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1 
 Liquid crystals    

Liquid crystals (LCs) are typically associated with the development of various LC-
based displays (LCDs) such as flat-panel televisions, touchscreen displays, and computer 
monitors used in our daily lives. Besides massive achievements in the field of LCDs over 
the last decades,[1] LCs have also attracted attention in a broad range of non-display 
applications from telecommunication technologies, photonics, sensors, and medicine to 
self-assembled amphiphilic soap molecules, which are on the borderline between soft 
condensed matter and nanotechnology.[2–4] This class of matter is of great interest mainly 
due to its fascinating anisotropic properties (i.e., refractive index, viscosity, elastic 
constant, electric conductivity, or magnetic susceptibility) that can be manipulated via 
responses to applied external stimuli (i.e., mechanical, electric, magnetic, or even optical 
stimuli) or their spontaneous self-organization.[1,5] Nowadays, many optical applications 
benefit from the elastic behavior of LCs (specifically commercial thermotropic LCs) which 
can be tuned via electric or magnetic fields. The alteration in the orientation of the 
mesogens in these LCs changes the orientation of the optical axis, resulting in 
birefringence. Several effects of the anisotropic properties of LCs with polarized light are 
reproduced from references[6,7] and shown in Figure 1-1. 

In general, LCs are referred to as intermediate phases or mesophases formed by 
elongated building blocks or mesogens which can be organic, inorganic, or 
organometallic compounds. These mesophases are thermodynamically stable and located 
between the three-dimensional solid crystal and the viscous liquid, which is an isotropic 
disordered phase. Therefore, LCs are characterized by long-ranged orientational order, 
which can be combined with long-ranged positional order in one or two dimensions of 
their long mesogens axis, resulting in direction-dependent physical properties analogous 
to crystalline solids whereas the ability to flow and long-ranged diffusion is preserved 
similar to fluids.[8] 

Although some liquid crystalline properties were observed and described by several 
researchers more than 100 years ago, thermotropic LCs were not realized until 1888 when 
Reinitzer[9] discovered this state of matter, which was followed by Lehmann[10] in 1889 
who assigned the term ‘thermotropic liquid crystals’ to these mesophases (the references 
are in German).[11] In general, two main classes of LCs are distinguished:  thermotropic 
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1 
and lyotropic. Whereas the former exhibit orientational order in a certain range of 
temperatures, the latter form  molecular aggregates as a function of the concentration in 
the form of micelles and columns into ordered structures such as hexagonal, cubic or 
lamellar phases.[12] Figure 1-2, reproduced from ref [13], shows some of the different LC 
phases classified based on the degree of order that are stable in diverse temperature 
regimes (in thermotropic LCs) or various ranges of concentrations (in lyotropic LCs). In 
thermotropic LCs, the frequent phase observed at temperatures below the isotropic liquid 
phase is called nematic, where the long axis of rod-like mesogens shows only orientational 
long-ranged order. The spatial and temporal average of this long axis is called the nematic 
director. At lower temperatures, smectic phases are formed and observed, which have 
both orientational order together with one or two-dimensional positional order of the 
mesogen centers of mass.[12] The simplest smectic phase is the smectic-A phase with one-
dimensional positional order, while the director of the phase is in direction of the normal 
director of the smectic layer. The phase director is also an optical symmetry axis of the 
system which can be tilted with respect to the layer’s normal director, resulting in the 
formation of a smectic-C phase. However, if mesogens are ordered in a hexagonal manner 
within the layers and at the same time stand parallel to the layer’s normal director, the 
smectic phase is called smectic-B. If the hexagonal order inside the layers exhibits a long-
range positional order, the structure will be therefore a three-dimensional crystal.[12] 
Likewise, the aforementioned LC phases are observed in lyotropic LCs, however, due to 
the nature of these mesophases, they are formed when the concentration of the 
anisotropic mesogens is raised to a high enough value. If anisotropic molecular mesogens 
form lyotropic LCs, the phase diagrams are quite complex since not only are they largely 
dependent on concentration they may also change at different temperatures.[13] 
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Figure 1-1. Polarized light microscopy of nematic LCs with the LCs orientations differently oriented
between the cross polarizers which are called polarizer and an analyzer. (A) Schematic illustration of
a nematic LC mesogen with an uniaxial ellipsoidal shape. Two distinct refractive indices are shown:
a refractive index parallel to the nematic director (𝐧𝐞) and a refractive index perpendicular to the
director (𝐧𝐨). The difference between these refractive indexes is known as birefringence (∆𝐧 = 𝐧𝐞 −𝐧𝐨). (B−D) Examples of orientations of LCs while observed between crossed polarizers, displaying a
dark optical state. In B, the director of the LC is aligned parallel to the direction of the propagation
of the incoming light coming through the LC. In C and D, the director of the LC is oriented in the
plane of the sample with an azimuthal alignment such that it is either perpendicular (C) or parallel
(D) to the placed polarizers. (E) Elliptically polarized light coming through the LC layer can result in 
transmitted light when the director of the LC is oriented in the plane of the sample but with an
azimuthal orientation lying between the polarizer and analyzer. (F) An example of LCs applications
in switchable smart windows showing the principle of a polymer dispersed liquid crystal, PDLCs,
changing from a clear state, when voltage is applied, to a light scattering state at zero applied voltage.
Images A to E are reprinted with permission from ref [6]. Copyright 2013 American Chemical Society. 
The commercial image is from www.magic-film.com  
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 Colloidal liquid crystals 

Inorganic lyotropic LCs or mineral lyotropic LCs were firstly discovered in 1902 by 
Majorana as a new branch in lyotropic LCs when he observed in his experiments an 
induced optical anisotropy in sols of iron oxide colloidal particles under magnetic 
fields.[14] This type of lyotropic LCs, which have been called by Lekkerkerker and Vroege 
‘mineral colloidal LCs’ or briefly ‘colloidal LCs’, consist of diverse shape-anisotropic 
particles (mostly minerals and clays) in the form of colloidal suspensions of rod and plate 
shaped particles that can produce LC phases above a critical concentration.[15–17] Back 
in the 1920s, several experimental observations were reported by Freundlich and Zocher 
(some of his papers are in German) on the birefringence of vanadium pentoxide 
dispersions which were followed in the 1930s by the observation of nematic LCs formed 
in suspensions of rod-like tobacco mosaic virus (TMV).[18–21] Trying to explain this 
experimental evidence theoretically, in 1949, Onsager showed that these intriguing self-
organization into nematic LCs could be described for rod or disk-like particles through 
an excluded volume theory. In his theory, colloidal particles are assumed to be hard 
particles with no attractive interactions. Moreover, translational entropy and orientational 
entropy of the colloidal rods are considered as the two main factors for entropy-driven 
phase transitions. He showed that when rods align, they lose orientational entropy while 
simultaneously gaining translational entropy via decreasing their excluded volume. At 
sufficiently high concentrations, gaining translational entropy dominates which results in 
a phase transition and colloidal rods form a nematic LC phase.[22] A year later in 1950, a 
smectic phase was also observed in suspensions of TMV besides the expected nematic LC 
phase.[23] As expected, suspensions of synthetic colloidal rods generally have specific 
properties such as size polydispersity, limited aspect ratios, and sometimes interparticle 
interactions (i.e., long-range repulsions or attractions) which are different from the 
infinitely thin hard rods assumed in Onsager’s theory. All of these parameters were further 
investigated by the development of several colloidal model systems such as boehmite (γ-
AlO(OH)),[24] akaganeite (β-FeO(OH)),[25] and goethite (α-FeOOH)[26], together with 
theoretical extensions of Onsager’s theory by several research groups.[27–30] Among 
these we specifically want to point to works of Lekkerkerker et al.[31–38] and Frenkel et 
al.[33,37,39–45] who contributed to both experimental, theoretical and simulations 
aspects. Furthermore, many important simulation and theoretical results, quite relevant 
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to the colloidal systems in this thesis, have been reported by Dijkstra and van Roij et al. 
on various colloidal LC phases.[30,45–51] For instance, as shown in Figure 1-3, various 
LC phases for hard spherocylinders of different aspects ratios were predicted in simulations 
which were confirmed by experimental observation in our group, as well.[27,41] 
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Over the last decades, additional solid-state chemistry emerged based on the sol-
gel methods and inorganic polycondensation reactions that provide an excellent capability 
to manipulate the shape and size of the colloidal nanoparticles (NPs) at the nano-
scale.[52–57] Among various types of NPs, colloidal nanorods (NRs), as anisotropic 
colloidal particles, have attracted more attention in colloid-based LC science due to their 
potential applications, especially in optical and optoelectronic devices.[58–60] In this 
regard, colloidal gold NRs are known to exhibit remarkable optical properties based on 
their two distinct surface plasmon resonance (SPR) absorption bands of individual gold 
NRs.[61–63] Analogous to gold NRs, CdSe and CdSe/CdS semiconductor NRs are known 
as another example of well-studied colloidal NRs which have robust synthesis procedures 
and amazing photoluminescence properties (i.e., strong and tunable light emission, high 
photoemission linearly polarized along the NRs length).[52,64–66] Other metallic or 
semiconductor colloidal NRs investigated in the literature can be summarized as 
ZnSe/CdS,[67] Au/Ag,[68] Fe3O4,[69] CdSe/CdTe,[70] SnO2,[71] CdTe,[72] CdS/PbSe 
and PbSe/CdSe,[73] Co/TiO2,[74] CdS/Ag2S,[75] ZnO,[76] and TiO2.[77] Among all of 
these systems, we are interested in colloidal TiO2 NRs to exploit their high refractive 

