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Smart stimuli-responsive materials that can be externally triggered to undergo mechanical
motions have a huge potential in applications ranging from artificial muscles and sensing
to microrobotics. Among different classes of stimuli-responsive materials, photomechan-
ical actuators based on liquid-crystal elastomers (LCESs) are of particular importance be-
cause they provide a route to control mechanical motions with light. Liquid-crystal elas-
tomers exhibit a unique combination of anisotropic molecular order due to liquid crystal-
linity, and elasticity brought about by the polymer network. This coupling leads to the
ability of free-standing LCE samples to change their shape reversibly after the application
of external stimulus. Plasmonic nanoparticles, for example gold nanorods, have the ability
to absorb light strongly at different wavelengths, depending on their dimensions, which
makes them a possible candidate to produce the light response needed to actuate LCEs.

In the Thesis work three photoactuable liquid-crystal elastomers, which absorb light in
different wavelengths, were studied. Infrared-absorbing gold nanorods, cross-linked UV-
absorbing azobenzenes, and doped visible-absorbing azobenzenes, were used as light-
absorbing moieties. The LCE that was used was acrylate-based and the sample films were
prepared by applying well-developed liquid crystal-alignment technologies and photo-
polymerization.

As a major part of this work, gold nanorods were synthesized and functionalized. Gold
nanorods were synthesized with a seed-mediated growth method in water by using hexa-
decylcetyltrimethylammonium bromide as a surfactant and 5-bromosalisylic acid as an
additive. Rods were also synthesized without the additive for comparison and it was found
that nanorods synthesized with the additive had smaller size dispersion and better mor-
phology. Gold nanorods were successfully functionalized and transferred to organic so-
lutions with dodecanethiol when thiolated polyethylene glycol was used for pre-function-
alization. The solubility of the functionalized gold nanorods into LCE mixture (compris-
ing photopolymerizable monomer and cross-linker) was studied. However, functional-
ized gold nanorods were not soluble into the LCE matrix, whereas the two dyes showed
a good solubility and polymerized films could be efficiently actuated with light. The main
characterization methods used in this work were UV-Vis-NIR spectroscopy, transmission
electron microscopy, and polarized optical microscopy.
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Materiaaleilla, joita voidaan ulkoisesti stimuloida mekaaniseen liikkeeseen, on erittdin
suuri sovelluspotentiaali muun muassa keinolihaksissa, antureissa ja robotiikassa. Eten-
kin valomekaaniset aktuaattorit, jotka perustuvat nestekide-elastomeereihin ovat erityisen
mielenkiintoisia, sill& niiden avulla mekaaninen liike voidaan aikaansaada hyodyntamaélla
valoenergiaa. Nestekide-elastomeerit ovat materiaaleja, joiden molekyylit ovat jéarjestay-
tyneet nestekiteille tyypillisesti saédnnolliseksi rakenteeksi, mutta jotka ovat silti polymee-
riverkostonsa ansiosta joustavia, kuten kumit. Tamén takia nestekide-elastomeerit voivat
muuttaa muotoaan reversiibelisti ulkoisen &rsykkeen johdosta. Valoaktiivisen nestekide-
elastomeerin valmistamiseen voidaan kayttda plasmonisia nanopartikkeleja, kuten kulta-
nanosauvoja. Kultananosauvat absorboivat valoa eri aallonpituuksilla, riippuen niiden
mittasuhteesta, miké tekee niistd erinomaisen vaihtoehdon nestekide-elastomeerien akti-
voimiseen.

Tassa tyossa tutkittiin kolmea erilaista valoaktiivista nestekide-elastomeeria, jotka absor-
boivat valoa eri aallonpituuksilla: infrapuna-aktiivisia kultananosauvoja, ultraviolettiak-
tiivisia asobentseeneja, jotka liitettiin polymeeriketjuun kovalentein sidoksin, sekéa neste-
kide-elastomeerin sulautettuja, nakyvaa valoa absorboivia asobentseeneja. Nestekide-
elastomeerit olivat akrylaattipohjaisia, ja ndytteiden valmistuksessa kaytettiin nesteki-
teille tyypillista valopolymerisointia nestekidemolekyylien yhtenéisen jarjestyksen takaa-
vassa kennossa.

Taman tyon laajin osuus keskittyi kultananosauvojen synteesiin ja funktionalisointiin.
Kultananosauvat syntetisoitiin siemenkeskeiselld kasvatusmetodilla kayttamalld heksa-
dekyylisetyylitrimetyyliammoniumbromidia pinta-aktiivisena aineena ja 5-bromosali-
syylihappoa liséaineena. Vertailun vuoksi sauvoja syntetisoitiin myds ilman lisdainetta,
jolloin huomattiin, ettd sauvoilla, jotka syntetisoitiin lisdaineen kanssa, oli kapeampi ko-
kojakauma ja parempi morfologia. Kultananosauvat funktionalisoitiin onnistuneesti do-
dekaanitiolilla, kun ensin suoritettiin esifunktionalisointi tioloidulla polyetyleeniglyko-
lilla. Lisé&ksi tutkittiin funktionalisoitujen kultananosauvojen liukenemista nestekide-elas-
tomeeri seoksen kanssa. Funktionalisoidut kultananosauvat eivét kuitenkaan liuenneet
nestekide-elastomeerin, kun taas kaksi tutkittua vériainetta liukenivat hyvin ja polymeri-
soidut kalvot osoittivat valomekaanista vastetta. Tarkeimpina tutkimusmetodeina tyéssa
kaytettiin UV-Vis-NIR spektroskopiaa, lapivalaisuelektronimikroskopiaa seka polarisoi-
tua optista mikroskopiaa.
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1. INTRODUCTION

Photonics plays an important role in our everyday lives and drives innovation in an in-
creasing number of fields such as telecommunications, medical technologies and home
entertainment. Photonics can be found in the background of many familiar devices and
technologies such as smartphones and the internet. Understanding the interaction between
light and various types of materials is the key to the success of photonics. In recent years,
light-responsive liquid-crystal elastomers as new photonics materials, have received
increasing scientific attention [1]. The main thrust for this comes from their structural
versatility and low cost, combined with the strong and fast response of organic molecules
to optical fields.

Liquid crystal elastomers (LCEs) are loosely cross-linked polymer networks that combine
rubber-like elasticity to the strong orientational anisotropy of liquid crystals (LCs) [2].
The most interesting property of LCEs is the ability to change their shape reversibly
after the application of a certain external stimulus [3]. The external stimulus may be a
change in temperature, electric or magnetic fields or electromagnetic radiation. LCE ma-
terials can work as an actuator, which is a system that converts energy from an input
stimulus into mechanical motion. In this work, light is used to actuate LCE materials.
Such actuators can produce clean, non-toxic and cheap optical-to-mechanical energy con-
version, thereby enabling reversible actuation, without the requirement of physical con-
tact between the energy source and the object. Potential applications of such LCE actua-
tors include artificial muscles, micromechanics and microelectromechanical systems [3].

Most known light-responsive LCEs are designed to rely on reversible photoswitching of
photochromic molecular units between two states, which have different structural and
physical properties [4]. In order to translate effectively such molecular-level switching
into macroscopic mechanical motions, the switching must take place in the solid state,
and the switchable molecules must act in concert, which is provided by the liquid-crystal
order. Such light-induced macroscopic phenomena are also known as photomechanical
effects [4]. Nowadays most photomechanical actuators are based on cis-trans transfor-
mation of azobenzene dyes, which are actuated with ultraviolet light [1]. However, LCEs,
which could be actuated with visible or infrared light, may have more applications as they
would enable (i) the utilization of sunlight for actuation, and (ii) applications in biosci-
ences. Yet they have been much less studied. One route for actuation with light in the
visible or infrared wavelengths is to utilize photothermal effects. In a photothermal effect
light is absorbed by an organic or inorganic dopant and then converted to heat, which



stimulates the shape changes of the LCE matrix. The dopant can be, e.g., an organic mol-
ecule, a plasmonic nanoparticle, or a carbon-based nanomaterial such as carbon nanotube.

Gold nanoparticles are suitable for LCE actuation because of their unique shape-depend-
ent localized surface plasmon resonance properties. Surface plasmons are the collective
electron excitations induced by light at metallic-dielectric interfaces [5]. Due to the strong
enhancement of the local electromagnetic fields close to the metal surface, surface plas-
mons can be used to manipulate light-matter interactions at the nanoscale [5]. In particu-
lar, gold nanorods (GNRs) are good candidates for photoactuation. GNRs are cylinder-
shaped particles with length between 25 and 100 nm and width between 10 and 50 nm.
Gold nanorods absorb light at different wavelengths depending on their dimensions and
convert the absorbed light energy efficiently into thermal energy through photothermal
effect. The produced thermal energy can heat the surrounding material effectively and
provide the stimulation needed to activate the LCE.

In this Thesis, GNRs were synthesized and functionalized, and attempts were made to
dope them into LCE networks aiming for photoactuated LCE materials. The purpose of
the work was to compare actuation of the GNR-based LCE films with those containing
azobenzene dyes, which have been more widely studied and can be actuated with UV or
visible light, depending on the molecular structure. The first and the largest part of this
work consists of the synthesis of the gold nanorods. The rods were synthesized using a
seed-mediated growth method in which aqueous gold salt is reduced to metallic gold.
The purpose was to synthesize rods that have main absorption peaks at around 800 nm
and were coated with hexadecyltrimethylammonium bromide (CTAB). Because gold na-
norods were synthesized with wet-chemical method, they were not soluble in organic
LCE matrix. Therefore, re-functionalization had to be done. The second important part of
this work was to study how GNRs dissolve with the acrylate-based liquid crystal mole-
cules used in the photopolymerization method. LCE films doped with cross-linked UV-
actuable azobenzenes and doped visible-absorbing azobenzenes were photopolymerized
as well for comparison. Finally, actuation behavior of these materials was studied.

The overall structure of the Thesis takes the form of six chapters, which are divided be-
tween literature survey and experimental research. The literature survey in this Thesis has
been divided into two main sections. Section 2 introduces the theoretical background of
gold nanorods and Section 3 focuses on liquid-crystal elastomers as photoactuable mate-
rials. The experiments performed, together with their results and analysis, are discussed
in Sections 4 and 5. Section 6 summarizes the main findings and outlines the key direc-
tions for future research stemming from this Thesis.



2. GOLD NANORODS

Gold nanorods are cylinder-shaped particles that have two axes: the transverse and the
longitudinal axis [6]. Dimensions of the GNRs are between 10-150 nm and typically the
length varies between 25 and 100 nm and the width between 10 and 50 nm [7; 8]. The
ratio of the rods’ length to width is called aspect ratio (AR) and it can be between 1 and
15 [9].

In this section, gold nanorods and their special optical properties are discussed, followed
by a description of how rods can convert light into heat through photothermal effect. After
that, the synthesis process and factors influencing the synthesis are described together
with possibilities to tune the aspect ratio of the rods. Characterization and determination
of the concentration of the GNR solutions are also discussed. Finally, surface functional-
ization of GNRSs is described.

2.1 Optical properties of gold nanorods

Gold nanoparticles have been studied extensively because of their unique optical proper-
ties, which differ significantly from the corresponding properties of the bulk metals [5].
This difference results from the small size of the nanoparticles, significantly smaller than
the wavelength of light (400-700 nm) [6]. The unique optical properties of gold nanopar-
ticles render them ideal candidates for a wide range of applications in, e.g., medicine,
photonics, and biotechnology [10]. For example, significant work has been done in the
direction of applying gold nanoparticles for sensing and detection of various analytics in
biological and other systems [10].

Metal nanoparticles have the ability to absorb and scatter light at different wave-
lengths with exceptional efficiency given their small size [5]. Nanoparticles interact
strongly with light, because conduction electrons of the nanoparticles oscillate with re-
spect to their positive core due to the oscillating electric field of light. When the conduc-
tion electrons oscillate coherently, they displace an electron cloud from the nuclei, giving
rise to a surface charge distribution as is shown in Figure 1 [6]. The Coulomb attraction
between the electrons and the positive core results in a restoring force that causes the
oscillation. At a certain frequency, the coherent oscillation is particularly strong. This
resonant oscillation of the conduction electrons is called surface plasmon resonance
(SPR). The electrons oscillate between the two surfaces at the same frequency, which
depends on the size, shape and local refractive index near the particle surface [5]. Because
of the SPR, enormous local electromagnetic fields are produced around the nanoparticles
and great enhancement of their radiative properties, such as absorption and scattering, can
be achieved.



Figure 1. Schematic picture of plasmon oscillation of a metal nanoparticle [6].

Metal nanoparticles can absorb or scatter light. Total energy loss of light because of ab-
sorption and scattering is called extinction [11]. Mie-theory can be used to study the sur-
face plasmon absorption, scattering and extinction of the metal nanoparticles [12]. Ac-
cording to Mie-theory, the size of the nanoparticles determines in which proportion they
absorb and scatter light. Bigger nanoparticles tend to scatter more light than absorb it.

