TE like mode power density
that extends outside of the waveguide core as a function of waveguide width. For a 500 nm wide,
250 nm tall silicon waveguide surrounded by » = 1.53 index cladding, a 26% mode overlap with the
cladding region is achieved. A 300 nm wide waveguide will result in a 58% cladding overlap. It
should be noted that, besides device geometry, the exact cladding material’s refractive index and
surface roughness also come into play in mode confinement and propagation loss. Thus, while a
narrower waveguide allows for increased interaction with the liquid crystal cladding, it also results
in enhanced losses arising from a larger portion of the optical mode interacting with the sidewall surface
roughness of the silicon core [31]. These interface imperfections originate during the fabrication
process from line edge corrugations of the electron beam resist, pattern transfer, or from the etching
process itself [32]. The roughness of core—cladding interfaces results in transmission loss that scales
with the square of the roughness amplitude [32], which is the main reason why we chose waveguides
of 500 nm width for our experiment as compared to narrower ones.

Figure 5. Silicon rectangular waveguide core width and the corresponding TE-like mode
power density that extends into the cladding region. The waveguide height was kept
constant at 250 nm. The cladding region refractive index was n = 1.53.
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In our measurements, SCB, which possesses the lowest clearing point temperature (7hi = 35°C),
boasted the largest negative TOC. 5CB is applicable to achieving predictable operation of
silicon-based wavelength-division multiplexing (WDM) devices located on typical high performance
multicore chips which may endure +10 °C temperature variations [9]. Due to 5CB’s flash point of
113 °C [33], Lixon with its clearing point temperature of 7hi = 123 °C, may be better suited for
applications in which the microprocessor die hot spot thermal range fluctuates between 70—-120 °C [34].
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3. Experimental
3.1. Sample Fabrication and Preparation

Samples were fabricated using a 680 um thick silicon on insulator (SOI) wafer composed of a
silicon handle, a 3 um BOX layer and 250nm of silicon placed on top of the BOX. The 3 pm SiO2
layer aids in preventing the evanescent field of the optical mode from penetrating the silicon substrate
below. Dow Corning (Midland, MI, USA) FOX-16 electron beam (e-beam) resist was diluted
in Methyl isobutyl ketone (MIBK), one part FOX-16 to two parts MIBK (by weight), and spun
at 4000 rpm resulting in a 180 nm thick coat [20]. The samples were patterned with a Vistec
(Toronto, Canada) EBPG 5200 e-beam system using a dosage of 5120 uC/cm? and developed in
Tetramethylammonium hydroxide (TMAH) for 1 min. Dry etch of silicon was performed using
Oxford Plasmalab 100 RIE/ICP (Oxford Instruments, Abingdon, Oxfordshire, UK) with a mixture
of 25 sccm of SFe¢ and 50 sccm of CaFsg at a temperature of 15 °C, and with a reactive-ion etching
(RIE) power of 30 W and inductively coupled plasma (ICP) power of 1200 W. The resulting silicon
waveguides were covered by a 1800 nm layer of SiOz cladding deposited via Oxford Plasmalab 80
Plus plasma-enhanced chemical vapor deposition (PECVD) at 350 °C using a mixture of 5% SiHs
and 95% N2 at 117 sccm with 710 sccm of N20O at a deposition rate of 72 nm/min. The PECVD
chamber pressure was 1000 mT and the RF power was 20 W at 13.56 MHz. Window areas positioned
over resonator rings were patterned with Shipley S1805 photoresist (Shipley Company, Marlborough,
MA, USA), exposed in a Hybrid Technology Group (HTG) Mask Aligner and etched in a CMOS
grade buffered oxide solution (BOE) consisting of 33.5% NHa4, 7% HF, and 59.5% H:0, for a
duration of 195 s. The remaining S1805 photoresist was removed with Shipley Microposit Remover
1165 (Shipley Company, Marlborough, MA, USA). The fabrication process is portrayed in Figure 6
and scanning electron microscope (SEM) images of the fabricated samples appear in Figure 7. Figure 7A
depicts a silicon ring resonator of 9.9 um radius and 500 nm width. Figure 7B shows the ring
resonator sample clad in SiO2 and with a window etched over the ring to accommodate the LC
cladding. Placement of the liquid crystal cladding was carried out in a clean room environment and
preceded by a sample cleaning step using oxygen plasma. The oxygen plasma step aids in the removal
of organic contaminants and it promotes adhesion and bonding to other surfaces.

3.2. Experimental Setup

Our experimental setup consisted of an Agilent 8163B telecom-grade tunable laser (Santa Clara,
CA, USA) (14701570 nm range) connected to a polarization scrambler and fiber coupled to the
on-chip waveguide. An Oven Industries 5C7-195 Benchtop Temperature Controller (Mechanicsburg,
PA, USA) linked to a thermo-electric module assisted in the heating and cooling of the LC mixture.
The thermoelectric module was embedded inside of a sample mount and the sample mount was
placed on a three axis mechanical stage allowing for precise alignment with the input beam and
imaging optics. A thermocouple fastened to the sample stage monitored the temperature to within
0.1 °C precision. The transmission spectrum was imaged in free space onto a Newport 2931-C power
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meter (Newport Corporation, Irvine, CA, USA). Control of the telecom source and the power meter
was automated. The optical setup is illustrated in Figure 8.

Figure 6. Fabrication process steps.
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Figure 7. Fabricated ring resonator samples. (A) Close up of the ring resonator structure;
(B) Ring resonator with a window etched in SiOz for liquid crystals.

Figure 8. Optical setup.
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4. Conclusions

In summary, we have explored the use of liquid crystals for passive temperature stabilization of
silicon photonic devices. Liquid crystals possess high negative thermo-optic coefficients and their
refractive index decreases linearly as temperature rises in both the anisotropic and isotropic phase.
Using ring resonators clad in liquid crystals, we show that thermal drift can be mediated, although a
full athermal response requires alteration of the silicon device geometry. The amount of thermal
stabilization is directly related to the extent of the optical mode overlap with liquid crystals, or any
other negative TOC material. The advantage of liquid crystals lies in their high negative thermo-
optic coefficients in addition to low absorption at the infrared wavelengths.
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