Figure 1-2. Schematic drawing of diverse LC phases observed during heating a thermotropic
LC from the crystalline state. Initially, smectic phases are observed while the positional ordering
is partially preserved in the form of smectic-C and smectic-A together with orientational order 
along the long molecular axis of elongated mesogens. In the next step, a nematic phase is
detected since the positional order is lost as a result of further heating. Ultimately, all LC phases
disappear at a specific temperature known as the clearing point and an isotropic liquid state is
obtained. The image is reproduced from ref [13]. 
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indices in optical applications. Thus, these nanomaterials are discussed further in the next 
section. 

 

 Colloidal TiO2 NPs 
Titanium dioxide or titania (TiO2) is one of the most strongly studied metal oxides 

in the world. There are at least 11 reported bulk and/or nanocrystalline phases of TiO2 
including rutile, anatase, brookite, TiO2(B), columbite (α-PbO2)-like phase TiO2(II), 
baddeleyite (ZrO2)-like phase, hollandite-like phase TiO2(H), ramsdellite (MnO2 or VO2)-
like phase TiO2(R), fluorite (CaF2)-like cubic phase, TiO2-OI, and cotunnite(PbCl2)-like 
phase TiO2-OII.[78,79] The four popular phases of TiO2 are rutile, anatase, brookite, and 
TiO2(B) that are observed in natural samples and minerals. All of the four mentioned 
phases are categorized as stable ambient/low-pressure bulk phases.[78] Earth abundance, 
nontoxicity, thermal consistency, and high chemical stability of titania make it one of the 
most utilized components in a broad range of applications such as paints and pigments, 
sunscreens and cosmetics, biomedical implants, pharmaceuticals, food products, and 
sensors.[80] After breakthroughs in nanoscience in the last century and the emergence of 

Figure 1-3. Phase diagram of hard spherocylinders, adapted with permission from computer 
simulation results by Bolhuis and Frenkel in ref [40]. The gray areas indicate biphasic 
regions. Representative snapshots from ref [30] for I, N, Sm, and S are shown on 
experimental results on the phase behavior of colloidal silica rods by Kuijk et al. from ref 
[27]. 
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the concept of nanotechnology,[81] many scientists devoted tremendous efforts to the 
development of nanostructured materials, among which nanostructured TiO2 is one of 
the most studied ones. Although some research evidence suggests that TiO2 nanoparticles 
(NPs) may induce cellular toxicity effects which have limited their direct applicability in 
the cosmetics, food, and pharmaceutical industries,[82–85] many other emerging 
technologies have been revealed to highly benefit from these NPs, examples of which 
include catalysis and photocatalysis for water splitting and air/water/wastewater 
treatment,[86] self-cleaning and antifogging surfaces, photovoltaics, batteries, and 
optoelectronics.[87–90] This great interest, shown in the development of TiO2 
nanomaterial structures, originates from their inherent advantages including cost-effective 
fabrication, diversity in size and shapes of nanostructured TiO2, high refractive indices, 
and high visible light transparency coupled with high UV light absorption due to their 
wide bandgaps.[91,92] Since we want to benefit from the shape and orientation-
dependent collective properties of TiO2 NPs in liquid crystalline states for optical 
applications, colloidal TiO2 NRs were selected instead of differently shaped TiO2 NPs. 
Rod-shaped NPs, not only can spontaneously form LC phases, but they also have other 
advantages over spherical TiO2 NPs in terms of high surface-to-volume ratio, improved 
number of delocalized carriers, and enhanced charge transport provided by their 
anisotropic geometry.[93,94] Furthermore, TiO2 NRs, with sizes significantly less than 
100 nm (e.g. 10 nm), are sufficiently small not to strongly scatter light, but at the same 
time, they exhibit high visible light transparency combined with high refractive indices 
and anisotropies which can be employed for light beam manipulation. To this aim, precise 
control over particle size, shape, and polymorphic phases of crystalline TiO2 NRs is 
required that can be achieved via various chemical routes. Among these methods, non-
hydrolytic sol-gel techniques are quite popular in producing uniform TiO2 NRs by 
employing structure-directing agents, known as ligand organic molecules.[92,95] In 
chapters 2 and 3, we will describe two successful procedures for synthesizing TiO2 NRs 
that are based on non-hydrolytic sol-gel methods. 

 Outline of the thesis 
This thesis covers the synthesis, characterization, and optimization of two different 

polymorphs of titania, namely anatase and brookite TiO2 NRs, in the form of colloidal 
dispersions. In the next step, these material systems are investigated to develop switchable 



 
 
Introduction 

10 

1 
colloidal LCs beneficial for adaptable optical applications. Furthermore, the possibility of 
charging these colloids in nonaqueous solvents are assessed in terms of electrophoretic 
measurements, which can be interesting in optical applications that are based on 
(di)electrophoresis effects.  

In chapter 2 the synthesis pathway of fairly monodisperse and colloidally stable 
brookite TiO2 NRs in a scaled-up version of a literature procedure is discussed. We 
highlight the role of the surface ligands’ density in ensuring more ‘hard-rod-like’ behavior 
for brookite NRs. Then, various self-assembled liquid crystalline structures formed at the 
liquid interface and in bulk are investigated by different microscopy techniques. We show 
nematic and smectic liquid crystalline phases, qualitatively analogous to the predicted 
ones for hard rod-shaped particles as well as tunable ordering within the smectic layers 
from hexagonal to tetragonal by tuning the brookite NRs’ hard cores. In chapter 3 another 
synthesis procedure but this time for anatase TiO2 NRs is described via a single step 
nonhydrolytic sol-gel method. Possible mechanisms on the formation and the unusual 
growth path of the anatase NRs and its by-products, TiO2(B) NPs, are discussed. Likewise, 
spontaneous formation of colloidal LCs in bulk and at the liquid interface is observed in 
anatase TiO2 dispersions, making them a promising candidate for further assessment in 
electro-optical measurements.  

In chapter 4 we evaluate the isotropic dispersions of brookite and anatase TiO2 
NRs in external electric fields. We observe electric-field-induced birefringence, known as 
the Kerr effect or (para)nematic liquid crystalline phases, in external electric fields. We 
observe outstanding electro-optical responses in the dispersions of TiO2 NRs where 
switching times are within 250 𝜇𝑠, one order of magnitude faster than commercial 
molecular LCs where the switching is based on the collective Freedericksz transition. 
Possible mechanisms contributing to the reorientation of the TiO2 NRs are discussed. 
Moreover, we validate experimental observations on switching times and the refractive 
indices of TiO2 colloidal dispersions, in terms of estimated birefringence, in various 
volume fractions by employing relevant theories. 