Gold nanorods are anisotropic particles which means that they have different dimensions
in the transverse and longitudinal directions. This is why GNRs have two separate SPR
modes corresponding to their width and length, known as the transverse and longitudinal
surface plasmon resonances, respectively. Both of these SPR modes are presented in Fig-
ure 2a for a 45 nm long and 10 nm wide GNR. Both resonances occur in visible-infrared
wavelengths (400-1200 nm). The transverse SPR is located close to 500 nm while the
longitudinal resonance can vary widely between 600 and 1200 nm according to the
GNR’s aspect ratio and the overall size [10]. According to the Gans theory, optical prop-
erties of the GNRs are largely determined by their aspect ratio [5; 12]. In particular, there
exists correlation between longitudinal SPR peak maximum wavelength and aspect ratio
of the rods. As can been seen from Figure 2b this correlation is almost linear [8]. Because
of this simple correlation, the optical properties of GNRs can be tuned by simply var-
ying the aspect ratio of the rods [5; 9]. GNRs have a relatively large optical extinction
coefficient (~ 1102 —10-10*2 cm? per rod) compared to their small size [6; 13].
Therefore, they absorb and scatter light efficiently and absorption peaks are clearly ob-
served from the ultraviolet-visible-near infrared (UV-Vis-NIR) spectrum.
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The optical properties of GNRs also depend also on the refractive index near the particle
surface [12; 14]. Because of this, rods of the same size have different absorption maxima
in different solvents. Figure 3 shows the experimental spectra of the GNRs in different
solvents as well as correlation between the refractive index and the longitudinal SPR peak
maximum. Figure 3 states that when refractive index near the nanoparticle surface in-
creases, the nanoparticle absorption spectrum shifts to longer wavelengths.
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Figure 3. Experimental UV-Vis-NIR spectra of GNRs in different solvents (left)
and change in the longitudinal plasmon band position with refractive index of
the solvent (right) [12].



2.2 Photothermal effect of the gold nanorods

Gold nanorods can convert electromagnetic energy into heat via process called photother-
mal effect. When the GNRs are exposed to light with a wavelength close to the longitu-
dinal SPR of the rods, the rods absorb light effectively. Rods can then convert the ab-
sorbed light into heat via a series of non-radiative processes. At the beginning of the en-
ergy transformation process, electron-electron collision quickly leads to phase loss of the
coherently oscillating electrons. This phenomenon produces hot electrons with tempera-
tures as high as 1000 K. Then the electron transfers the energy to the phonon by electron-
phonon interactions. The lattice temperature can increase a few tens of degrees. These
interactions are extremely fast: the electron-electron interaction occurs within femtosec-
onds and the electron-phonon interactions within picoseconds. [11]

Thermal energy, that was stored in the metal lattice, can be released to three different
processes. Firstly, the most important process for applications is that the lattice is cooled
by transferring heat to the environment via phonon-phonon interactions. Therefore, the
environment heats up. This occurs within hundreds of picoseconds. Secondly, if too much
heat is generated to the lattice, it can melt. The third option is ablation, where matter is
vaporized on the surface of the material. [11]

The heat-releasing factor of GNRs can be utilized, for example, in biology in the form of
destruction of cancer cells [5]. The amount of light absorbed by the rods is on the average
5-6 times higher than that of the best organic dye [11]. Due to this feature, the GNRs are
also good alternatives also for fabrication of photoactuated materials.

2.3 Synthesis of gold nanorods using seed-mediated growth
method

Gold nanorods may be synthesized in many different ways but the most common methods
are seed-mediated and electrochemical growth methods [5]. In this work, the rods are
synthesized using the seed-mediated growth method, which was chosen because it is rel-
atively simple, GNRs can be produced in high yield and the aspect ratio can be easily
modified [8]. The selected method can be used to produce rods with a longitudinal plas-
mon resonance at about 600-850 nm wavelength corresponding to an aspect ratio of 2-
4.5.

As the name indicates, this method starts with gold seeds. Gold seeds are prepared by the
reduction of gold(lIl) chloride trihydrate (HAuCls-3H20) with sodium borohydride
(NaBH4). Sodium borohydride is a strong chemical reductant, which reduces the Au(l11)
ions directly into metallic gold. Thus, small 5-7 nm spherical gold nanoparticles are
formed, which serve as the starting point for the GNRs growth. Usually surfactants must
be used in synthesis of GNRs. A surfactant binds to the surfaces of the rods and prevents



their aggregation. In this synthesis, hexadecyltrimethylammonium bromide (CTAB) is
used as a surfactant. [7]

For the synthesis of the actual rods, a growth solution is prepared. In addition to CTAB
and the gold salt, the growth solution also contains silver nitrate, which acts as a catalyst.
Instead of sodium borohydride, ascorbic acid is used for reduction. Ascorbic acid is a
weak reducing agent and it reduces the Au(lll) ions to Au(l) ions. After adding a small
amount of seeds into the growth solution, gold ions are reduced on the surface of the seeds
and the gold particles grow into a rod shape. Aspect ratio of the rods can be easily con-
trolled, for example, by changing the amount of gold or silver ions in the solution [8].
Figure 4 presents a schematic diagram of the synthesis steps. Synthesis yield can be im-
proved and the size distribution narrowed down using a small amount of additives. For
example, salicylic acid derivatives can be used as additives [15].

Seed Synthesis

HAuCM 3¢0ﬂ .
AgNO3 Vlgorous *"Gl"ﬂ (2 h)
Stirring

GNRs Growth

Figure 4. Schematic picture of GNR synthesis with seed-mediated growth method.
Firstly, seed solution is prepared, after which it is pipetted to the growth solu-
tion [16].

GNR synthesis requires both thermodynamic and kinetic control that increases the num-
ber of parameters that should be taken into account. For example, temperature has a large
influence on the success of the synthesis. Other important parameters are the length and
width of the rods, aspect ratio, reduction yield, how much gold ions are reduced, and
shape yield. For comparison, spherical gold nanoparticles can be described by just the
average diameter. [15]

2.4 Mechanism of gold nanorod growth

The growth mechanism for gold nanorods is not yet fully understood [10]. Achieving an
anisotropic growth is the sum of many factors and its research and understanding has
proven to be quite a difficult task. However, mechanism of the anisotropic growth of the
GNRs is based on reduction of the gold from HAuUCI.. In the growth of GNRs, three
different oxidation states of gold are involved: Au(lll) in the precursor, Au(l) as an inter-
mediate, and Au(0) that forms the actual nanoparticle [15]. The first step of the mecha-
nism is that Au(l11) ions are reduced to Au(l) because of the ascorbic acid. After that, two



mechanisms have been proposed. According to one theory, disproportionation reaction
of metallic gold is obtained when Au(l) ions react to the Au(0) and Au(lll) ions:

3Au(l) - 2Au(0) + Au(lll). (1)

Au(II) ions are reduced again immediately to Au(l) ions due to the reducing effect of
ascorbic acid. Another theory is that the seed particles "pull™ electrons from the reducing
agents, thereby receiving an excess of electrons [15]. Thereafter, Au(l) ions can be re-
duced on the surface of the seeds.

Silver ions have considerable importance in understanding the reaction mechanism. The
reaction mechanism is different depending on whether or not silver ions are used in the
synthesis or not. Silver ions cannot be reduced to metallic silver in acidic reaction condi-
tions if ascorbic acid is used as a catalyst [12]. However, silver ions can still reduce on a
gold metal substrate via mechanism known as underpotential deposition [10]. The depo-
sition of silver onto the gold surface can happen at lower potential and is expected to
occur more readily on the sides of the rods compared to the ends of the rods. Thus silver
prevents the reduction of gold at the sides of the rod because that would require re-oxida-
tion of silver. This enables the anisotropic growth of the gold particles [10]. The effect of
silver ions has also been shown in different theories. According to Murphy et al. [4],
silver ions form a silver bromide solution with bromine, which is then adsorbed in a dif-
ferent way to the ends and sides of the rods.

2.5 Chemicals used in the synthesis

This section introduces the chemicals used in the gold nanorod synthesis. In addition, this
section presents how the aspect ratio of the rods can be tuned with a change in the amount
of these chemicals.

251 CTAB as a surfactant

The surfactant used in the synthesis of gold nanorods plays a major role in the growth
mechanism. Today, the most common chemical that is used as a surfactant is hexa-
decyltrimethylammonium bromide (CTAB) [10]. When CTAB dissolves in water, it con-
sists of two ions: the actual surfactant and the bromide ion (Figure 5). CTAB is an am-
phiphilic molecule that has both polar and non-polar ends and therefore it forms micelles
in an aqueous solution. CTAB tends to form rod-shaped micelles (Figure 5), which to-
gether with the silver ions guide the anisotropic growth of GNR [17]. CTAB also affects
also the reduction of the gold ions, because it forms complexes with gold ions and modi-
fies their redox potential so that the reduction can occur [10].



Figure 5. Structural formula of CTAB (top) and schematic picture of formation of
CTAB-bilayer to the surface of the GNR (bottom) [18].

CTAB has a critical micelle concentration of about 1 mM [19]. Below the critical micelle
concentration, micelles are not formed. However, in the synthesis of GNRs, CTAB con-
centration of about 0.1 M has to be used [18]. The yield of the synthesis drops dramati-
cally, if the CTAB concentration is reduced below 0.1 M, because stabilization effect of
the CTAB deteriorates [7]. On the other hand, a large amount of CTAB is difficult to
remove from the solution at the purification stage. This is why change in concentration
of the CTAB to tune aspect ratio is not a good choice [7].

2.5.2 Effect of amount of gold and silver in controlling aspect ratio

The aspect ratio of the gold nanorods, and consequently the location of the longitudinal
SPR peak, can be controlled effectively by changing the amount of gold or silver salt used
in the synthesis. This is illustrated in Figure 6: increasing the amount of AgNOs or
HAUCI4 increases the aspect ratio of the rods up to a certain point. After this point, how-
ever, the aspect ratio begins to decrease in both cases. Optimizing the silver and gold ion
concentrations, the longitudinal SPR band maximum of GNRs can be extended to about
850 nm, which corresponds to an aspect ratio of 4.5 [8]. The amount of the gold salt also
affects also the final concentration of the rods. By increasing the amount of gold salt, the
rod concentration can be increased [7].
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Figure 6. Increasing the concentration of silver ions (a) first increases and then
decreases the aspect ratio of the GNRs. Similar trend is also observed also for
HAuCl4 (b) [8].

2.5.3 Seeds

Preparation of the seed solution is a critical step in the synthesis of the GNRs. A high-
quality seed solution is necessary to obtain high-quality GNRs [15]. The amount of seeds
in the solution affects the aspect ratio of the GNRs. When the amount of seeds is in-
creased, the aspect ratio of the rods is reduced [7]. This is because there are less gold
ions per one seed particle that can be reduced on the surface of the seed.

2.5.4 Ascorbic acid as a reductant

Ascorbic acid is the most popular reducing agent used in seed-mediated growth of GNRs
[15]. The size and aspect ratio of the GNRs can also be controlled by the amount of ascor-
bic acid. The more ascorbic acid is added, the shorter rods can be obtained. If ascorbic
acid is added to a large excess, no rods are formed because too much reduced gold over-
whelms the growth process and leads to other shapes than rods [7].

2.5.5 b5-bromosalisylic acid as an additive

Additional chemicals can be used in the synthesis process to improve the shape and size
dispersion of the rods. In particular, salicylic acid and its derivatives are in common use
nowadays [15; 17]. Because additives promote the micellization of CTAB, the concen-
tration of CTAB can be reduced by a factor of two. This reduces the material costs of the
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synthesis but also offers the benefit of fewer washing steps that are necessary for purifi-
cation [17]. In this work, the GNRs were synthesized by using 5-bromosalisylic acid as
an additive.

The addition of 5-bromosalisylic acid also has also an impact on the aspect ratio of the
GNRs. Namely, the aromatic additives can also reduce the Au(l11) ions to Au(l) ions. This
can be used as a "pre-reduction” step to adjust the aspect ratio. The more gold ions are
pre-reduced by the additive, the shorter rods are formed [20]. Pre-reduction can be mon-
itored using a UV-Vis spectrometer. Because CTAB-Au(lI1) absorbs light at 396 nm but
CTAB-Au(l) complex does not, this wavelength can be used to track off how many gold
ions are being pre-reduced [20].

2.6 Characterization of gold nanorods

The main techniques required for GNR characterization are UV-Vis-NIR absorption
spectroscopy and transmission electron microscopy (TEM) [15]. Figure 7a presents
what kind of information can be achieved from the UV-Vis-NIR spectrum. Size disper-
sion of the GNR solution can be estimated from the full width at half maximum (FWHM)
of the absorption peak related to the longitudinal SPR. The lower the value of the FWHM,
the narrower the size dispersion is. Estimation of the size dispersion can also be made by
checking the shape of the longitudinal SPR band, because rods with different size and
aspect ratio absorb light in different wavelengths and with different magnitude. If the
band is symmetric, it means that the size dispersion is narrow.
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Figure 7. a) Typical UV-Vis-NIR spectrum of GNR solutions and b) TEM image
of the GNRs [15].

The aspect ratio can be estimated from the maximum absorbance wavelength of the lon-
gitudinal SPR band, by using the relation between the aspect ratio and the band maximum
given in Figure 2. The presence of byproducts, for example spherical and square-shaped
particles, can be estimated from the shoulder on the transverse SPR peak maximum as
Figure 7a states. On the other hand, a transmission electron microscope image (Figure
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7b) gives complementary verification for the particle dimensions, aspect ratio and the
presence of byproducts. UV-Vis-NIR spectrum and TEM complement each other and
both of them should be used during the characterization process [15].

2.7 Concentration of gold nanorod solution

For further applications, it is important to know the concentration of the gold nanorods in
the solution. Rough estimation of the concentration can be made using UV-Vis-NIR spec-
trum and Lambert-Beer law [15]:

A = ceb, 2)

where A is the absorbance at a particular wavelength, c is the concentration of the absorb-
ing units in the solution, ¢ is the molar absorption coefficient, and b is the optical path
length of light travelling in the sample (i.e. width of the cuvette). The absorbance at a
given wavelength can be determined from the UV-Vis-NIR spectrum. Murphy et al. [13]
have identified a relationship between the molar absorption coefficients and longitudinal
SPR band maximum wavelength (Figure 8), using the same synthesis method that has
been used in this work. Longitudinal SPR band maximum wavelength can be determined
from the measured UV-Vis-NIR spectrum and molar absorption coefficient can be deter-
mined from the data provided by Murphy et al. [13]. Finally, because the cuvette width
is known, Lambert-Beer law can be used to determine the rod concentration. Depending
on the source, the concentration can either be presented in the unit mol I or rods per liter.
The conversion between the units can be done by using the Avogadro constant (6.022 -
102 mol™?)
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Figure 8. Plot of absorption coefficient versus longitudinal plasmon resonance
peak maximum for GNRs with the aspect ratios from 2.0 to 4.5 [13].
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The method described above is not very accurate, which can be seen, for example, from
the large error limits of the graphs. However, this method can be used to assess the mag-
nitude of the concentration of the rod solutions. A more accurate determination of the
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concentration could be made by inductively coupled plasma atomic emission spectros-
copy. However, such a device was not available for this Thesis work.

2.8 Functionalization of gold nanorods

Gold nanorods are often synthesized in water using CTAB as a surfactant. In this case,
the shape, size and aspect ratio of the rods can be controlled efficiently [21]. CTAB-
coated nanoparticles are soluble in water and poorly soluble in organic solvents. In this
work, the target is to dope the GNRs into a mixture of liquid-crystalline compounds that
are then polymerized to form an LCE. To achieve uniform and controlled photothermal
actuation through GNR surface plasmon absorption, the nanoparticles must be well dis-
persed within the organic LCE matrix [22]. Therefore, rods must be functionalized so that
they are soluble with organic medium provided by the liquid-crystal elastomers.

For a successful phase transfer, the nanorods are coated with molecules that are soluble
in organic solvents. There are several strategies how to functionalize GNRs but layer-by-
layer technique and ligand exchange reactions are the most popular methods [23]. In the
layer-by-layer method, the whole GNR including CTAB is coated with polymer layers.
The first layer is made using a negatively charged polyelectrolyte that covers the posi-
tively charged CTAB bilayer. Each successive layer is a polyelectrolyte with opposite
charge and the layers are held together by electrostatic interactions [24]. For example,
polyethyleneimine is one molecule that can be used in layer-by-layer technique. How-
ever, GNRs functionalized with layer-by-layer techniques are not very stable [24]. There-
fore, in most cases ligand exchange method is the preferable choice. In ligand exchange
reaction, molecules must be able to replace the CTAB molecules on the surface of the
rods [23]. Organic molecules containing thiol, amine or carbonyl groups can be used in
the ligand exchange reaction as they have high affinity to gold. The new ligands must
have higher affinity to the surface of the GNR so that they can displace the CTAB bilayer.
The ligand exchange reaction must also be rather quick so that the rods have no time to
aggregate [25]. Thiols are often preferred, since they can form relatively strong semi-
covalent gold-sulfur bond on the gold surface. This bond strength is about 190 kJ mol*
which is notably higher than the electrostatic interaction between CTAB and gold [23].

In this work gold nanoparticles are functionalized using poly(ethylene glycol) methyl
ether thiol (MPEG-SH) and dodecanethiol (DDT). Structural formulae of these molecules
are given in Figure 9. Dodecanethiol has a long non-polar carbon chain, which makes it
well soluble in organic solvents such as chloroform. Dodecanethiol has one thiol group
(-SH), which allows it to bond tightly to the surface of the GNR [23]. Thanks to the tight
bond, the phase transfer can often be performed relatively quickly (during 1 hour).



14

AN

H3cJ(O\/\ko A~ _SH

Figure 9. Structural formulae of the chemicals used in functionalization of
GNRs: dodecanethiol (up) and poly(ethylene glycol) methyl ether thiol
(bottom).

However, if only dodecanethiol is used, aggregation of the particles often occurs [21].
This can be seen at least in large (> 20 nm) nanoparticles [26]. To prevent aggregation,
GNRs can be first pre-coated with the thiolate polyethylene glycols. mPEG-SH binds to
the surface of the GNR by the thiol group, and its long carbon chain prevents aggregation
of the nanoparticles during the phase transfer [26]. mMPEG-SH is soluble in both water and
organic solvents, which helps the functionalization [26]. Thiolated polyethylene glycols
are commercially available in several different molecular weights and structures. After
pre-coating with mPEG-SH, the rods are easier to coat with dodecanethiol. Figure 10
shows a schematic picture of this coating strategy.

GNRs CTAB- Ligand

capped exchange trat:'lassf:r CHCI, soluble
Water soluble PEG-SH
DDT

Figure 10. Schematic picture of the coating strategy with mPEH-SH and DDT. 1)
Rods are coated with CTAB double layer and they are water soluble. 2) Rods
are coated with mPEG-SH polymer. 3) Rods are coated with DDT and they
dissolve into organic phase. Adapted from Ref. [26].
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3. LIQUID CRYSTALS AND LIQUID-CRYSTAL
ELASTOMERS

Liquid crystals consist mostly of rod-like organic molecules that tend to self-organize and
align in the same direction [27]. Liquid-crystal elastomers, on the other hand, are loosely
cross-linked polymer networks constituting the liquid-crystal moieties as part of the net-
work, and sometimes as dopants as well [2]. In this chapter, theories behind liquid crystals
and liquid-crystal elastomers are briefly discussed, followed by a description of actuation
of LCE materials.

3.1 Thermotropic liquid crystals

Liquid-crystal displays are by far the best-known application of liquid crystal [28]. The
displays are based on the light-modulating properties of liquid crystals and are used, for
example, in televisions and mobile phones. However, besides the well-known display
technology, there are also many other applications, such as polarized-light-reflecting ma-
terials and spatial light modulators, where liquid crystals are of great potential [29].

Liquid crystals have properties that are intermediate to those of solids and liquids. Liquid-
crystal molecules can self-organize, i.e., possess a certain degree of order such as that in
solid crystalline materials, but they are still soft, even liquid, and thereby characterized
by high mobility. In the case of thermotropic liquid crystals, phase transitions between
crystalline, liquid crystalline, and isotropic phase, occur because of a change in the tem-
perature. In such materials, the liquid-crystal phases occur below the melting point of the
substance above which it turns into an isotropic liquid (Iso), but at temperatures higher
than those at which the substance is a crystalline solid (Cr). For this reason, the liquid-
crystalline phases are often times called mesophases. Every liquid crystal or liquid-crystal
mixture has its own characteristic phase-transition temperature, depending on its chemi-
cal nature. [29]

Thermotropic liquid crystals are divided into two categories: nematic (N) and smectic
(Sm) phases, which are distinguished by their different self-organization and optical
properties (such as birefringence). A liquid-crystal material can exhibit both of these
phases, or just one of them. The nematic phase is the most common and the least ordered
LC phase [30]. Molecules have no positional order, but they self-align to have long-range
orientational order. The molecules can move past each other easily, but they still retain
the same orientation [27]. The order in this type of LC phases is based on a rigid and
anisometric, in most cases rod-shaped or disc-shaped, molecular structure. In smectic
phase, which is found at lower temperature than the nematic phase, there exists molecular
layers that can move relative to the other layers [27]. Smectic phases can be divided into
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several sub-phases according to how the molecules are oriented with respect to the layers’
normal. In smectic A phase (SmA) molecules point to the same direction as the layer
normal, whereas in smectic C phase (SmC) molecules are tilted away from the normal
direction [30]. Figure 11 illustrates the molecule order of the different LC phases.
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Figure 11. Organization of rod-like molecules in different LC phases. In the iso-
tropic phase, molecules have no regular organization. In the nematic phase,
the molecules point to the same direction and in the smectic phase there are

regularly arranged layers [29].

Organic molecules that can form liquid crystals are sometimes called mesogens, ’meso”
referring to properties that are intermediate to those of solids and liquids. The most typ-
ical forms of mesogens are rods, laths, discs, and helices. In this work, rod-like mesogens
are used. Figure 12 shows the structure of a typical rod-like liquid crystal molecule. Two
phenyl rings and a linking group between them confer a rigid structure. The chemical
stability of liquid crystals depends strongly on the central linkage group. The side chain
is commonly a hydrocarbon chain that serves to elongate the molecule. The side chain of
the liquid crystal molecule influences, for example, the transition temperatures of the lig-
uid crystal phases. The terminal group is often polar, giving rise to intermolecular attrac-
tions along the long axis, and it affects anisotropy of the liquid-crystal. The polarity of
the mesogen is an important property, because it allows for, for example, the orientation
of the mesogens to be controlled with electric field. [27]
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Figure 12. Rod-like LC molecule consists of two or more benzene ring systems
connected by a linkage group.

3.2 Order parameter of the nematic liquid crystals

Liquid crystals have long-range orientational order, which is their most defining feature.
Because of this order, the physical properties of LCs are anisotropic [27]. The order pa-
rameter (S) of the liquid crystals expresses how much orientational order is present in
the material. It can be defined by the following equation [31]:

S=%<3cosz(9)—1>, (3)

where 6 is the angle between the local director (n) and the long axis of each rod-shaped
liquid crystal molecule (see Figure 13a), and the brackets denote averaging over all the
molecules. The local director is defined to be the average direction of the molecular long
axes in the LC phase. The individual rod-shaped molecules are generally tilted with re-
spect to the local director because of thermal fluctuations [32].
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Figure 13. a) Schematic picture showing angle between local director and LC
molecule and b) typical temperature dependence of the nematic order param-
eter.

For nematic liquid crystals, the order parameter is typically between 0.3 and 0.7 [32]. For
a perfectly ordered material, the order parameter is one, while in an isotropic liquid it is
zero. Typical temperature dependence of the nematic order parameter is presented in Fig-
ure 13b. The order parameter decreases when the temperature increases and at the ne-
matic-isotropic transition temperature (Tny) it falls to zero.
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3.3 Liquid-crystal elastomers

Liquid-crystal elastomers are materials which have properties of both liquid crystals and
elastomers: the self-organization nature of liquid crystals and the flexibility of the poly-
meric network [30]. LCEs exhibit coupling between anisotropic molecular order because
of the presence of LCs, and elasticity brought about by the polymer network. The most
important feature of LCEs is that they can change their shape reversibility in response
to an external stimulus. The external stimulus may be a change in temperature, electric
or magnetic fields, or electromagnetic radiation [30]. A change of the orientational order
of the mesogenic units by external stimuli results in a change of the polymer backbone
conformation and therefore the macroscopic shape of the LCE [33]. In LCEs, the meso-
gens are directly attached to the elastomeric polymer network, to yield a main-chain elas-
tomer or a side-chain elastomer [28]. Figure 14 illustrates these two different types of
LCEs. Connectivity of the mesogenic group can affect the architecture of the LCE net-
work. The mesogenic group can be attached to the polymer chain either longitudinally
(as in Figure 14) or transversely.

Figure 14. (a) LCE network containing side-chain mesogens; (b) LCE network
containing main-chain mesogens [28].

One of the main factors affecting the properties of the LCE is cross-linking density. LCEs
have relatively low cross-linking density, which makes them soft and flexible. This means
that they can undergo large changes in order and shape when subject to even a relatively
weak external stimulus. When cross-linking density is increased, LCEs lose their flexi-
bility. When this happens, the material is called liquid-crystal polymer network (LCN)
rather than an elastomer [34]. Distinguishing in the cross-linking density between LCE
and LCN is not easy but it can be done considering Young’s modulus [34], which
measures the ability of a material to withstand changes in its shape under stress [35].
Typical Young’s modulus is in the order of megaPascals in LCEs and gigaPascals in
LCNs. High cross-linking density is needed for the generation of high mechanical force.
High deformations, on the other hand, benefit from low cross-linking density [28].

Liquid-crystal elastomer is prepared by synthesizing long polymer chains that contain the
mesogens. These polymer chains are cross-linked to one another at certain positions [30].
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Two main polymerization methods are thermal and photopolymerization, which are
illustrated schematically in Figure 15. Thermal polymerization is typically based on sili-
con chemistry. All the starting materials are mixed at the same time and the reaction takes
place on the surface of a catalyst in two steps with heating [36]. In photopolymerization
method, the liquid crystal monomer is mixed with radical- and cross-linker molecules.
Cross-linker molecules may or may not be liquid crystalline. Light-absorbing dyes, which
may or may not take part in the polymerization reaction, can also be added. Photopoly-
merization occurs when the sample is irradiated with light, with a wavelength depending
on the photoinitiator used, and photoinitiator decays into radicals. Then, these radicals
react with carbon-carbon double bond to begin chain-growth polymerization process. The
advantage of this method is that the LCE molecules can be oriented easily before the
polymerization process (see Section 3.4.2). In addition, the method is quite easy and fast
to implement [30].
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Figure 15. The two main polymerization methods to fabricate LCEs: thermal

polymerization (top) and photopolymerization (bottom). Adapted from Ref.
[28].

3.4 Photo actuation of the LCE materials

An actuator is a system that converts energy from an input stimulus into mechanical mo-
tion. In order to effectively translate the molecular-level motions into macroscopic actu-
ation, the molecules must act in concert [4]. Concerted motions require a certain degree
of internal order within the material system, which is achieved by LCE matrix. The actu-
ation in LCEs is conventionally driven by temperature. However, considering applica-
tions, it is very impractical and often impossible to trigger the actuation process by heat-
ing the whole sample, so it would be better to use a stimulus that can be localized, applied
remotely and switched on and off rapidly [37]. Therefore several different types of mate-
rials with alternative actuation stimulus, such as electric field, magnetic field, and light,
have been explored [30].
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In this work, LCE materials are fabricated so that they can be actuated with light. When
an LCE is actuated with light, it must contain components that absorb electromagnetic
radiation. Light is in many ways an ideal stimulus by being an endless and clean energy
source. Its properties (wavelength, intensity, polarization) can be precisely manipulated.
Finally, light stimulus can be activated remotely, and it is in most cases non-damaging to
the material system. Photoactuated materials have one big advantage over the materials
actuated with heat, electric or magnetic fields. These materials can serve as the main driv-
ing parts of light-driven actuators and do not need the aid of batteries, electric wires and
gears [3].