In chapter 5, we investigate the possibility of charging such colloidal NRs in 
nonaqueous media. We employ two different nonionic surfactants in apolar and low-polar 
dispersions. Then, ion formation and electric charges are evaluated in terms of 
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electrophoretic measurements where formed reverse micelles by the added surfactants are 
indicated as important factors in charging these colloids. Finally, we rationalize our 
experimental results in the framework of acid-base charging theory for metal oxide 
particles in nonaqueous media.
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2. Smectic Liquid Crystalline Titanium Dioxide 
Nanorods: Reducing Attractions by Optimizing Ligand 

Density 
Crystalline titanium dioxide (TiO2) semiconductor nanorods (NRs) feature several optical 
properties, such as birefringence combined with high refractive indexes and a wide bandgap 
precluding optical absorption in visible-light spectrum, making them attractive for many 
applications such as optoelectronics. Dispersing these NRs in suitable solvents creates inorganic 
liquid crystals (LCs) offering enhanced collective and orientation-dependent properties, which 
can additionally be utilized to manipulate optical behavior. Herein, a synthetic procedure from 
literature is scaled up and coupled with an important post-synthesis-treatment step such that self-
assembled NRs dried onto a liquid interface and in bulk can be investigated. Comprehensive 
characterizations confirm the vital role of surface ligand density of the NRs in reducing the effects 
of attractions between them and thus increasing the range of volume fractions in which these 
dispersions can be exploited. Various symmetries (hexagonal or tetragonal) can be achieved in the 
smectic layers of NRs by tuning the aspect ratios of the NRs from 4.8 to 8.5. Experiments show 
that external fields such as shear flow or electric fields can easily either induce a reversible nematic 
order in isotropic dispersions or order existing LC phases over much longer regions, opening 
many opportunities to manipulate light for optical applications.  
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 Introduction 
Anisotropic colloidal particles have many properties different from spherical 

particles that can be exploited in different crystal and liquid crystalline phases that form 
by self-assembly (SA).[96–100] Liquid crystals (LCs) formed by inorganic anisotropic 
particles demonstrate tunable optical characteristics that are of great interest for optical 
and optoelectronic devices.[58–60] In addition to analogous properties exhibited by LCs 
formed by small molecules, inorganic LCs can be utilized not only as a model system to 
investigate molecular interactions and LC formation,[38,101–103] but can also greatly 
benefit from intrinsic properties of the dispersed building blocks.[104–107] For instance, 
nanocrystalline TiO2 is of interest because of its high refractive indexes, ranging from n = 
2.448 to n = 2.947, a wide band gap, and strong UV absorption combined with low light 
absorption in the visible-light spectrum.[108,109] In addition, crystalline TiO2 
nanoparticles (NPs) have been shown to be of interest as a (photo)catalyst or as catalyst 
support in heterogeneous catalysis.[87,109–112] Therefore, colloidal TiO2 nanocrystals in 
different polymorphs have been synthesized through various chemical routes that exert 
precise control over particle size and shape, and nanorods (NRs) are well-studied among 
them.[92,109,110,113,114] In the formation of inorganic LCs from these NRs, attractions 
caused by van der Waals forces and/or depletion effects are to first order proportional to 
the particle size and can strongly affect the phase behavior. In recent works from our 
group, it was shown that spherical nanoparticles with van der Waals attractions that at 
contact have a magnitude of 0.5 kT with k Boltzmann’s constant and T the absolute 
temperature, crystallized at the same volume fraction of 0.5 as hard spherical particles. 
However, stronger attractions of 2 kT already decreased the volume fraction to 0.11 and 
caused the systems to fall out of equilibrium.[115,116] We are interested in using the high 
refractive indexes of TiO2 NRs for optical applications, for which it is advantageous if they 
can be used over as broad range of volume fractions as possible. This can be achieved if 
the (hard) particle shape dominates the phase behavior, while particle charges and 
interparticle attractions can be neglected.[41] 

In recent years many groups working on the self-assembly of NPs have highlighted 
the importance of ligands on the interactions between NPs and thus on what type of 
colloidal (liquid) crystal phases, with different symmetries and interparticle spacings they 
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ultimately form.[117–129] The role of ligands on self-assembly was also recently 
reviewed.[117] Here we will only mention some typical examples of the role of ligands on 
SA as discussed in the literature and almost all of relevance to the present paper: 
Nanocrystals (NCs) have generally different facets with different surface tensions and thus 
different densities of ligands generally which has been shown to affect the SA behavior of 
the NPs.[117,118,122,123,130] For instance, in Ref.[122] the differences in the density of 
the ligands on different facets of the plate-shaped NPs was determined by density 
functional calculations by the Glotzer group and the differences that this caused in the 
interactions between the particles was found to be essential in subsequent simulations of 
the SA process to explain the colloidal crystal phases as observed by the Murray group. 
The interparticle distances and thus the interactions are also found to be influenced by 
the amount of solvent that is still present[124,125] or if an anti-solvent for the ligands is 
added.[126] The local density of ligands can even be affected by the colloidal crystal phase 
formed.[123] Excess ligands, even if added after completion of the SA, were also found to 
be able to affect interparticle spacings and the order in colloidal crystals already 
formed.[127] It is often the case that ligands are not bound covalently to the surface and 
thus can be replaced or removed by frequent washing steps[126,130–133] and conversely 
that the presence of excess ligands affects SA.[127,134] Additionally, addition of excess 
ligands above the critical micelle concentration can cause the formation of micelles which 
can induce depletion attractions between the NPs.[134] It is therefore also no surprise that 
temperature[72,77,128,135] and even pressure[129] have been shown to affect the ligand 
interactions and these effects have even been used to improve the order in already 
assembled colloidal crystals.[128] Varying the core size while keeping the ligands the same 
also affects the SA and interactions, [119,120,124,125] in such series sometimes the ratio 
between the core size and ligand length is related to a ‘softness parameter’. Even in such 
a well-controlled series where core material and ligands are kept the same,[120] there are 
already many factors changing that may affect the interactions indicating how complex 
these interactions in general are: ligand density, which can be a function of the radius of 
curvature, van der Waals interactions, effective softness. In short, being able to treat the 
ligand layer as a thin layer that only slightly affects the hard particle size and is simply 
there to add steep repulsive forces is the exception in the SA of NPs, not the rule. 
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TiO2 NPs are typically surface-functionalized with various commercially available 
alkyl-containing ligands to attain dispersibility in organic solvents.[95] Polymeric 
surfactants and dendritic macromolecules have also attracted significant attention due to 
their ability to better mask the strong van der Waals adhesion forces between the NPs and 
even shapes of the core particles that they are adsorbed onto.[72,136–139] Although 
polymer-functionalized TiO2 NPs have been utilized as building blocks for lyotropic LCs, 
there are a few disadvantages to using these ligands.[76,77,140] Firstly, the synthesis of 
polymeric ligands adds more complicated steps as they are often not yet available 
commercially. Furthermore, thick surface coverage by polymeric surfactants on the order 
of a few nanometers considerably suppresses the effective refractive index of complete 
particles, which is not desirable for optical applications. Finally, the effective hard aspect 
ratio is reduced because the interactions between two surfaces with polymers adsorbed to 
them are generally (much) softer than for shorter ligands like oleylamine (OLAM) or oleic 
acid (OLAC) as used in this paper. 