Many of the observed photoactuation properties and phenomena in LCE materials result
from the special coupling between the mesogens and the polymer backbone [3]. Actuation
strength depends firstly on the architecture of the LCE material (see Figure 14). The main-
chain elastomers, where the mesogens are attached longitudinally to the polymer back-
bone, have the strongest shape-change capability [2]. This is due to the strong deformation
of the polymer chain conformation which affects the shape conformation. Secondly,
cross-linking density and chemical nature of the LCE affect the actuation strength.
Thirdly, properties of LCEs depend on the alignment order, i.e. order parameter, of the
LC mesogens. Finally, concentration of the photoactive molecules in the LCE matrix can
influence the properties of the LCE material. Concentration has to be sufficiently high to
achieve good absorption. However, overly high dye concentration can weaken mechani-
cal properties of LCE. High absorption of the film can also prevent light to penetrate
through the whole film thickness and thereby change the actuation properties [3].

3.4.1 Actuation mechanism of thermotropic LCE

Liquid-crystal elastomers may exhibit large dimensional changes upon LC-to-isotropic
phase transition, whereas the initial state is restored upon reverse transition due to the
“memory effect” brought about by the cross-links within the LCE matrix. Nematic LCEs
have the ability to reversibly actuate during phase transitions from nematic-to-isotropic
phase triggered by external stimulus [38].

When LCE materials are actuated, external stimulus causes the thermal phase transition
of the material. Phase transition provides the change in the degree of alignment of the
mesogenic molecules. In the nematic phase (left in Figure 16) the polymer chains of LCE
elongate when the mesogens orient along the director, whereas in the isotropic phase
(right in Figure 16) they recover a random-coil conformation, which is driven by entropy
[34]. This results in spontaneous elongation or contraction of the whole network along
the director [28]. Therefore, when the phase transition of the nematic LCE occurs, order
is changed, and the macroscopic uniaxial contraction (or restoration) of the nematic LCE
along the director axis occurs [3].
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Figure 16. Visualization of change of order at the nematic-isotropic phase transi-
tion temperature [28].

Nematic-to-isotropic phase transition can be achieved in many ways. First, the most tra-
ditional option is to heat the material above the nematic-to-isotropic phase transition tem-
perature. Second, if the LCE is made conductive, for example with carbon black, shape
change can be achieved by applying an electric current through the sample. Electric cur-
rent increases the temperature of the material, through Joule heating [28]. Third, magnetic
fields can also be used to heat an LCE sample. LCE can be doped with magnetic nano-
particles after which changing magnetic field causes continuous reorientation of the mag-
netization which produces viscous heat and induces a shape change [30].

In the case of light actuation there are two possible mechanisms, based on either pho-
tochemical or photothermal effect. Photochemical effect is mostly based on photo-
chromic molecules (such as azobenzenes), which can reversibly change their shape upon
light irradiation. Shape change of the molecules effectively disrupts LCE order and allows
for isothermal transition from nematic-to-isotropic phase upon light activation [4]. An-
other route towards light-induced actuation of LCEs is to employ photothermal effects in
which case the LCE contains dyes or nanoparticles that absorb light and convert photon
energy into heat. Heat is released to the LCE matrix and it induces the LC-to-isotropic
phase transitions and the shape change. Competition or collaboration between these two
mechanism is not yet fully understood [37].

3.4.2 Modes of actuation

The main modes of the actuation are contraction, expansion and bending. Alignment
of the LC molecules strongly affects the actuation modes. In LC-cell alignment method,
LC molecules can be aligned in several ways [39]. Boundary conditions can be controlled
using polymer-coated glass substrates. For example, polyimides can be used as coating
materials. Moreover, rubbing of the polymer coating on the glass substrate can be used to
direct the alignment. Figure 17 shows the three main alignment schemes of the LCEs:
homogenous (called also planar), homeotropic, and splay. In a homogeneously aligned
cell, the LC molecules are parallel to the bounding surfaces and point to the in-plane
direction. In the homeotropic alignment, the director of the LC molecules is perpendicular
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to the cell walls. The alignment in these two configurations can be accomplished by coat-
ing substrates for the cell walls using different special polymers and rubbing [39]. In splay
orientation molecules are tilted gradually between horizontal and vertical direction. Splay
alignment can be achieved by placing two different alignment layers on top of each other
while preparing the liquid-crystal cell.

1t Y,
=== Ny -

e )

Homogenous Homeotropic Splay

Figure 17. Schematic picture of the mesogen orientation in nematic phase in dif-
ferent boundary conditions.

Homogenous or homeotropic samples can undergo both contraction-expansion or bend-
ing, depending on the structure of the LCE. In these films bending can also occur because
of the temperature gradient inside the films. However, in splay-oriented LCE films bend-
ing is the main actuation mode. This is because the two sides of the film are distinct from
one another. When splay-oriented films are actuated, the homeotropically aligned side
tends to expand and the homogenous side contracts at the same time. As a result, bending
occurs.

3.4.3 Photo actuation of LCE based on azobenzenes

The most popular photochromic molecules that are used in light-actuated LCE materials
are the aromatic azobenzene derivatives in which two phenyl rings are bridged by an azo
(—N=N-) linking group [3]. Azobenzenes absorb light strongly in the UV to visible red
region, depending on the ring substitution [40]. All azobenzene derivatives can undergo
reversible photoisomerization between a thermally stable trans-state and a metastable
cis-state when they absorb a photon, as is illustrated in Figure 18. Isomerization causes a
significant change in the molecular length from about 9 A in the trans-form to 5.5 A in
the cis-form [3]. Photoisomerization of azobenzene in its thermodynamically stable state
occurs when it absorbs a photon, with a wavelength at the trans absorption band. Reverse
cis-to-trans isomerization can be either light-induced or thermal. In the case of LCEs, the
isomerization reaction can produce large structural changes, and generate a force that
initiates macroscopic photochemical effects such as photoinduced actuation.
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Figure 18. Photo isomerization of azobenzene.

Azobenzene derivatives can be simplistically divided into three classes according to their
spectroscopic properties: azobenzene-type molecules, aminoazobenzene-type molecules
and pseudostilbenes. The classification is based on the n — 7 and &= — w* molecular
electronic transitions and their energies. Figure 19 shows the basic structure and absorp-
tion spectra of these different azobenzene types. The azobenzene-type molecules have a
high intensity @ — m* band in the UV region, and a low intensity n — z* band in the
visible region. Many azobenzene derivatives, especially those substituted with non-polar
groups such as alkyl or alkoxy chains, exhibit similar absorption than unsubstituted azo-
benzene. However, as the absorption spectra in Figure 19 state, substitution can also lead
to a red-shift in the absorption maximum. In aminoazobenzenes, the parent azobenzene
is para-substituted with an electron-donating group, for example the amino group (-NHy),
due to which the =7 — nx band is red-shifted to the wavelengths around 400 nm, rendering
the n — 7+ transition less obvious. Pseudostilbenes are substituted with strong electron-
donating and electron-withdrawing groups, which leads to a strongly asymmetric electron
distribution that is called the push—pull effect. This effect shifts the = — nx absorption to
the higher wavelengths past the n — 7 transition. [41]
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Figure 19. Examples of a) azobenzene-, b) aminoazobenzene- (NHA) and c) pseu-
dostilbenes-type [Disperse Red 1 (DR1)] molecules (left) and absorption spec-
tra of these molecules (right) [40].
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Photoisomerization of the azobenzenes results in significant changes in their absorption
spectrum, which is illustrated in Figure 20. The high absorption band of the trans &1 — 7



24

transition is reduced and blue-shifted whereas the n — 7* transition is more visible in the
cis-state. The thermal relaxation times of the aminoazobenzene- (minutes) and pseudo-
stilbene-type (seconds) azobenzenes are faster than those of azobenzene-type molecules
(hours), making the spectra of their cis-forms more difficult to measure. [40]
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Figure 20. Absorption spectra of the trans- and cis-rich photostationary states of
4,4'-Bis[9-(acryloyloxy)nonyloxy]azobenzene that is used in this work. The
spectra are measured from 2 - 10°mol It chloroform solution before and af-
ter irradiating with 385 nm light from an LED.

In LCEs, the cis-trans isomerization of azobenzenes can be utilized in two ways. The
azobenzenes can be covalently bonded to the polymer backbone, or just doped into the
LCE matrix [28]. Agreement has not been established on whether the actuation mecha-
nism is based on photochemical, photothermal effects or combination of these two. How-
ever, common opinion is that when azobenzene is covalently bonded to the polymer back-
bone, cis-trans isomerization is the dominant mechanism [42], while in the doped azo-
benzene systems, both mechanism have received support [43; 44].

For utilizing azobenzene-type LCEs, UV light, which typically has relatively small pen-
etration depth into the LCE material, must be used for actuation [22]. Furthermore, their
relaxation time back to trans-form is long unless a second stimulus is used [22]. The latter
problem can be solved by using substituted azobenzenes with absorption shifted to longer
wavelengths. Usually, the thermal relaxation time is also shortened.

3.4.4 Photoactuation of LCEs based on nanoparticles

Different kinds of nanoparticles can be used to actuate LCE materials, and in fact, this
concept has been of considerable interest in recent years [3; 45]. Most common nanopar-
ticles that can be used to photoactuation of the LCE material are carbon nanotubes and
plasmonic gold nanoparticles. These can absorb light efficiently and convert it to heat
fast. Moreover, nanoparticles can absorb light in longer Vis-IR wavelengths which is
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attractive for actuation because of its lower energy and deeper penetration abilities than
UV light [1]. Nanoparticles can be utilized in two ways: they can be placed into a thin
layer onto the LCE surface or doped homogenously into the bulk LCE [45]. In the case
of doped LCE matrix, nanoparticles can be functionalized with molecules which can co-
valently bond with the LCE polymers [1]. Another way is to just incorporate functional-
ized nanoparticles into the LCE matrix without covalent bonding [22], as is done in this
work.

Especially gold nanorods in LCEs are of great interest because they have large optical
absorption cross section so they have good photothermal conversion efficiency as well.
Because of this feature, GNRs can induce rapid shape-changing response for GNRs-LCE
upon light irradiation [22]. Moreover, the aspect ratio of GNRs and therefore the actuation
wavelength can be easily tuned. Finally, GNRs absorb visible light, wherein the activation
of material is easy and can be done with lasers [33]. For example, Hauser et al. [22] have
doped gold nanorods into an LCE using photopolymerization to fabricate the films. With
this method, GNRs can be aligned with the molecular liquid crystal director without any
additional driving forces for alignment (for example stretching, or electric/magnetic
fields).

One of the main problems in the utilization of the GNRs is that they are usually difficult
to disperse in organic LCE matrixes and they may weaken the mechanical properties of
the matrix [46]. Furthermore, GNRs aggregate easily, thereby losing their SPR properties
when they are dispersed in the LCE matrix [1]. Using large quantities of the GNRs in the
LCE is particularly problematic. However, many of these problems can be solved with
the proper functionalization of the GNRs.
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4. MATERIALS AND METHODS

This chapter describes how the synthesis and functionalization of the materials used in
this work are performed and how the LCE films containing the light-active compounds
are fabricated. Moreover, this chapter describes the methods that are used to prepare and
analyze the samples. Synthesis and functionalization of the GNRs and fabrication of the
LCE films follows the most up-to-date and precise protocols and guidelines published in
the literature.

4.1 Synthesis of gold nanorods

Because impurities affect significantly the yield and morphology of the GNRs, great care
must be taken when cleaning the glassware during the synthesis process [15]. Each piece
of glassware was first washed with soap and water. After this the glassware was soaked
in aqua regia, washed with tap and Milli-Q water and finally dried. Chemicals used in
GNR synthesis are listed in Table 1. Any impurities in the CTAB are very harmful to the
nanorod formation. Therefore, attention must be paid to the quality of the used chemicals,
especially to the purity of CTAB. As Smith et al. report [47] all commercially available
CTAB grades are not pure enough.

Table 1. Names, formulae, suppliers and purity of chemicals used in the synthesis
of the GNRs.

Chemical name F(;rrzvuig(ﬁ]b_ Supplier, (purity)
Hexadecg’i'srf:y;;r:ﬂeézy'ammo' CTAB Sigma-Aldrich (H6269), (99%)
Gold(lll) chloride trihydrate HAUCl4 Sigma-Aldrich, (99.9 %)

Sodium borohydride NaBHa Fluka, (96 %)
Silvernitrate AgNOs VWR (-)
L-askorbic acid CeHsgOs J.T. Baker (-)
5-bromosalisylic acid C7HsBrOs Acros Organics (98 %)

CTAB and gold salt stock solutions are stable for long periods of time but fresh ascorbic
acid and silver nitrate solutions were prepared every week [15]. Sodium borohydride re-
leases hydrogen gas when it is dissolved in water, so a new solution was made before
every seed synthesis. Gold salt, silver nitrate and ascorbic acid solution were stored in a
refrigerator (4 °C).
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In this work, gold nanorods were synthesized both using an aromatic additive, 5-bromo-
salisalisylic acid, and without it. GNR synthesis, with or without the additive, is based on
the work of Scrabell et al. [15]. The following synthesis protocol takes advantage of the
use of additive.

Seed synthesis is performed in a water bath at 27-29 °C. 10 ml of aqueous CTAB solution
(0.1 M) was mixed with 50 pl of HAuCl4 (0.05 M) and stirred gently with a magnetic
stirrer for 5-10 min. Color of the solution changed from pale yellow to dark yellow. Then
0.6 ml of ice-cold NaBH4 (0.01 M) was added with vigorous stirring of 900 revolutions
per min (rpm) for 2 min. After addition of the NaBHa, the color of the solution turned
brown. It is worth noting that the stirring cannot be too hard or CTAB begins to foam and
the synthesis fails. After 2 min of vigorous stirring, the seed solution was stirred gently
and it was kept in a 27-29 °C water bath. The reaction progress was monitored by UV-
Vis spectrometer. The seed solution was used for one to two hours after synthesis.