In this work, TiO2 NRs were synthesized using a scaled-up version of a literature 
procedure.[110] We found that a post-synthesis-treatment step designed to fully saturate 
the surface with ligands reduced attractions and ensured more hard-rod-like phase 
behavior and thus maintained colloidal stability of the NRs at higher volume fractions in 
the apolar organic solvents used. The resulting crystalline NRs were mainly composed of 
the brookite phase of TiO2 and ranged from almost 27.8 to 83.0 nm in length and 3.4 to 
7.0 nm in thickness. Brookite NRs were monodisperse enough that smectic liquid crystal 
phases of as much as hundreds of layers formed easily both in bulk and onto a liquid 
interface in 2D. Textures of the LC phases formed in bulk were investigated by polarizing 
optical microscopy (POM) to identify the phases and these were consistent with what was 
observed by transmission electron microscopy (TEM) on the liquid interface assembled 
structures. Preliminary experiments showed that shear and electric fields could easily 
induce LC behavior in an isotropic NR dispersion and/or align existing NRs’ LC phases 
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 Results and Discussion 

 Characterization of Synthesized Brookite TiO2 Nanorods 
Figure 2-1 illustrates the formation of brookite TiO2 NRs with tunable aspect ratios 

(short NRs (SNRs), medium NRs (MNRs), and long NRs (LNRs)) achieved through the 
seeded growth approach from anatase seeds (for details, see Table 2-1 and Modified 
synthesis method and Nanorods formation mechanism in Supporting Information). 

Table 2-1 Properties of the systems of TiO2 NRs used in this work. Here, L is the length of inorganic rods, T 
the thickness, σ the polydispersity, L/T the hard rod aspect ratio, and (L/T)eff the effective rod aspect ratios (where 3 
nm was added to both L and T reflecting twice the length of the ligand molecules). 

System L 
[nm] 

σL 
[%] 

T 
[nm] 

σT 
[%] L/T (L/T)eff 

SA onto an 
interface 

(concentrations) 
[mg/ml] 

Interparticle 
spacing 
[nm] 

SA in bulk 
(volume fraction) 

[%] 

SNR 27.4 9.6 3.4 8.7 8.1 4.8 1.0, 4.0, 8.0 

as-synthesized: 
1.2 ± 0.2 

post-treated: 
2.2 ± 0.3 

with depletant: 
2.7 ± 0.3 

(dispersion I)a 25 % 
(dispersion II)b 32 % 

MNR 42.2 10.3 5.1 12.0 8.3 5.6 1.0, 4.0, 8.0 

as-synthesized: 
1.1 ± 0.2 

post-treated: 
2.5 ± 0.4 

with depletant: 
3.6 ± 0.3 

____ 

LNR 82.9 12.6 7.1 12.6 11.7 8.5 ____ ____ ____ 

a,b(dispersion I and II were prepared from as-synthesized and post-treated SNRs, respectively.) 

 

The formation of the anatase seeds and brookite nanorods was confirmed by XRD 
analyses and high-resolution transmission electron microscopy (HRTEM) images (Figure 
2-1 and Figures S1 to S3). Presumably, some residual strain remained after the 
transformation from anatase to brookite, as it was observed in this and previous 
studies[110,130,141,142] that the synthesized NRs became increasingly bent as their length 
increased (while still maintaining a single crystalline nature as shown in Figure S2). 
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While not mentioned in previous reports, dispersions of as-synthesized brookite 
NRs, even the smallest, quickly formed gel phases with a yield stress (small bubbles not 
rising in the dispersion) in any apolar solvent, i.e. hexane, chloroform or toluene. From 
these observations and the large discrepancies with expected hard rod-like phase behavior, 
we inferred that significant attractions between the NRs were responsible for the 
birefringent gelled states (Figure S4a and b). Similarly, a surface ligand density as high as 
possible was found necessary to guarantee crystallization in binary spherical nanoparticles, 
a process quite sensitive to the presence of attractions between the particles.[131] As it is 
known that both ligands used here (OLAC and OLAM) do not have extreme bonding 

Figure 2-1.(a) Anatase seeds and (b-d) various brookite NRs with different aspect ratios
(short- medium- long) synthesized by adding different amounts of titanium precursor. (e-
g) High-resolution TEM micrographs of short TiO2 NRs with the brookite crystal
structure. (f and g) The red and blue insets highlight selected areas and their
corresponding electron diffraction power spectra (FFT). (h) The green inset highlights a
selected area containing one medium nanorod standing perpendicular to the image
showing a rhomboidal cross-section and its corresponding power spectrum (FFT). In the
selected areas of the micrograph, the distance between the identified planes is presented.
In the power spectra, the indexed zone axes are displayed 
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strengths,[126,131,132] we have put extra effort in saturating the surfaces of the NRs with 
additional ligands. Although density functional theory calculations have shown that 
OLAM plays the most important role in stabilizing {120} planes along the length of the 
brookite NRs,[130] we observed that OLAM by itself was insufficient. The NRs were 
synthesized in an excess amount of OLAM and most likely all the potential adsorption 
sites for OLAM are already occupied. However, those as-synthesized NRs still suffered 
from remaining attractions. In contrast, we found that post-treatment with excess OLAC 
was successful in improving the colloidal stability of the NRs. These post-treated NRs 
exhibited no gel formation even at high volume fractions (up to 32 vol% in toluene) for 
SNRs with an aspect ratio of 4.8 and dispersions were stable for months (Figure S4). We 
surmise that the main reason that OLAC is more successful than OLAM, is that while 
both ligands chemisorb to the surface of the nanoparticles, OLAC forms stronger 
monodentate carboxylate based bonding to surface sites of the transition metal oxide 
nanoparticles as compared to the (neutral) amine ligands.[133] This is further supported 
by the observation that post-treatment of the NRs with OLAM did not result in improved 
stability. After post-treatment Thermogravimetric analysis/mass spectrometry (TGA/MS, 
Figure S5) showed a clear increase in surface coverage of post-treated compared to as-
synthesized SNRs (Table 2-1). From the weight loss and the average dimensions of the 
SNRs (L = 27.8 ± 2.6 nm and T = 3.4 ± 0.3 nm), measured from TEM images, the ligand 
density on the surface of as-synthesized SNRs was found to be around 2.3 molecules/nm2 
(see ligand density calculations in Supporting Information and Figure S5). Post-treated 
SNRs had a ligand density of approximately 2.7 molecules/nm2. The difference in ligand 
density also translated into an almost 1.0 nm larger interparticle spacing of neighboring 
NRs lying parallel, as observed in TEM images (1.2 ± 0.2 nm as-synthesized SNRs to 2.2 
± 0.3 nm post-treated SNRs). Moreover, the post-treatment raised the temperature at 
which the ligands were completely decomposed by 47 ºC. Hence, the enhanced thermal 
stability is attributed to a higher ligand density and, in particular, more monodentate 
bound carboxylates, which ensure higher dispersibility of brookite NRs.[131,133] 
Therefore, by coupling the post-treatment step with a scaled-up synthesis process, 
brookite NRs were synthesized which were better ligand capped so that van der Waals 
forces were better suppressed. 
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The presence of the vertically oriented brookite NRs imaged on the TEM grid in 
Figure 2-1h allowed us to estimate the relevant distances of closest approach for the 
calculation of van der Waals attractions between the inorganic cores. The cores were 
parallelepipeds with a square cross-section, for which theoretical expressions are 
available[143] (See van der Waals interactions calculations in the supporting information 
and Figure S6). Figure 2-2 shows calculated van der Waals interactions between short and 
medium NRs for three different relative orientations and using the Hamaker constants of 
anatase and brookite (solid and dashed lines, respectively). 

The results clearly show a significantly reduced attraction between the post-treated 
NRs. The strongest attractions occur when rods are perfectly aligned face-to-face, as 
expected. However, the calculated interactions are an overestimation as they assume 
perfectly smooth brookite cores with atomically flat interfaces. Any surface roughness 
would make the 'perfect' parallel approach between two rods much less efficient and 
reduce the actual van der Waals interactions (Figure S2).[144,145] Additionally, although 
parallel NRs experience remarkably larger van der Waals attractions, they are rare in an 
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isotropic rod dispersion since the majority of collisions will occur in more or less crossed 
and/or diagonal orientations resulting in less van der Waals attractions. 

Figure 2-2. van der Waals interaction potentials between two bare TiO2 NRs of anatase 
(solid lines) and brookite (dashed lines) phase, respectively, as well as schematic
representation of a single nanorod before and after post-treatment step with OLAC
molecules. In (a, b, and c) van der Waals potentials are calculated for short brookite and 
anatase NRs in which NRs encounter each other in parallel, diagonal, or crossed
configuration shown in blue, red and green colors, respectively. Two TEM micrographs
are presented which show the interparticle distances observed in this study. In (a) as-
synthesized SNRs are self-assembled while in (b), post-treated SNRs are self-assembled by 
depletion attractions. Panels (d, e, and f) are the same as (a, b, and c) but for MNRs of
brookite and anatase. Vertical black solid lines depict one and two times the effective 
ligand length of 1.5 nm while the vertical purple solid lines are corresponded to the
interparticle spacing observed in the linked TEM images. The reduced spacing in (a and
d) could possibly be linked to less ligand coverage around the as-synthesized NRs. (h) a 
sketch of proposed passivation of brookite NRs surface with OLAC molecules. Scale bars
in (a,b,d, and e) are 20 nm. 
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 Self-assembly of Brookite TiO2 NRs into Liquid Crystalline Phases onto 
a liquid interface 

In order to investigate the phase behavior of the TiO2 NRs, the toluene solvent of 
a dispersion of the NRs was allowed to evaporate, resulting in a self-assembled layer on 
top of an immiscible water phase. This technique to obtain a monolayer or multilayer 
assembly of colloidal crystals of NPs was made quite popular by the Murray 
group.[146,147] It has been shown that the static dielectric constant and surface tension 
of polar liquids utilized as subphases, can strongly direct the orientation of NCs 
superlattices formed on the liquid interface.[59,148,149] However, it should be mentioned 
that depending on the particular NP system, it is also possible that a 2D self-assembled 
layer also or instead forms on the toluene-air interface. Water, owing to its high polarity, 
high surface tension, and immiscibility with apolar inorganic solvents like toluene, was 
found to greatly enhance the formation of large horizontal liquid crystalline structures at 
the interface (Figure 2-3a and d) (for instance as compared to directly drying of the 
toluene droplets onto a TEM grid, results not shown). Nonhorizontal configurations of 
the TiO2 NRs were formed when OLAC was added to the system, while other parameters 
that could affect the final morphology such as subphase, temperature, dispersing solvent, 
and monodispersity were kept the same (Figure 2-3b, c, e, f). OLAC and other ligands 
can form micelles above the so-called critical micelle concentration (approximately 0.08 
M for OLAC in toluene) during the later stages of the drying process, which can induce 
depletion attractions between the colloidal NRs Figure 2-3.[150,151] Furthermore, these 
micelles could possibly be adsorbed onto the ligand layers and form ‘bilayers’.[152,153] 

 

Figure 2-3a and d show smectic LC layers for which the 1D crystalline order lies 
parallel to the local director of the rods in the plane of the TEM grid. For SA, 40.0 µL of 
NRs dispersion in toluene (4.0 mg/mL) was dropcast on to the water subphase (dispersion 
thickness was around 14.0 µm) and covered with a glass petri dish to slow evaporation. It 
is highly unlikely that the smectic layers, visible in Figure 2-3a and d, formed in bulk, but 
more likely either on the water surface and/or the toluene-air interface. For hard 
spherocylinders with effective aspect ratios of 4.8 (SNR) and 5.6 (MNR), the nematic to 
smectic transitions are at packing fractions of 0.50 and 0.47, respectively, although these 
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values are only an indication as they are for idealized monodisperse systems,[41] but  the 
experimental polydispersity, reported in Table 2-1, modifies the phase 
behavior.[27,43,154–157] As indicated in Figure 2-3d and Figure S7b and c, defects such 
as edge dislocations, splay distortions, domains perpendicularly positioned with respect 
to the other layers, and point defects (e.g., interstitial NRs lying or standing between 
lamellae as transverse interlayer particle[27,45] or foreign differently shaped nanoparticles 
trapped as inclusions) can be observed. At lower concentrations of both SNRs and MNRs 
(1.0 mg/mL), only short-ranged local smectic ordered layers with the rods parallel to the 
grid were observed (Figure S7d). However, interestingly, by increasing the NR 
concentration up to 8.0 mg/mL, regions of vertically aligned NRs were found among 
horizontally aligned smectic layers. These were ordered occasionally with hexagonal 
symmetry or randomly packed similarly to structures observed for smectic-A phases 
(Figure S7e and f). Although we cannot presently prove this, we think it is likely that the 
vertically aligned layers were nucleated in bulk and were then oriented with the particles 
perpendicular to the TEM grids and liquid interface. 
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Figure 2-3. TEM micrographs of short and medium brookite NRs self-assembled at a 
liquid/air interface. (a) short NRs in a large smectic liquid crystalline domain formed
without adding depletant. (b and c) Hexagonal superlattices of vertically aligned short NRs
formed with added OLAC. Inset in (b) shows the corresponding FFT pattern. In (c) NRs
have a tilted orientation, similar to rows of fallen dominoes (yellow arrows). (d) medium
NRs in a large smectic liquid crystalline domain formed without adding depletant,
demonstrating crystalline structural defects such as edge dislocations and interstitial defects.
(e and f) medium NRs vertically aligned in tetragonal superlattices (see the corresponding
FFT in e) with expanded ligand shell due to the addition of OLAC and formation of the 
bilayer at the NRs surface. (f) Tilted rods are observed in medium NRs similar to short
NRs. (g) a sketch of proposed effective shape and aspect ratio and resulting influence on
stable hexagonal superlattices for SNRs and tetragonal superlattices for MNRs. Scale bars 
in (a and d) are 100 nm and in (b, c, e, f) 50 nm. 
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Based on the shape of the inorganic core of the brookite NRs, we also investigated 
the role of the core shape on the ordering inside the smectic layers; examples of which 
can be seen in Figure 2-1h and Figure S7g. Brookite NRs are parallelepipeds growing 
along [001] direction while they are confined between {120} facets. Therefore, a 
rhomboidal shape could be recognized as the brookite core cross-section when the rods 
were imaged standing up on the TEM grid. The observed interparticle spacing for post-
treated SNRs was around 2.2 nm, which was less than twice the length of the capping 
molecules (~ 3.0 nm). This spacing is a lower boundary as we assume the nanorods are 
standing perfectly straight and exactly parallel. If either of these conditions is not met, the 
projected distance becomes less than the actual local distance between the brookite 
surfaces. Nevertheless, the ligand shell was still relatively long in comparison with the 
diameter of these SNRs, giving them approximately a spherocylinder shape when the 
‘cloaking’ effect of the softer ligand shell is taken into account and hence superlattices 
with hexagonal symmetry formed.[136] It is worth noting that if these had been truly 
hard/sharp parallelepipeds then different close-packed structures would be 
predicted.[158] We observed (Figure 2-1 and Table 2-1) that during the size tuning step, 
not only do these parallelepipeds grow longitudinally, but they also become slightly 
thicker. Therefore, we investigated if this thicker core influences the symmetry in the 
smectic layers. As expected, at a higher concentration for the MNR system, small bundles 
of vertically aligned MNRs formed with a tetragonal symmetry, because the thickness of 
the MNRs cores was almost 1.5 times larger compared to the SNRs making the effective 
cross section of the MNRs much more square (Figure 2-3g). The interparticle spacing was 
around 2.5 nm (see Figure S7h and Table 2-1), but because this is a projected distance it 
is a lower limit of the local distances between the NRs. 