A typical growth solution was prepared as follows. 180 mg of 5-bromosalisylic acid was
added to 200 ml of CTAB solution (0.05 M). The solution was sonicated for about 5 min
so that all the additive was dissolved. Then the growth solution was placed into a 27 °C
water bath and the temperature was allowed to equilibrate for 10 min. After that 1.4 ml
of silver nitrate (0.01 M) solution was added with gentle mixing for 15 min. Then 2 ml of
HAuCI4 (0.05 M) was added and the solution turned dark yellow. A small precipitate was
formed and dissolved quickly. The pre-reduction of gold started immediately after addi-
tion of the gold salt. The pre-reduction was monitored by a UV-Vis spectrometer at the
wavelength of 396 nm. Absorbance of the solution was initially around 1.5, when the
length of the cuvette was 1.0 cm, and it was allowed to decrease to 0.8, which took about
15 min. Immediately after reaching the desired value of absorbance at 396 nm, the stirring
speed was increased (to about 1000 rpm) and 0.52 ml of ascorbic acid (0.1 M) was added
to the growth solution. The mixture turned colorless within a few seconds. After 2 min of
hard stirring, 0.32 ml of the seed solutions was added. The solution was stirred 30 s, and
it was left undisturbed for at least 20 hours in the water bath at 27 °C. Gradually, a change
from colorless to red-brown solution started about 5 min after the addition of seeds.

Gold nanorods were separated from the unreacted starting materials by centrifugation.
This was done 20-24 h after the addition of the seeds to the growth solution. Typically,
1.4 ml of the solution was centrifuged for 20 min at 9500 rpm. The colorless supernatant
was discarded. The solid residue was re-dispersed in 0.7 ml of Milli-Q water. UV-Vis-
NIR spectrum was measured before and after centrifugation. Finally, TEM pictures were
taken. About 5 pL of GNR solution was dropped onto a TEM grid and allowed to dry for
at least 24 h in open atmosphere.
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4.2 Phase transfer of gold nanorods

Two different attempts were made to functionalize the gold nanorods. Functionalization
was tried with dodecanethiol (from Sigma-Aldrich) and combination of DDT and
poly(ethylene glycol) methyl ether thiol with average molar mass 6000 g mol™* (from
Sigma-Aldrich). Before attempting the phase transfer, GNR solutions were centrifuged
one more time (20 min at 9500 rpm), and the residue was dissolved in the same amount
of Milli-Q water. The tried methods are as follows:

Attempt 1 with DDT: 5 ml GNR solution was shaken for 30 min with liquid DDT (0.5
ml). GNRs were then transferred to the organic phase by the alternating addition of ace-
tone (1 ml) and toluene (1 ml), starting with acetone. The organic phase was decanted off
and the procedure was repeated until the water phase appeared colorless to the eye. Fi-
nally, because acetone is soluble in both water and toluene, the organic solution was
placed into a rotavaporator (250 mbar, 30 min, room temperature) to remove any acetone
from the GNR-toluene solution. [25]

Attempt 2 with 6000 g mol~! mPEG-SH and DDT: GNRs were at first pre-stabilized
with mPEG-SH. Firstly, the stock solution of MPEG-SH (15 mg mlI™) in chloroform was
made. This stock solution was added to the GNR solutions so that amount of mPEG-SH
was 2-4 mg per 1 ml of GNR solution. The solution was shaken for 2 hours. Subsequently,
a DDT solution in chloroform (1:2) was added to the aqueous phase containing the GNRs.
The phase transfer was assisted by the addition of 40 pul of concentrated HCI to 5 mL of
GNR solution. Phase transfer occurred after vigorous stirring for 1 h. After complete
phase transfer, water was decanted off, and the organic phase was purified by centrifuga-
tion (45 min, 5000 rpm). Small amount of ethanol was added to the chloroform solution
(1:5) to facilitate the precipitation process. [21]

4.3 Liquid-crystal-cell preparation

Glass cells for liquid crystals were made of Thermo Scientific microscope slides (76x26
ml). A glass plate was cut into two parts (about 30x26 ml and 46x26ml). The plates were
first cleaned by sonication in 2-propanol (20 min, 45 °C), followed by sonication in ace-
tone (20 min, 45 °C). After cleaning, one side of each plate was covered with a special
polyimide polymer from JSR Micro NV by spin-coating. The plates were then heated to
about 80 °C letting the solvent to evaporate. Finally, the plates were heated at 180 °C for
curing the polyimide. The coating materials and parameters of the spin-coating are listed
in Table 2.
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Table 2. Code of polyimide material from JSR Micro NV,
spin-coating parameters and rubbing.

Cod — — -
ode of p0.Iy|m|de Spin-coating Rubbing
material parameters
OPTMER AL 1254 1500 rpm, 1 min Yes
OPTMER AL 60101L 5000 rpm, 1 min no

The coated plates were rubbed with a rubbing machine (400 rpm) followed by cleaning
with nitrogen gas. Dry borosilicate glass microspheres (30 um) were used as spacers.
Small amount of spacers was placed in the corners of the bigger plate and the smaller
plate was placed on top of it. The top plate was pressed lightly, so that the plates set
against each other uniformly. The plates were glued to each other with UVS 91 glue. The
glue was cured by irradiation with 375 nm UV light (30 mW cm™) for 5 min. Cells with
two different kinds of alignment were made: planar and splay. Planar cells were made
by placing two AL 1254-coated glass plates against each other so that their rubbing di-
rections were parallel to each other. Splay cell was made by placing AL 1254- and AL
60101-coated glass plates facing each other. An example planar glass cell is shown in
Figure 21.

Figure 21. A photograph of the planar glass cell. Arrow indicates the rubbing di-
rection.

4.4 Preparation of the LCE films

In this work, LCE films were fabricated using the photopolymerization method. Side-
chain elastomers in which the mesogens are attached longitudinally to the polymer back-
bone (Figure 14a) were prepared. The names and structural formulae of the molecules
used in the preparation of the LCE are given in Figure 22.
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a) 4-Methoxybenzoic acid 4-(6-acryloyloxy-hexyloxy)phenyl ester

b) 1.4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene
c) 4.4'-Bis[9-(acryloyloxy)nonyloxy]azobenzene

d) N-Ethyl-N-(2-hydroxyethyl)-4-(4-nitrophenylazo)aniline

e) Phenylbis(2.4,6-trimethylbenzoyl)phosphine oxide

Figure 22. Structural formulae and names of chemicals used in the LCE film fab-
rication process.

GNR-doped LCE solutions were prepared as follows: commercially available monomer
(from Synthon Chemicals), cross-linker (from Synthon Chemicals) and initiator (Irgacure
819, from Sigma-Aldrich) were weighted in a glass vessel and diluted with a small
amount of chloroform. After the LCE components were completely dissolved, a small
amount of GNR solution was added (0.5-5 wt-% with respect to the LCE monomer).
Mixtures with azobenzene cross-linker (from Synthon Chemicals) and Disperse Red 1,
(from Sigma-Aldrich) were prepared similarly, but no solvent was used. From now on,
these three LCEs studied are referred as UV-LCE (for LCE containing UV-active azo-
benzene cross-linker), Vis-LCE (for LCE containing Disperse Red 1) and IR-LCE (for
LCE containing gold nanorods) depending on the wavelength that they absorb. All the
mixtures were prepared so that mole percentage of the monomer was the same. Cross-
linking density of the films and the mole percentage of the light active molecules were
also kept constant. Table 3 summarizes the mole percentages of the chemicals used in
LCE the film fabrication.
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Table 3. Mole percentages of the molecules used in LCE film fabrication, GNR-solu-
tions weight percentage, and wavelength of the UV-lamp used in photopolymerization

(Apoly.)-

| Moromer ST mimer e DR OR
(mol-%) (mol-%)

UV-LCE 80.7 13 1.3 5 - - 420

Vis-LCE 76.7 17 1.3 - 5 - 375

IR-LCE 80 18.7 1.3 - - 0.5-5 375

After the molecules were weighted, the LCE solution was stirred with a magnetic stirrer
at the temperature of about 90 °C, which is above the melting temperature of the liquid-
crystal mixtures. The solvent was allowed to evaporate from IR-LCE solution while other
solutions were allowed to melt. The nematic-isotropic phase transition temperature of the
mixtures was determined with a polarized optical microscope. A drop of the liquid sam-
ples was sandwiched between two microscope slides. The samples were heated to 75 °C
after which they were cooled with cooling rate 2 °C min, and the phase transition tem-
peratures were monitored from the microscope images.

For the LCE film preparation, isotropic mixtures were cast onto the glass cells at 90 °C.
cooled to 10 °C below the nematic-isotropic phase transition temperature at cooling rate
2 °C per min, and left undisturbed for about 5 min. The cell was then exposed to 375 or
420 nm radiation (about 30 mW cm™), depending on the sample (see Table 3), for 20 min
during which time the photopolymerization takes place. Primarily, 375 nm lamp was used
because of better activation of the initiator. However, the used cross-linking UV-active
azobenzene absorbs at 375 nm light and undergoes cis-trans isomerization (See figure
20). Therefore, 420 nm lamp was used when photopolymerizing this sample. After pho-
topolymerization, the cell was opened and polarized UV-Vis spectra were measured and
polarized optical microscopy studies were made for planar films. Finally, a 15 mm x 1
mm piece of the film was cut along the rubbing direction for actuation studies.

45 Research methods

The synthesized and functionalized gold nanorods were washed with the centrifuge and
characterized with UV-Vis-NIR spectroscopy and transmission electron microscopy. In
the preparation of the class cells, spin-coating and rubbing was used. The prepared LCE
films were characterized with polarized UV-Vis-NIR spectroscopy and polarized optical
microscopy.
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45.1 Centrifugation

Centrifugation can be used in, for example, the solid-liquid separation process of colloids
[48]. It is a simple technique that uses the centripetal force for the sedimentation of het-
erogeneous mixtures. Centrifugation speeds up the sedimentation process and helps in the
formation of the precipitate, which would be too slow if only gravity would drive the
process [48]. The remaining solution, called supernatant, may be discarded with a pipette.
Phase separation time depends on many factors: particle size and shape, the concentration
of the solids, and the solvent used. In this Thesis, Thermo Scientific: Sorvall ST 8 centri-
fuge was used.

4.5.2 Spin-coating and rubbing

Spin-coating and rubbing can be utilized when preparing glass cells for the incorporation
of liquid-crystal mixtures. Spin-coating is a technique for the deposition of thin films onto
a solid substrate. It includes four basic steps: deposition, spin-up, spin-off and evapora-
tion, which are shown in Figure 23. In the spin-coating process, a solution is first depos-
ited on the substrate after which the substrate rotated to spread the fluid by centrifugal
force. Then, in the spin-off stage, the excess liquid flows to the edge of the substrate. In
the final stages, the solution stops flowing as the solvent is gradually evaporated and a
thin, homogeneous film is formed. Film thickness and other properties depend on the
nature of the solution (viscosity, surface tension, etc.) and on the parameters chosen for
the spinning process. Generally, the higher the spin speeds and the longer the spin times,
the thinner the films that are formed. In this work Laurell WS-650-23NPPB spin-coater
was used. [49]

(a) (b) (c) (d)

do/dt#0 2 e
e [ [

Figure 23. Steps of the spin-coating process: a) deposition of the solution, b)
spin-up, c) spin-off d) evaporation [49].

Rubbing machine was used to create nanoscopic grooves to the surface of the polymer-
coated glass substrate. In this way, liquid-crystal molecules can be oriented in desirable
direction, determined by the rubbing direction. The grooves are made using a special rub-
bing cloth. The substrate is held in its position by vacuum, which is provided by a vacuum
pump. In this Thesis, Holmarc HO-IAD-BTR-01 rubbing machine was used.
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4.5.3 Transmission electron microscopy

Synthesized gold nanorods were analyzed by transmission electron microscopy. TEM
was used to determine the number of particles as well as their size, aspect ratio and size
distribution. For TEM imaging, samples are prepared on a copper grid that is coated with
a thin layer of carbon.

A TEM works on the same principle as an optical microscope but uses electrons instead
of light. Electrons are produced at a cathode and high voltage (100-300 kV) is used to
accelerate them. Then the electrons are focused to form a very thin beam (few nm) by
electromagnetic lenses. This thin beam goes through the sample and depending on the
electron density of the sample, some of the electrons are scattered but others are transmit-
ted through the sample. The specimens viewed in TEM must be thin so that the electrons
can interact with the item as they pass through it. TEM does not use a standard lens to
produce magnifications; instead, electron beam is passed through a magnetic field, which
acts as a lens and produces magnification. Finally, the transmitted electrons hit a fluores-
cent screen which gives rise to a shadow image. This shadow image can be photographed
with a CCD camera to get high-resolution image. The resolution of a basic optical micro-
scope is limited by the wavelength of light (scale of hundreds of nanometers). However,
because TEM uses electrons that are accelerated with the voltage of about 100 kV mean-
ing their de Broglie wavelength is on scale of picometers, it is possible to get a resolution
a thousand times better than with a light microscope. Because of this, objects on the order
of a few angstroms can be seen with a state-of-the-art TEM. In this work, AEM Jeol JEM
2010 transmission electron microscope was used. [50]

4.5.4 UV-Vis-NIR spectroscopy

One of the most useful techniques used in this Thesis work is Ultraviolet-Visible-Near
Infrared absorption spectroscopy. UV-Vis-NIR spectroscopy is a common analytical
method, and it is based on the fact that some of the molecules, or parts of the molecules,
in a solution absorb light differently at different wavelengths.