In earlier SA experiments that were performed with a similar NR system on an 
ethylene glycol interface, it was found that SA into regularly structured smectic and 
smectic-like arrangements was only found to occur when an excess of OLAC was present 
in the NR dispersion.[159] This was attributed to a depletion-induced attraction that was 
necessary to induce SA. This is contrary to our finding using a water surface and is also 
not what is expected, as SA into smectic phases will also occur with more-or-less hard 
rods, except at higher volume fractions. Nevertheless, we studied the effect of OLAC 
micelles on the SA for our rods and observed large self-assembled structures with 
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maximum packing density and hexagonal and tetragonal symmetries for SNR and MNR 
systems, respectively (Figure 2-3b and e). However, there were noticeable increases in the 
interparticle spacings: 2.7 nm and 3.6 nm for the SNR and MNR systems, respectively, 
where the values for post-treated NRs without excess OLAC ligands were 2.2 nm and 2.5 
nm, respectively. The excess OLAC ligand molecules clearly expanded the ligand shell 
around the NRs. Thus, the softness of these NRs increased. Nevertheless, the hard core 
for the MNR system was still found to determine a tetragonal symmetry in the smectic 
layers standing perpendicular to the TEM grids. This fact was also observed in simulations 
for hard parallelepipeds.[153] Under the same experimental circumstances where 
vertically oriented self-assembled NRs were found, some large domains of slightly tilted 
structures were always observed, similar to rows of dominoes fallen into a certain 
direction, which were also found in the literature before (Figure 2-3e and f).[134,150,159] 
Also, several other structures of interest were sometimes spotted such as overlapping 
bilayers of upstanding NRs with unique patterns, different vortexes, and linear ‘rail-track’ 
structures which are commonly observed in inorganic LCs and can be observed with their 
details in Figure S7.[59,160] 

 

 Liquid Crystalline Phase Behavior in Bulk 
To examine the formation of various liquid crystalline phases in bulk, two 

dispersions were investigated (see Table 2-1): 1) Dispersion I from as-synthesized SNRs 
(ca. 25 vol.%) and 2) Dispersion II from post-treated SNRs (ca. 32 vol.%). Both 
dispersions were prepared from SNRs with an effective aspect ratio of 4.8 in which the 
effective ligand length of 1.5 nm was taken into account. 

For dispersion I, the gel formation became evident from ca. 4.5 vol.% upward due 
to insufficient surface passivation of the NRs. A gentle shaking of this sample still could 
induce a transient birefringence, seen with the sample between crossed polarizers (Figure 
S4b), indicating that shear induced alignment and relaxation to an isotropic state were 
still possible. Although at low volume fractions dispersion I exhibited flow birefringence 
with relatively fast relaxation times up to a few seconds, at higher volume fractions (nearly 
25 vol.%) the dispersion was highly viscous and relaxation became very slow (on the 
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order of a few days). In literature, it has been observed that heating may increase the 
stabilizing effect of ligand layers also for rod-like systems.[72,77,135] We similarly found 
that by increasing the temperature to around 65 ºC dispersion I underwent the isotropic 
to nematic transition. Figure 2-4a-c shows POM images of dispersion I sheared between 
two glass slides. 
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Large brightly birefringent domains with typical nematic Schlieren textures are 
clearly observed. Transmitted light is completely blocked when the sample is oriented at 
45º with respect to the polarizer axis (Figure 2-4a-c). The orientation, size and direction 
of domains with a locally similar orientation could simply be manipulated by applying 
rotational or uniaxial shear forces with shear rates applied on the order of half a second. 
As a result of rotational shear forces, a large disclination defect with strength +1, seen by 
4 dark radial brushes (Figure 2-4a), annealed out the strain caused by the shear stress via 
bending the nematic director around.[160] As presented in Figure 2-4i, we also performed 
preliminary measurements using an external electric field (2.5 V/µm, 1 kHz). Such a field 
could induce a nematic LC phase reversibly in an isotropic liquid dispersion of the SNRs 
in dispersion II at 32 vol.%, thus creating a para nematic phase (see movie in 
Supplementary Information). It was also possible to affect the direction of the LC director 
in dispersion I (25 vol.%) where the gelled rest state was already a nematic. A full study 
of the phase behavior of this titania based LC forming model system will be presented in 
an upcoming paper with a focus on optical applications of this tunability. 

Figure 2-4. Crossed polarized images of dispersion I and II distinguish between isotropic (dark)
and birefringent liquid crystalline phases. (a-c) large bright birefringent domains with typical
nematic Schlieren texture from a few droplets of dispersion I placed between two glass slides and
viewed between an LCD monitor and a polarizing sheet. The orientation of domains is simply
manipulated by applying rotational shear forces (yellow arrows in a); and (b and c) A large nematic
domain completely transmits or blocks light when it is oriented at 45º or 0º with respect to the
polarizer axis, respectively. (d) a sedimenting sample of dispersion II in a capillary with three
distinct regions. From top to bottom: (e) homogeneous nematic tactoids floating in isotropic fluid;
(f) coexistence of nematic tactoids and smectic-A LC phase showing sharped-edge focal-conic
Schlieren patterns; (g) a striated liquid crystalline texture with the highest packing density
belonging to smectic-B and/or crystal phase. (h) a typical homogeneous tactoid formed in a
sedimenting sample of dispersion II exhibiting a uniform change from the highest brightness to a
perfect extinction when it is rotated from 45º to 0º relative to either of the polarizers (in the picture
from left to right). (i) A large induced nematic-like domain formed from the isotropic dispersion
II after an alternating current (2.5 V/µm, 1kHz) was applied across a gap in the indium tin oxide
(ITO) substrate. Inset in h shows that the sample is transparent in unpolarized light. The scale bar
in (a,b,c) is 1 cm, in (c-inset) is 2.5 cm, in (d) is 500 µm, in (e, f, g) is 50 µm, in (h) is 10 µm, and
in (i) is 150 µm 
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In dispersion II with an initial concentration of 32 vol.% we observed equilibrium 
phase behavior reminiscent of that of hard rods as a result of post treatment of the rods 
(Figure 2-4d-h). Dispersion II was initially in an isotropic fluid state and was optically 
transparent as is expected for hard spherocylinders with an aspect ratio of 4.8 (Figure S4c 
and d). Figure 2-4d shows a POM image of the capillary after resting vertically for 15 days 
and demonstrates how the formation of a sedimentation equilibrium affected the phase 
behavior.[161] When the increased diffusional flux upwards created by the osmotic 
pressure increase balances the settling flux, an equilibrium concentration profile has 
formed in the gravitational field.[27,49,161] Although the unequivocal assignment of the 
various LC phases visible requires more detailed characterization techniques such as small-
angle X-ray scattering (SAXS), here different types of LC phases were identified based 
upon comparing their LC textures to the predictions of computer simulations on the 
phase behavior of hard rods.[28,62,71,73,74] As shown in Figure 2-4e, nematic droplets, also 
known as tactoids, were seen to nucleate and freely float in the isotropic phase in the 
upper part of the capillary.[162] Owing to their anisotropic surface tension these tactoids 
were initially quite elongated with a fairly large aspect ratio of around 4.0 and thus almost 
needle-like with lengths less than 5 µm. Most of these gradually changed into prolate 
Figure 2-4h, a typical tactoid exhibited a uniform change from bright to perfect extinction 
when rotated from 45º to 0º relative to either of the polarizers, indicating that the tactoid 
was homogeneous with a uniform director field.[162] Further down, the volume fraction 
was higher and coalescence of the tactoids and formation of a biphasic region can be seen 
(Figure 2-4f). These elongated domains, nearly similar to chains of multiple tactoids, 
primarily showed nematic-like textures. During the tactoids’ growth by coalescence, the 
elongated domains altered their morphologies resulting in sharp edges and birefringence 
induced interference colors due to variations in the thicknesses inside the domains. These 
sharped-edge focal-conic-like patterns are the characteristic texture of smectic.[27,49,163] 
Eventually, a striated LC texture was distinguished at the lowest part of the capillary 
belonging to the highest volume fraction which was quite distinctive from the texture of 
a smectic-A phase (Figure 2-4f). Based on the observed liquid crystalline structures with 
hexagonal ordering, two-phase coexistence of smectic-B and crystal at the bottom of the 
capillary might be still possible (Figure 2-4g). We surmise that although we have a 
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polydispersity of ca. 10% in length of the TiO2 NRs, length fractionation and 
sedimentation-induced macroscopic separation still could provide a possibility to form a 
crystal phase as well.[27,157] Nevertheless, more detailed X-ray diffraction studies are 
required to further investigate the intriguing phase behavior. 