In this Thesis, a double-beam UV-Vis-NIR spectrophotometer was used. In a double
beam spectrometer, light is split into two parallel beams, each of which passes through a
cuvette. One cuvette contains the sample dissolved in a solvent and the other cuvette con-
tains the solvent alone. A detector measures the intensity of the light transmitted through
the solvent alone (I,) and compares it to the intensity of light transmitted through the
sample (I). The absorbance, A, is then calculated from equation

1
A = —log,, To (4)

The spectrometer scans through all the wavelengths over a selected range. Results are
usually presented on a computer screen schematically. This schematic representation is
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called an absorption spectrum. The Lambert-Beer law (equation 2) states that the absorb-
ance of a solution is directly proportional to the concentration of the absorbing moieties.
Therefore, UV-Vis-NIR spectroscopy can be used to determine the concentration of mol-
ecules in a solution. [51]

UV-Vis spectrometer can also be used with different polarizations of light. For example,
linear polarizer can be used to study molecular orientation of anisotropic samples. In this
case, spectra with the polarization direction of the incident light parallel and perpendicu-
lar to the anisotropically aligned molecules are measured and the absorbance for the two
perpendicular polarizations are compared. For liquid-crystal samples, the order parameter
can be determined with the following equation [31]:

A—-AL
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where A, is the absorbance of the light-active moieties in the anisotropic sample orien-
tated parallel to the incident polarized light and A, is absorbance with perpendicular po-
larized light.

In this work, liquid sample spectra were acquired using a Shimadzu UV-1800 UV/vis
spectrometer with 1.0 cm plastic or glass cuvettes. Milli-Q water was used as the refer-
ence when measured GNR water solution, and chloroform was used when the phase trans-
ferred GNR solutions were measured. Polarized UV-Vis spectra of the solid LCE films
were measured with Agilent technologies: Cary 60 UV-Vis equipped with Glan-Taylor
polarizers unless otherwise stated.

455 Polarized optical microscopy

Polarized optical microscopy (POM) is a contrast-enhancing optical microscopy tech-
nique in which a sample is illuminated with polarized light [52]. This technique is effec-
tive for studying materials, for example LC and LCE samples, that have properties which
are optically anisotropic and change the polarization of the incident light [53]. In POM a
polarizer is used to produce linearly polarized light. A polarizer is an optical component
that lets only light with electric field oriented in a specific direction get through. The
polarizer can be manually rotated to choose the input polarization of the light incident on
the sample. In addition to the first polarizer, there is also a second polarizer as well, often
times called the analyzer [52]. In POM, the first polarizer is placed in front of the sample
and analyzer is placed after the sample, before the eyepiece and the camera.

The working principle of the POM is simple. Firstly, the polarizer and analyzer are turned
so that there is a 90-degree angle between them and therefore no light is passed through.
After that, the anisotropic sample is placed on the optical path between the polarizers.
Plane-polarized light goes through the sample. because of the birefringence in an aniso-
tropic sample, polarization of light is modulated when travelling in the sample. Now part
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of the light can get through the analyzer and an image is formed. The image can be ad-
justed by rotating the sample. Because the components of an anisotropic sample are
aligned at different angles, rotation will cause different parts to be black at different times.
This phenomenon occurs because a birefringent sample modifies the polarization of the
light only when its optical axes are not on the direction of the original polarization or
perpendicular to it. However, if the sample is isotropic, the image remains dark with any
orientation of the sample because no light can get through the polarizers. [52]

Importantly, in the case of LCs or LCEs, polarized optical microscopy can be used to
detect the existence of the liquid crystal phase and at what temperature they exist [53].
When phase transition of the LCE occurs in certain temperature, the molecular orientation
is changed, which can be seen using POM. When an LC is in the isotropic phase, there is
no molecular order and the image is black. When temperature decreases, nematic phase
with anisotropic molecular orientation appears. Then polarized light gets through and an
image is seen. Smectic and crystal phases have different kinds of molecular orientations
and therefore the images are also different than nematic phase. Difference between POM
images of nematic and smectic phases is illustrated in Figure 24. The technique is effec-
tive and relatively inexpensive but it requires that the microscope is connected to a heating
plate which allows light to pass through [53]. In this thesis Zeiss Axio Scope.Al polarized
light microscope is used with a hot plate from Linkam Scientific.

Figure 24. POM images of 4-pentyl-4'-cyanobiphenyl (5CB) showing nematic
phase (left) and 4-octyl-4-cyanobiphenyl (8CB) showing smectic A phase
(right).

45.6 Actuation studies of the LCE films

For photoactuation studies, properly cut LCE films (15 mm x 1 mm; cut along the LCE
alignment direction) were taped from one end to the stand. Photoinduced actuation of the
films was induced by irradiation with light from LED (Prior Lumen 1600-LED, contain-
ing 16 different excitation colors) at room temperature. The actuation behavior was mon-
itored with a camera (Canon EOS 5D Mark I11) equipped with 24-105 mm f/4 objective.
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Cross-linked UV active azobenzene films were actuated with a wavelength of 365 nm
using an intensity of approximately 160 mW cm, and the reverse actuation back to the
initial state was induced with a 460 nm LED (approx. 310 mW cm). Disperse Red 1-
containing films were actuated with wavelength of 470 nm and intensity of about 310
mW cm2 whereas the back relaxation occurred thermally.
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5. RESULTS AND DISCUSSION

This chapter introduces the results of the measurements and their analysis. These include
UV-Vis-NIR spectra, TEM and POM images as well as photographs taken in actuation
studies. First, results obtained from synthesizing gold nanorods are presented, followed
by functionalization studies. In this work, dissolving GNRs into the liquid crystal elasto-
mer matrix was unsuccessful. Because of poor solubility, GNR-containing LCE films
were not fabricated. Therefore, alignment and actuation studies were made on films based
on the azobenzene cross-linker and the Disperse Red 1 dye.

5.1 Synthesis of gold nanorods

In this section, results of the GNRs synthesis are presented. Figure 25 shows UV-Vis-
NIR spectrum and TEM image of the typical synthesis results obtained when 5-bromo-
salisylic acid was used as an additive. When longitudinal SPR band maximum is 772 nm,
color of the GNR solution is red-brown. Based on Figure 2, this corresponds to an aspect
ratio of 3.55 [8]. Based on TEM-images, the average length of rods is 52 nm, width 15
nm, and aspect ratio 3.51. Therefore, the aspect ratio calculated from TEM images
matches well with the expectations of linear relationship between longitunal SPR band
maximum and aspect ratio.
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Figure 25. UV-Vis-NIR spectrum, TEM image and photo of the aqueous GNR so-
lutions synthesized with 5-bromosalisylic acid.
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5.1.1 Synthesis of the seed

Stability of the seed solution was monitored as a function of time with UV-Vis-NIR spec-
troscopy. As can be seen in Figure 26, during the first two hours there is no significant
change in the seed solution. Between 2 hours and 24 hours, the absorbance of the seed
solution is reduced but the shape of the spectrum remains the same. The step of the spectra
near 350 nm indicates the presence of small seed particles, with diameter of about 5-7
nm. After 30 hours, the absorbance at 540 nm starts to increase, indicating that the seed
particles have grown larger, and are thus likely to compromise the quality of the final
product [15]. The increasing size of the seeds is evidenced by the spectrum but also ap-
parent from the color of the solution. When the seeds grow larger, the color of the solution
changes from dark brown to a bright pinkish red. As Figure 26 illustrates, the seed par-
ticles can be stored for at least two hours. However, before the seeds can be used it is
important to make sure that the remaining reductant is completely decomposed. That is
why seed solutions should not be used until after one hour of the addition of the reductant.
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Figure 26. Monitoring of the development of the seed solution over time.

5.1.2 Gold nanorod synthesis with and without additive

Gold nanorods were synthesized with 5-bromosalisylic acid, which enhances the micelle
behavior of CTAB and therefore improves the shape and size dispersion of the rods. For
comparison, the synthesis was also carried out without the additive. Figure 27 shows the
spectra of the purified aqueous GNR solutions as well as the TEM images of the nanorods.
Bigger TEM images are given in Appendices 1 and 2. The longitudinal SPR maximum
wavelength of the two different solutions is not the same but both are still in the infrared
region.
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Figure 27. UV-Vis-NIR spectra of GNR solutions with and without additive (top)
and TEM images of the same nanorods (down).

Aspect ratios of both GNR solutions were calculated from the TEM images by determin-
ing the length and width of twenty rods and averaging. Only particles that were truly rod-
shaped were accounted for, leaving impurities, like spherical particles, out of calculations.
The results are given in Table 4. The aspect ratio of the additive-containing GNRs is
lower than the GNRs without additive, which correlates with the value of the longitudinal
SPR peak maximum wavelength: lower AR means lower longitudinal SPR maximum
wavelength value. Average width of the rods is the same.

Table 4. Longitudinal SPR maximum wavelength (A;spg max), aver-
age length of the rods (), average width of the rods (w) and aspect
ratio (AR) and standard deviations.

GNR ALSPRmax | w AR
solutions (nm) (nm) (nm)
With additive 772 52 +5 1542 3.51+0.39

Without additive 822 61+ 10 15+4 4.16 +£ 0.87
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Size dispersion of the GNR solutions can be estimated in many ways. First, standard de-
viation of the AR of the rods synthesized without the additive is over two times as big as
that of the rods synthesized in the presence of the additive. Secondly, FWHM values of
the longitudinal SPR peaks can be compared. When the additive is used, FWHM is 45
nm lower (123 nm) than when the additive is not used (168 nm), as can be clearly seen in
Figure 27. The presence of by-products can be seen from the TEM images as well as from
the shoulder of the transverse SPR peak in the UV-Vis-NIR spectra. The TEM images
(see Appendices 1 and 2) show that that there are more spherical and square-shaped par-
ticles in the additiveless GNR solutions. The shoulder is clearly present in the UV-Vis-
NIR spectrum at the wavelength of about 580 nm (Figure 27, red curve), whereas it is
absent in the synthesis product obtained with the additive. The morphology of the GNRs
can be illustrated with high-magnification TEM images, which are given in Figure 28.
The images indicate that the surface of the rods synthesized without the additive is more
rough than for the ones synthesized with the additive. These parameters indicate that
when the additive is used in the synthesis of the GNR, the size dispersion of the par-
ticles is smaller and the morphology is better-defined.

Figure 28. High magnification TEM images of the rods synthetized using the ad-
ditive (left) and without using the additive (right).

Concentrations of the GNR solutions were calculated as inroduced in Section 2.7. The
molar extinction coefficients are determined from the data provided by Murphy et al.
[13]. Both concentrations and extinction coefficients are presented in Table 5. The width
of the cuvette used was 1.0 cm. It is noteworthy that even though absorbance in the addi-
tive GNR solution is smaller than in the non-additive solution, its GNR concentration is
still higher. Absorbance of the solution depends both on the concentration and the molar
extinction coefficient as equation 2 states. The molar extinction coefficient depends on
the aspect ratio of the rods. As can been in Figure 8, the extinction coefficient of the rods
gets smaller when the aspect ratio is lowered. Because the aspect ratio of the additive
GNR solution is lower, its extinction coefficient is also lower. This is why the concentra-
tion is higher even though the absorbance is lower.
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Table 5. Maximum absorbance of the longitudinal SPR

peak (ALsprmax), EXtinction coefficient (¢), and calcu-
lated concentration (c) of the nanorod solutions.

& Cc
Solutions A
LSPRmax— (¢m? perrod) (rods ml™?)
With additive 2.88 7.42- 1012 3.9-10%
Without additive 3.13 8.45- 1012 3.7-101

5.1.3 Stability of the agueous gold nanorod solutions

UV-Vis-NIR spectroscopy can be used to monitor the stability of the GNR solutions be-
cause aggregation of the rods changes their optical properties. When aggregation occurs,
SPR modes of the rods change, because the conduction electrons of the rods become de-
localized and they are shared amongst neighboring rods. When this occurs, the SPR shifts
to lower energies, causing the absorption peaks to broaden and to red-shift to longer wave-
lengths. Moreover, the original absorption peaks will decrease in intensity because of the
decrease in the number of stable rods. [54]

Figure 29 shows the spectra of the GNR solutions measured immediately after centrifu-
gation and five weeks afterwards. Because there is no significant change in the shape of
the spectra or in the absorbance, both solutions (with or without the additive) are con-
cluded to be stable at least for a time period of five weeks.

3.5 T
additive
3 |~ additive after 5 week
non-additive
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Figure 29. Stability of the GNRs in water over a five week period with and with-
out additive.
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5.1.4 Centrifugation of the gold nanorod solutions

Figure 30 presents the spectra of the additive GNR solutions before and after two cen-
trifugation steps. The spectrum of supernatant is also measured.
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Figure 30. Spectra of the washing process of the GNR solutions. In first centrifu-
gation cycle absorbance is increased, because solution was concentrated.

Table 6 indicates how A, spr max @nd FWHM change during the washing process. After
the first centrifugation cycle, neither the longitudinal SPR peak maximum nor the FWHM
change, which indicates that there is no significant change in the aspect ratio of the rods.
However, after the second centrifugation step, small blue-shift occurs and FWHM of the
rods reduces by 4 nm. This indicates that the size dispersion of the nanorods is slightly
improved.

Table 6. Longitudinal SPR maximum wavelength and full width
half maximum before and after each centrifugation.

Centrifugation }{L-(ngﬁrr)lax F(\:]VSI)\/I
No 772 123
Once 771 123
Twice 761 119

From the spectra in Figure 30 one can also evaluate how well the purification process
works. Firstly, there are no significant peaks in the spectra of the supernatant at the wave-
length range of longitudinal and transverse SPR modes. This indicates that supernatant
does not contain rods. Secondly, the high absorption at wavelength below 400 nm comes
from 5-bromosalisylic acid. After the first centrifugation step almost all 5-bromosalisylic
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acid is removed and after the second centrifugation step it is removed completely. Over-
all, centrifugation is a very powerful tool in the cleaning process.

The centrifugation also plays an important role in the stability of the GNRs. When the
rod solution is not centrifuged at all, blue-shift was observed during one week. This is
due to the overgrowth of the rods where unreacted starting materials are reducing on the
surface of the rods. The reduction probably occurs on the side of the rods, which is why
the width increases and the aspect ratio decreases, which is seen as a blueshift of the
spectra [8].

5.1.5 Tuning the aspect ratio

In this work, the aspect ratio and the wavelength of the longitudinal SPR peak were ad-
justed by changing the amount of silver nitrate in the growth solution. When more silver
nitrate was added, the position of the longitudinal SPR absorption maximum was shifted
to longer wavelengths. Figure 31a presents the spectra of the solutions (synthesized with
the additive) with different amounts of silver nitrate. In Figure 31b, the wavelengths of
maximum absorption are shown as a function of silver nitrate concentration. As can be
seen, this dependence is linear within concentration range of 50-90 uM. The absorption
wavelength grows with increasing silver nitrate concentration because rods are longer and
they absorb more light. Silver nitrate concentration was calculated using the final volume
of growth solutions and the known concentration and volume of the added silver nitrate
solution. The aspect ratio tuning is confirmed by TEM images, which are also given in
Figure 31c-e.

It is worth noting that Figure 31b is only for illustrative purposes. The synthesis is very
sensitive to a variety of different factors, such as the concentration of the stock solutions,
acidity of the Milli-Q water, and even the shape of the reaction vessels. Therefore, when
the synthesis is done in a different laboratory, results may differ from the ones presented
here. Because of that, synthesis should be first done in small volumes (10-20 ml) to find
out the real relationship between longitudinal SPR wavelength and concentration of silver
nitrate. This experiment was carried out with the scale of 20 ml.



44

a)
35

c(AgNO,) = 49 M c)
c(AgNO,) = 69 ;M 1
c(AgNO,) =87 M

25}
2 5
<
15}
AR=33+04
1
0 1 1 1 1 1 1
300 400 500 600 700 800 900 1000 |
b) wavelength (nm)
840 , : : :
g e
£520] AR=38+05
=
o
=800
2 e) b |
=
£ 780}
g =0
2 o)
760 |
o
% i
-
740 : : : : _
40 50 60 70 80 2 AR=41£05
cAgN03 (M)

Figure 31. a) Spectrum of the growth solutions (with additive) with different sil-
ver concentrations, b) a relationship between longitudinal SPR peak maxi-
mum and silver concentration of the solutions and linear fit the data, and c-e)
corresponding TEM images.

5.2 Functionalization of gold nanorods

Two attempts were made to functionalize GNRs. First, dodecanethiol (Figure 9) was
used, but the phase transition did not occur properly. However, GNRs were transferred to
organic phase using a two-step procedure where the rods were first pre-stabilized with
thiolated polyethylene glycol (Figure 9). In the next two sections the functionalization
procedures are discussed in more detail. UV-Vis-NIR spectra and TEM images of the
organic GNR solutions are shown in cases where the phase transfer was successful. Con-
centration of the new ligands was optimized to obtain the best functionalization. The
functionalization was only carried out for the GNR solutions synthesized with the 5-bro-
mosalisylic acid as an additive.
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5.2.1 Phase transfer with dodecanethiol

In this method, the phase transfer of the GNRs occurs in two steps. First, the GNR solu-
tion is mixed with the new ligand, dodecanethiol. After the addition of the DDT to the
GNR solutions, the two-phase solution was shaken vigorously. However, if shaking was
too hard, foam was created. Foaming may make it difficult for the new ligand to attach to
the surface of the GNR. Therefore, the shaking should not be too vigorous.

In the second step, acetone and toluene were added to the solution, which resulted in a
colorless organic phase on top and reddish water phase on bottom. When more acetone
was added, GNRs visibly rose from the water phase to the organic phase. At the interface
between the two phases, some aggregated particles were seen by naked eyes. When the
organic phase was decanted off, care was taken that none of the aggregated particles were
decanted. This procedure was repeated about five times until the water phase was color-
less. The organic phase now contained both toluene and acetone. To remove the acetone,
the solution was placed in a rotavaporator. Because the boiling point of acetone is lower
than that of toluene, acetone was evaporated first. When acetone was evaporated, the so-
lutions lost their reddish color and visible aggregates were observed on the wall of the
vessel, and the remaining toluene solution was colorless. The UV-Vis-NIR spectrum of
the toluene solution was measured but there were no signs of the longitudinal or trans-
verse SPR bands of the rods.

The above result indicates that the phase transfer was not successful. Different shaking
times (1 h - 1 day) and different amounts of DDT were tried on order to get better func-
tionalization. However, the end result was always the same: the rods were transferred to
the mixture of toluene and acetone, but when acetone was evaporated off, the rods aggre-
gated.

One of the reasons why the phase transfer was not successful may be that the new ligand,
DDT, cannot displace CTAB molecules on the surface of the GNRs. When DDT is mixed
with GNR solutions, some of the DDT molecules should adhere onto the surface of the
GNRs. If, however, some of the rods are not in contact with DDT, these rods aggregate
in the second step. Another reason may be related to kinetics. When acetone is added, it
removes CTAB from the surface of the rods [25]. If binding kinetics of the DDT to the
surface of the GNR is not fast enough, aggregation occurs. These reasons explain why
aggregated particles were seen between water and organic toluene phase and why the
aggregation of the GNRs occurs when acetone is evaporated.

5.2.2 Phase transfer with mPEG-SH and DDT

Because the functionalization of the GNRs with DDT was not successful, another proce-
dure was tried. GNRs were pre-coated with a small amount of thiolated polyethylene
glycol (average molar mass 6000 g mol™) to avoid aggregation. After pre-stabilization
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dodecanethiol was added in excess to fully coat the GNRs and to make them hydrophobic
and soluble in the organic phase. Figure 32 shows the spectra of the initial aqueous GNR
solutions where the rods are coated with CTAB (blue curve), aqueous solutions of the
mPEG-SH-coated rods (red curve), and chloroform solutions of the DDT-coated rods
(yellow curve). The amount of solvent is the same in all solutions so that the absorbance
of the longitudinal SPR peaks can be compared. TEM-images from the final, organic
GNR solutions are given in Figure 32 as well.
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Figure 32. Spectrum of the GNR solutions coated with CTAB, mPEG-SH and
DDT (left) and TEM images of the DDT coated GNRs.

At first, aqueous mPEG-SH solution was combined with the GNR solution, and after 2 h
of shaking, the UV-Vis-NIR spectrum of the solution was measured. Because the longi-
tudinal and transverse SPR peaks are clearly visible, pre-functionalization was successful.
However, absorbance of the longitudinal SPR peak was decreased almost by a half. The
wavelength of the longitudinal SPR peak was also red-shifted from 767 to 780 nm. After
the addition of the DDT and chloroform, phase transition occurred upon vigorous stirring.
The absorbance of the longitudinal SPR peak is further reduced by a half and the longi-
tudinal plasmon band red-shifts from 780 to 811 nm.

Because the absorbance of the longitudinal SPR peak is reduced, some GNRs are lost
during functionalization. In the pre-stabilization step some of the rods may have aggre-
gated. During the actual phase transition, some of the rods may still remained in the aque-
ous phase because of the improper DDT coating.

The aspect ratio of the original GNRs was 3.66 + 0.56 and after the phase transfer
3.67 + 0.49. Because the aspect ratio of the rods remained the same upon the phase-
transfer process, the red-shift of the longitudinal SPR peak cannot be explained by the
change of AR. It is more likely that the red-shift occurs because of the change in refractive
index (1.33 for water and 1.44 for chloroform [55]) of the solvent. During pre-function-
alization, the red-shift is due to the different ligand on the surface of the GNRs. The red-
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shift of the longitudinal band during the phase-transition process is in line with other
studies [16; 17; 19]. Table 7 summarizes the values of longitudinal SPR maximum wave-
length and the absorbance as well as values of FWHM and aspect ratios. According to
FWHM values, the longitudinal SPR peak is broadening when phase transition occurs.
This may be due to small extent of aggregation of the particles. However, the rods are
well separated from each other in the TEM images, which confirms the absence of large-
scale aggregation.

Table 7. Longitudinal SPR peak maximum’s wavelength, absorbance, full width
half maximum of the peak and aspect ratio of the rods.

ALSPR,max FWH M

Solutions (nm) ALspPRmax (nm) AR
CTAB 767 2.28 129 3.66 + 0.56
mPEG-SH 780 1.27 141 -
DDT 811 0.59 148 3.67 + 0.49

Proper amount of mPEG-SH was monitored to achieve the highest absorbance in the
phase-transferred GNR solutions. Figure 33 shows that the best result was achieved when
4 mg of mPEG-SH per 1 ml of GNR solution was added. If less MPEG-SH was used, the
absorbance was reduced. This may be because there are not enough of mMPEG-SH-mole-
cules to bind to the surface of the GNRs [21]. If less than 2 mg mI™ of MPEG-SH is used,
pre-functionalization fails and the rods aggregate. However, if more than 4 mg ml? of
mMPEG-SH is used, the absorbance was smaller again. When too much mPEG-SH is
added, it can prevent DDT from attaching onto the surface of the nanorods and aggrega-
tion occurs after the second step [21].
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Figure 33. Spectra of the phase-transferred GNR solutions with different amounts
of mMPEG-SH in the pre-stabilization step.
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5.3 Mixing gold nanorods and LCE molecules

Liquid crystal monomer (400 mg) and cross-linker (150 mg) (see Figure 22) were dis-
solved in chloroform (3 ml). The LCE molecules dissolved well and no heating was
needed. GNRs-LCE solution was made by adding 5 mg of initiator and a different amount
of phase transferred the GNR solution to the LCE solution. Figure 34 presents UV-Vis-
NIR spectra of the phase transferred gold nanorod solutions (blue curve) and LCE solu-
tions (mentioned above) which contain 1.2 ml GNR solutions (red curve). FWHM of the
longitudinal SPR peak is increased only by 5 nm. This indicates, together with the shape
of the spectrum, that the GNRs retain their plasmonic properties in the LCE-chloro-
form solutions.

—— GNRs
—— GNRs-LCE solution

1.5

05¢

0 : . '
400 500 600 700 800 900 1000

wavelength (nm)

Figure 34. UV-Vis spectrum of phase transferred GNR solutions and GNR-LCE
solution in chloroform.

However, when the solvent was evaporated at 90 °C, the rods aggregated, which was no-
ticed from the disappearing red color of the solutions. After photopolymerization, UV-
Vis-NIR spectrum of the film was measured. This spectrum had no longitudinal or trans-
verse SPR absorptions peaks, which indicates that the GNRs are insoluble with the liquid
crystal monomer and cross-linker used. Many attempts were made to improve the solu-
bility of the GNRs, including sonication and adding different amounts of GNRs to the
solution and different evaporating temperatures, but same solubility results were ob-
tained.

There are a few reasons why aggregation of GNR may occur when attempts are made to
dissolve rods with LCE molecules. Firstly, the aggregation of GNRs takes place because
of the poor solubility of the DDT-coated rods with the LCE molecules. Both LCE mole-
cules are soluble in chloroform but evaporation of the solvent leads to insolubility because
DDT cannot prevent core—core attractions between the rods well enough. Secondly, the
aggregation takes place because the GNRs disturb the LC director, which results in elastic
interparticle forces and ensue aggregation. Thirdly, functionalization may not be com-
plete which leads to aggregation.
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5.4 Characterization of fabricated LCE films

Two LCE solutions were made, containing the monomer, cross-linker and initiator listed
in Figure 22, together with UV-absorbing azobenzene and Disperse Red 1. The used UV-
absorbing azobenzene can be classified as an azobenzene-type molecule while Disperse
Red 1 is of pseudostilbene-type. From each LCE solution, two films were photopolymer-
ized: one with planar and one with splay alignment (see Figure 17). Therefore, a total of
four LCE films were fabricated and characterized in this work.

Firstly, nematic-to-isotropic and solid-to-nematic phase-transition temperatures of the
two LCE mixtures were characterized with POM. For UV-LCE sample these tempera-
tures were about 60 °C and 30 °C, respectively. For Vis-LCE nematic-to-isotropic phase
transition temperature was 60.5 °C whereas the nematic phase still occurs still even at the
room temperature. Photopolymerization has to be carried out at the temperature where
the mixture is in the liquid-crystalline phase [22]. Based on this analysis, both samples
were polymerized at 50 °C.

5.4.1 Alignment studies of the planar LCE films

After polymerization, the planar sample cells were investigated with POM and polarized
UV-Vis spectroscopy. POM images were taken so that the polarization of input light was
parallel to the rubbing directions (0° angles between the polarizer and the rubbing direc-
tion) and so that the angle between rubbing direction and light polarization was 45° as
shown in Figure 35. POM pictures taken at 0° angle are darker because the LCE mole-
cules, which are now arranged in the direction of polarization of the light, do not modify
the polarization of the input light. In the case of perfect alignment, the picture would be
completely dark. The samples exhibit brighter images between crossed polarizers when
the director axis is set to 45° angle because the samples now modify the polarization of
the input light more effectively. Evenly bright pictures indicate homogeneous mesogen
alignment in the sample. However, because the brightness difference between the pictures
taken with 0° and 45° angle is not very large, there is some disorder in the molecular
alignment. Moreover, because there are dark and light areas on the same image, samples
may be somewhat phase separated.
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Figure 35. Polarized optical micrographs for UV-LCE (top) and Vis-LCE (bot-

tom), taken at 0° (left) and 45° (right) angles between the polarizer and the
rubbing direction.