 Conclusions and outlook 
In summary, brookite TiO2 NRs were synthesized in a scaled-up version of a 

literature method[110] to such an extent that the liquid crystalline phase behavior of the 
resulting NRs dispersions could be investigated. These NRs are small enough not to 
strongly scatter light, but their high refractive indexes and anisotropies can be utilized to 
manipulate (polarized) light. We investigated various self-assembled liquid crystalline 
structures formed onto a liquid interface and in bulk by TEM and POM techniques. The 
NRs were highly crystalline, mainly composed of the brookite phase with tunable aspect 
ratios between 4.8 to 8.5. Longer brookite NRs were found to become slightly bend 
(roughly above a length of 50.0 nm and an aspect ratio of 6.0). We found that saturating 
the brookite NRs interface with OLAC ligand in a post-treatment step was crucial to 
minimize the detrimental effects of destabilizing attractions between the NRs, which is 
quite important for use of these systems in applications. Self-assembled structures of the 
brookite NRs were qualitatively similar to the nematic and smectic liquid crystalline 
phases predicted for hard rod-shaped particles as the attractions were minimized. 
Additionally, we could observe that the ordering within the smectic layers could be tuned 
from hexagonal to tetragonal (which reflects the shape of the brookite cores) by playing 
with the masking effects of the softer ligand outer layer with respect to the harder core 
dimensions. Finally, in preliminary experiments on the use of shear or an external electric 
field we showed that when attractions between the rods were minimized (para) nematic 
ordering could be reversibly induced in isotropic dispersions, while in dispersions that 
were already in an LC phase could be also easily oriented and switched. In follow up work 
we intend to use the possibilities that this nice model system provides in optical 
applications where the changes in the effective refractive index of the dispersion will be 
manipulated by external electric fields (e.g. by changing the orientation of the rods and/or 
the local concentration by (di)electrophoresis).[164] Additionally, we intend to structure 
these NR LC phases into droplets as well (as we already did earlier with much larger silica 
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rod-based systems also using external electric fields),[165] which would even significantly 
enlarge the possibilities to arrive at switchable optical devices such as lenses and 
diffusers.[166] 

 

 Experimental 

 Materials and modified synthesis method 
Monodisperse brookite titanium dioxide (TiO2) NRs were synthesized following a 

slightly modified and scaled-up version of the synthesis as described by Murray et 
al.[109,110] (for details, see Modified synthesis method in Supporting Information).  

 Post-treatment of brookite NRs 
As-synthesized brookite NRs dispersed in toluene were mixed with OLAC in a 1:5 

volume ratio, heated at 75 °C under vacuum, degassed for 15 minutes, and stirred under 
nitrogen overnight similar to the literature reported for iron oxide nanoparticles.[131] The 
resulting NRs were collected by precipitation with the antisolvent ethanol, centrifugation 
at 8000 rcf for 5 minutes and re-dispersion in toluene. This post-treatment procedure was 
repeated twice and ultimately the highly sterically stabilized brookite NRs were re-
dispersed in toluene in dilute dispersions. Dispersions with the desired concentration were 
prepared by careful solvent evaporation. In the case of SNRs, concentrated dispersions of 
as-synthesized SNRs and post-treated SNRs were referred to dispersion I and dispersion 
II, respectively. (see Table 2-1) 

 Self-assembly 
The liquid interfacial assembly of two-dimensional superlattices was performed by 

following the procedure as previously described in the literature.[146] In a typical process, 
brookite NRs from dispersion II in toluene (40.0 µL with concentration of 4.0 mg/mL) 
was dropped onto the surface of the water subphase in the glass petri dishes (30.0 mm in 
diameter and was half-filled with water) and slowly dried by placing a bigger glass petri 
dish over it. In the case of depletion mediated superlattices, OLAC (5.0 µL) was mixed 
with brookite NRs dispersion (5.0 µL with concentration of 5.0 mg/mL) in a vial of 
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toluene (400.0 µL). The mixture was sonicated for 5 minutes and 40.0 µL of the dispersion 
was dropcast on the water subphase. Once the NRs dispersion on the interface was fully 
dried to form the self-assembled layers, resulting films were transferred to carbon-coated 
300 mesh copper TEM grids (Agar Scientific). The TEM grids were further dried in a 
vacuum chamber to remove residuals and used for microscopy analysis. To investigate 
liquid crystalline textures of self-assembled domains in bulk, a sedimentation experiment 
was performed as previously reported by Kuijk et al.[27] Briefly, a glass capillary (0.2 × 
2.0 × 60.0 mm3, Vitrocom) was filled with SNRs from dispersion II with an initial volume 
fraction of 32 %, effective length L = 30.8 nm, diameter D = 6.4 nm, and an aspect ratio 
of 4.8, in which the ligand length of 1.5 nm was taken into account. Then, the capillary 
was sealed using a two-component epoxy glue (Bison Kombi rapid) and left vertically to 
sediment. For dispersion I, at high concentrations (volume fraction of 25 %) a highly 
viscous mixture was observed due to the vdW attractions. Thus, the waxy state was 
suppressed by heating the sample on a hotplate and dropping the melted mixture between 
two microscope glass slides to investigate the LC effect by polarizing microscopy. 

 Characterization 
X-ray diffraction analysis (XRD) was performed using a Bruker-AXS D2 Phaser X-

ray diffractometer with Co Kα radiation (λ = 1.79026 Å) operated at 30 kV and 10 mA. 
Thermogravimetric analysis−mass spectrometry (TGA-MS) was performed using a 
PerkinElmer Pyris1 TGA. This technique was utilized to determine the pure inorganic 
(naked brookite SNRs) loadings and to verify the presence of organic ligands, which 
contributed to a mass loss at 350−500 °C and speci«°c MS peaks. Two samples (5–10 mg) 
were prepared from the same batch of SNRs with aspect ratio 4.8, one of had been post-
treated. For TGA measurements, samples were initially held at 150 °C to dry out the 
remaining water for 30 minutes which was followed by heating to 800 °C in an air or 
argon flow at a rate of 10 °C/min. TGA measurements were performed in duplicate. 
Transmission electron microscopy and selected area electron diffraction (SAED) of the 
brookite NRs were performed on an FEI Tecnai 20 electron microscope operating at 200 
kV. The crystalline structures of the brookite NRs were measured by a high-resolution 
transmission electron microscope (FEI-Talos F200X electron microscope). Typically, at 
least 100 particles were counted to calculate the brookite NRs size distribution and 
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polydispersity index. Polarized optical microscopy (POM) was performed with a Leica 
DM2700P microscope equipped with crossed polarizers and images were recorded with 
a Nikon Z6 camera. 
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 Supporting information 

 Materials 
Titanium(IV) chloride (TiCl4, 99%), oleylamine (OLAM, 70%), oleic acid (OLAC, 

90%), 1-octadecene (1-ODE, 90%), isopropanol, acetone, toluene were purchased from 
Sigma Aldrich and used as received. Ultra-pure water (Millipore systems) was used as a 
subphase for the self-assembly experiments at a liquid-liquid interface. All synthesis 
procedures were carried out either in an inert atmosphere using a standard Schlenk line 
setup or in a glove box. 