Figure 36 presents unpolarized UV-Vis spectra of both planar sample films. Because the
fabricated films were thick (30 um) and the azobenzene concentration was relatively high
(5 mol-%), they absorb light very strongly. The sensitivity of the detector of the spec-
trometer was not good enough to accurately detect such large absorption, and for that
reason, the absorption maxima are not shown properly. To get better spectra, thinner films
or lower azobenzene concentration should be used. However, the spectra given in Figure
36 give a rough estimate on the absorption peak maximum; ca. 360 nm for the UV-LCE
and 500 nm for the Vis-LCE. Moreover, Figure 36 shows that these two samples behave
differently at NIR wavelengths. For the Vis-LCE sample, the absorbance at > 650 nm,
where no light absorption is expected, is low (~0.1) and flat. However, for the UV-LCE,
the measured absorbance at long wavelengths is about 0.5 and increases with decreasing
wavelength. Because none of the sample components absorbs above 600 nm, it scatters
light strongly. This indicates that photopolymerization process did not succeed as well as
in the Vis-LCE sample. This may be due to different polymerization wavelengths (420
for UV-LCE and 375 nm for Vis-LCE) used for the activation of the initiator (Irgacure
819). Irgacure 819 has the absorption maxima at 295 nm and 370 nm [19]. Therefore, the
initiator was perhaps poorly activated and polymerization was not complete. In the future,
other photoinitiators could be considered. On the other hand, the starting materials are
perhaps not mixed with each other completely. If all starting materials would have been
dissolved in the solvent, proper mixing could have been guaranteed.
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Figure 36. Unpolarized UV-Vis spectra of the polymerized films taken from Shi-
madzu UV-1800 UV-Vis spectrometer.

Figure 37 presents the polarized UV-Vis spectra of the planar films. The spectra were
taken so that the polarization of light was parallel and perpendicular to the rubbing direc-
tion. The absorbance has been corrected to zero at 750 nm wavelength so that scattering
of the films does not interfere with the determination of the order parameter. The order
parameter of the samples was determined as follows: the value of the corrected absorb-
ance was read from the parallel and perpendicular UV-Vis spectra at the same wave-
length, and the order parameters were calculated using equation 5. Averaging of twenty
values was performed over wavelength ranges, which are as close as possible to the max-
imum absorbance but not in the noise area. Order parameter for UV-LCE film was deter-
mined from n — = transition of azobenzene and from n© — m* transitions for Vis-LCE.
The results are given in Table 8.
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Figure 37. Polarized UV-Vis spectra for UV-LCE (left) and Vis-LCE (right) taken
with Cary 60 UV-Vis spectrometer. A, and A, correspond to absorption par-
allel and perpendicular to the rubbing direction, respectively.
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The UV-active azobenzene is a cross-linker and it is a part of the LCE network. Therefore,
experimental order parameter indicates not only the orientation of the dye but also orien-
tational order of the whole LCE matrix. DR1, on the other hand, is not a part of the LCE
network and therefore the order parameter indicates orientational order of the DR1. How-
ever, because the orientation of the LCE-matrix determines the order of the dye, the order
parameter gives an indication of the alignment of the LCE network as well.

Table 8. Maximum absorbance wavelength of the azobenzene
(Amaxazo), Wavelength interval where the order parameter was deter-
mined (Ajntervar) @nd the order parameter (S) with standard deviation.

A A;
S | max,azo interval
ampre (nm) (nm) S
UV-LCE 360 417-436 0.31 +0.03
Vis-LCE 500 590-609 0.56 +0.01

As Table 8 shows, the order parameter of the UV-LCE is quite small (0.31), because order
parameters as high as 0.75 have been reported for a cross-linked azobenzene matrix [42].
Because the used azobenzene absorbs light at 420 nm (see Figure 20), which was used at
photopolymerization, this light may have isomerized azobenzenes and reduced the order
of the molecules. Another explanation could be the improper rubbing of the glass cell due
to which the LCE molecules are not aligned properly. Moreover, order parameter for UV-
LCE film was determined from n — =* transition of azobenzene, which has notable ab-
sorption in the cis isomer (See Figure 20). Therefore, if even some of the azobenzene
molecules are in cis-form due to room light, it reduces the value of the order parameter.
However, order parameter for the Vis-LCE sample (0.56) is high. LCE films containing
DR1 fabricated with photopolymerization have not been reported. Therefore, comparing
the order parameter to other studies is difficult. However, the determined order parameter
is similar to those previously obtained in our group.

5.4.2 Actuation studies of polymerized films

Photoinduced bending behavior of the fabricated UV-LCE and Vis-LCE films was inves-
tigated. All four films (two planar-aligned and two splay-aligned) showed good actuation,
when irradiated with light at appropriate wavelength, i.e., close to the absorption maxi-
mum.

Figure 38 shows a series of photographs taken from the actuation of the UV-LCE films.
When the films were irradiated with UV light (365 nm), both of them bent. When the UV
light was switched off, the films retained their shape. Little relaxation can be observed
after the UV light was turned off. The films returned to their original shape when irradi-
ated with visible blue light (460 nm). After the blue light is switched off, little relaxation
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can be observed. Noteworthy is that similar bending process was seen when the experi-
ment was repeated in the same film, i.e., the results shown are reproducible. Bending of
the planar film takes about 6 s, while bending of splay takes twice as much time. The
difference between the bending times is due to curling of the splay film. At the end of the
bending process, the splay-aligned film curls which may be due to imperfect alignment
of the film.

Planar

Vis-light
ON

UV-light
ON

UV-light

OFF
—

460 nm
4s

365 nm
6s

Splay

Vis-light
ON
—

460 nm
10s

Vis-light

OFF
—

UV-light

ON
—_—

365 nm
12s

UV-light
OFF
—

Figure 38. Photographs of the actuated film, containing UV active azobenzene,
with the planar (up) and splay (bottom) orientations.

The bending mechanism of UV-LCE is mainly based on a photochemical effect. In planar
films, bending occurs because of relatively high dye concentration (5 w-%) resulting in
high absorption of the film. UV light is strongly absorbed by the film and therefore it
cannot penetrate through the whole film thickness, which results in a gradient in the isom-
erization-induced reduction in the LC order and bending of the film [42]. Before irradia-
tion, mesogens are in the trans-form and film has orientational order. After isomerization,
mesogens are in the cis-form, which causes disorder of the LCE matrix and the film bends.
In splay-aligned films, the bending mode is emphasized, because alignment of the two
sides of film are not the same. However, from Figure 38 this is difficult to see, because
the splay-aligned film is curled. When the splay-orientated films are actuated, homeo-
tropically aligned sides expand and homogeneously aligned contract at the same time and
bending occurs. Figure 39 presents schematically how bending of the splay-film occurs.
Thermal relaxation times of azobenzene-type molecules are long and therefore the film
retains its shape after UV light is turned off. Until after the next light stimulation, the
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molecules relax back from the cis-form to the trans-form and the order of the LCE matrix
is restored.

light

expansion contraction

Figure 39. Splay-aligned film: a) before irradiation mesogens are in order; b) af-
ter irradiation mesogens are in disorder because of photochemical or photo-
thermal activation, and homeotropically aligned side expands while the homo-
geneously-aligned side contracts, causing the bending.

Figure 40 presents photographs of the Vis-LCE, containing DR1. When visible light (470
nm) is switched on, the films bend in about 2 s. When the light is switched off, the films
relax back to their original shapes relatively quickly (in seconds). In photothermal effect,
dye molecules absorb light and convert it to heat, which is then transferred to the LCE
matrix and bending can occur. Because DR1 is a functionalized azobenzene molecule, it
can undergo photoisomerization under visible light. Distinguishing between these two
mechanism based on the studies made in this Thesis is quite hard.

In photothermal mechanism, the explanation why splay alignment Vis-LCE film bends is
also based on the different alignment of the mesogens on the opposite sides of the film,
leading to one side to expanding and the other contracting (see Figure 39). Interestingly,
also the planar-aligned film bends. Usually, planar films should not bend significantly if
photothermal effect is considered. However, there are a couple of reasons for this behav-
ior. One reason may be a temperature gradient. Because of a high dye concentration and
relatively thick film, absorption of the film is high and light does not penetrate through
the whole film thickness. As a result, the order change is concentrated at the incident
surface instead of the second surface. This leads to bending of the whole film. Other rea-
son could be improper alignment of the LCE molecules in the film. However, the rela-
tively high order parameter (S > 0.5) of the planar film does not support this. Finally,
photochemical effect cannot be ruled out. Because of the high dye concentration, the ef-
fect of the cis-trans isomerization may become significant.
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Figure 40. Photos of the actuated film containing DR1 dye, with the planar (up)
and splay (bottom) orientation.

Quick relaxation of the film can be explained with both photochemical and photothermal
mechanisms. In photochemical effect, quick relaxation is due to the short relaxation time
of pseudostilbene-type molecules. In photothermal effect, relaxation is fast because of the
fast light-to-heat conversion rate of the DR1 dye. When light is turned off, DR1 does not
absorb light and it cannot produce any heat which could then heat the LCE matrix, and
therefore surrounding air can cool the film quickly.

Large initial curling of the DR1 splay-aligned film can be explained with the difference
between polymerization and the actuation temperature if the photothermal effect is con-
sidered. Films were polymerized at 50 °C and actuated at room temperature (25 °C). When
temperature decreases, the molecular order of the film increases, and therefore homeo-
tropic side of the film tends to contract and the homogenously aligned one to expand at
the same time and as a result the film bends. This also explains why the film curls at the
opposite direction when it is irradiated. When temperature of the film increases because
of photothermal heating, homeotropic side expands and homogenous side contracts and
opposite curling is observed. If the initial curl of the splay film is taken into account, it
can be concluded that bending behavior of the splay film is stronger than that of the planar
film.
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6. CONCLUSIONS

The present Thesis work was carried out in 2016 at the Smart Photonics Materials group
at Tampere University of Technology. Photoactuable liquid-crystal elastomer materials
are a new research topic for the group, initiated only in 2015. Fabrication of the liquid
crystal elastomer films has focused on azobenzene-containing actuators, and this was the
first attempt by our group to utilize gold nanorods in photoactuation.

In this Thesis work, the solubility of the gold nanorods and photopolymerizable liquid
crystal molecules was studied, and attempts were made to fabricate liquid-crystal films
based on gold nanorods. Special attention was paid to learn to synthesize monodisperse
gold nanorods of different size and aspect ratio, and to functionalize them in a proper
way. The purpose was to adopt the most precise synthesis and characterization methods,
following the latest guidelines published in the literature. Even though photoactuation of
the gold-nanorod-doped liquid-crystal elastomer films was unsuccessful, actuation of
films containing cross-linked UV-absorbing azobenzenes, and doped visible-absorbing
azobenzenes were studied.

Gold nanorods were synthesized with seed-mediated growth method and CTAB was used
as a surfactant. The aspect ratio of the gold nanorods was controlled in the range of 3.0-
4.1, to yield longitudinal surface plasmon resonance band between 750-830 nm. The as-
pect ratio of the gold nanorods was tuned by varying the amount of silver nitrate in the
growth solutions. The gold nanorods were synthesized with 5-bromosalisylic acid as an
additive, which was noticed to improve the size dispersion and morphology of the nano-
rods significantly compared to the additiveless synthesis. Gold nanorods were function-
alized successfully with the combination of poly(ethylene glycol) methyl ether thiol with
average molar mass of 6000 g mol™ and dodecanethiol. Functionalization was also tried
with only dodecanethiol but this led to aggregation of the rods.

Functionalized gold nanorods were soluble in liquid crystal monomer and cross-linker
when all components were dissolved in chloroform. However, aggregation occurred when
the solvent was evaporated, suggesting that future work is needed for obtaining free-
standing, gold-nanorod-doped, liquid-crystal elastomer actuators. It would be espe-
cially important to perform further and more comprehensive studies on functionalization
of the GNR that have a crucial role when the GNR are doped in liquid-crystal elastomer
network. Functionalization studies can be continued with used thiolated polyethylene gly-
cols and dodecanethiol, but supplemental stability studies need to be made. Another so-
lution could be to try other molecules to functionalize gold nanorods, for example, the
use of amines may be a viable option. The second solution may be to try different liquid-
crystal elastomer monomers and cross-linkers. However, most liquid-crystal elastomer
molecules used in the photopolymerization are chemically quite similar thus limiting this



57

option. On the other hand, thermal polymerization technique based on silicon chemistry
could also be worth consideration. Finally, one solution could be to use another surfactant
than CTAB when gold nanorods are synthesized. CTAB may bind too strongly to the
surface of the nanorods and therefore other molecules cannot replace it. Citrate may be
one surfactant that can be considered to replace CTAB.

Two other chromophores, both azobenzene derivatives, showed good solubility into the
liquid-crystal elastomer matrix. Both planar and splay-oriented films exhibited photoin-
duced bending upon irradiation with UV/Visible light. In particular, efficient bending of
the planar Dispersed Red 1-containing film should be studied more extensively. However,
quantification whether the photoactuation mechanism of the films was photochemical or
photothermal in nature was beyond the scope of this work yet is an important topic for
future research.

This Thesis work offers knowledge on the synthesis and functionalization of gold nano-
rods. Even though the nanorods were not soluble on liquid-crystal elastomer matrix, this
work helps us on the road towards building better photothermal actuators and photome-
chanical plasmonic substrates in the future.
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APPENDIX 1: TEM IMAGE OF AQUEOUS GNR SOLUTIONS WITH
5-BROMOSALISYLIC ACID
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APPENDIX 2: TEM IMAGE OF AQUEOUS GNR SOLUTIONS
WITHOUT 5-BROMOSALISYLIC ACID