 Modified synthesis methods 
In a typical synthesis of brookite NRs, OLAC (5.0 mL), OLAM (100 mL), and 1-

ODE (100 mL) were mixed in a three-neck round-bottom flask and heated at 120 °C for 
1 hour. Afterward, the flask was cooled down under vacuum to 60 °C, followed by 
switching to nitrogen and the swift addition of a stock solution of TiCl4 (15.0 mL), which 
was prepared in the glove box and consisted of TiCl4 (0.2 M) and OLAC (1.0 M) in 1-
ODE. Then, the solution was heated to 290 °C (heating ramp of ∼20 °C min−1) and held 
for 30 minutes to form anatase seeds. After seed formation, based on the desired length 
of the final brookite NRs, various amounts of stock solution were added to the solution 
by employing a KDS syringe pump system at a rate of 0.25 mL min−1. Here, to obtain 
short brookite NRs (inorganic size of 27.4 nm in length and 3.4 nm in thickness) and 
medium-sized brookite NRs (inorganic size of 42.2 nm in length and 5.1 nm in thickness), 
10.0 mL and 50.0 mL of the stock solution were injected, respectively. In the case of long 
brookite NRs, the concentration of the main batch, stock solution, and also the injection 
rate were changed. Initially, the main batch (a mixture of OLAC (1.9 mL), OLAM (51.0 
mL), and 1-ODE (12.0 mL)) was degassed at 120 °C for an hour. Then, it was cooled down 
under vacuum to 60 °C, and switched to nitrogen. In this step, (1.5 ml) from a new stock 
solution (consisted of TiCl4 (0.5 M) and OLAC (1.0 M) in 1-ODE) was quickly added to 
the main batch and then (15.0 mL) of the same stock solution was injected dropwise by 
using a KDS syringe pump system over the course of 150 minutes at 290 °C. The heating 
mantle was then removed and the flask was allowed to cool to room temperature. Excess 
ligand and unreacted precursors were removed from the crude reaction product initially 
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by centrifugation at 6000 rcf for 10 min and then by redispersion and precipitation of the 
NRs using toluene and ethanol as a solvent/antisolvent pair. We chose toluene as a solvent 
in purification steps since it has a high refractive index which reduces the van der Waals 
attractions between the rods and also is a good solvent for OLAC. It has been shown that 
hexane has higher miscibility with oleic acid than toluene and can strip ligands off in the 
presence of antisolvent, while in toluene ligands prefer to remain at the surface of the 
NPs.[126] In the case of MNRs and LNRs, a size-selective precipitation process was needed 
to improve the length monodispersity. Therefore, the NRs were dissolved in toluene and 
acetone was added gently to the dispersion until the mixture became turbid. The mixture 
was then centrifuged at 3400 rcf for 5 min to isolate the nanocrystals as a precipitate. The 
supernatant was discarded and the length polydispersity improved for MNRs and LNRs 
up to 10.3% and 12.6%, respectively. Finally, the precipitates were redispersed in toluene 
at the desired concentration and will be referred to as-synthesized brookite NRs. 

 Nanorods formation mechanism 
TiO2 seeds were initially formed as a result of injecting the stock solution of TiCl4 

into the mixture of degassed solvents and surfactants. In the first step, OLAC reacted 
quickly with TiCl4 which generates yellow titanium carboxylate complexes and 
hydrochloric acid.[167] Within the first time interval at 290 ºC, aminolysis of titanium 
carboxylates occurred progressively in presence of surfactants leading to active monomers 
by hydroxylating of titanium (Cl3Ti-OH), with concomitant release of oleyl amide as a 
byproduct.[109,141,168] Afterward, the monomers accumulated gradually to form the 
oxide network, forming the seeds, which follows classical nucleation theory.[169] 
Although in the original protocol anatase seeds were formed within 10 minutes at 290 ºC, 
we found it necessary to hold the reaction at this temperature for 30 minutes to obtain 
monodisperse nanorods in larger quantities in the end. Therefore, seed nanocrystals were 
grown more uniformly to almost 15 nm in length (Figure S1) before they were grown to 
the size of interest in the size tuning step. As argued in the literature, initially formed 
anatase seeds trigger heterogeneous nucleation of brookite and promote subsequent 
growth of the nanorods in the brookite phase via a self-regulated phase-switching seed-
catalyzed mechanism.[141] At the synthesis temperature, bulk rutile has been reported to 
be thermodynamically favorable compare to bulk anatase with a small Gibbs free energy 
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difference (2.01 kJ/mol at 563 ºK).[170] Although already thermodynamic measurements 
have been performed on nano-sized phases of TiO2,[171,172] the Gibbs free energies and 
the surface tensions for NPs as a function of shape with different crystal facets and carrying 
a surfactant are not known. Moreover, it is also not known if the shapes that are grown 
are local equilibrium structures or are (partially) also determined by kinetic factors and 
thus out-of-(local)equilibrium. We refer here to 'local' thermodynamic quantities 
knowing that all these NPs are certainly out-of-equilibrium with respect to one bulk phase 
of the same material. Nevertheless, Zhang and Banfield have shown that the 
transformation sequence among anatase, brookite, and rutile is size-dependent since the 
energies of the three polymorphs are sufficiently close that they can be reversed by small 
differences in surface energy. Their experimental evidence confirmed a crossover from 
anatase to brookite nanoparticles around 14 nm which is in a qualitative agreement with 
results presented in our work (Figure S1 and Figure S2).[141,171,173,174] Therefore, in 
addition to the thermodynamic arguments, we believe that differences in surface energy 
and kinetic factors such as surfactants contents could potentially change the relative 
stability of TiO2 polymorphs within the reaction. 

 

Figure S1. TEM micrographs of anatase seeds formation in different time intervals 
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Figure S2. (a) HRTEM micrograph of MNRs showing a brookite core that does not 
have atomically flat interfaces. Surface roughness and some defects have been magnified 
for clarity and depicted with yellow arrows. Also, the MNRs in (a and b) become 
increasingly curved while still maintaining a single crystalline nature, and the longer the 
NRs were grown, the higher the curvature that was observed. In the case of LNRs (c), we 
could also observe some NRs with opposite curvatures in both sides due to some residual 
strain remained after the solid state phase transformation from anatase to brookite. 

 



 

 
Chapter 2 

40 

2 

 

Figure S3. XRD patterns of synthesized anatase seeds and brookite NRs. Bragg 
peaks at 29.5°, 46.4°, 56.0°, 64.6°, 66.1°, and 75.6° indicate the existence of the anatase 
phase of TiO2 (tetragonal, space group I41/amd, JCPDS No.01-086-1155). Due to low 
shape anisotropy in anatase seeds along the [001] direction, the intensity of the (004) peak 
is still slightly lower in comparison with that of the (200) peak which could increase by 
more anisotropic growth of anatase rods in their length.[141,168,175] XRD analyses clearly 
show the occurrence of new Bragg peaks at 35.9º, 42.3º, 43.5º, 49.7º, 56.8º, 64.9º, and 
75.5º which are characteristic for the brookite structure (orthorhombic, space group Pbca, 
JCPDS No.029-1360). Furthermore, due to phase transformation from tetragonal to 
orthorhombic, a shift is observed of the anatase Bragg peak at 46.4° to 42.3°, which is 
matched with {201} planes in brookite and is in a nice agreement with HRTEM images 
(Figure S2 and Figure 1). 
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Figure S4. Dispersions of SNRs with an effective length L = 30.8 nm (σL = 9.6 %), 
diameter D = 6.4 nm (σT = 8.7 %), and aspect ratio of 4.8, in which the ligand length of 
1.5 nm was taken into account. (a) as-synthesized SNRs and a 10.0 vol.% dispersion of 
them after purification step in toluene formed as a gel. (b) the same sample as (a) but at 
4.5 vol.% volume fraction showing flow birefringence between cross polarizers. (c and d) 
post-treated SNRs at two different volume fractions of 10.0 vol.% and 32.0 vol.%, 
respectively. (e) a sedimenting sample of the same sample as (d) known as dispersion II 
in a capillary which was left standing vertically for 15 days to observe how the liquid 
crystalline phases formed in the sedimentation equilibrium. A transparent isotropic phase 
is observed near the top of the capillary, while the decreasing transparency down the 
height of the capillary indicates that denser liquid crystalline domains are formed. The 
capillary was sealed using a two-component epoxy glue on the both sides. 

  



 

 
Chapter 2 

42 

2 

Figure S5. TGA/MS plots of as-synthesized and post-treated SNRs. (a) The 
decomposition of organic ligands occurred in an Argon atmosphere. The MS signals are 
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correlated to the decomposition of OLAM and OLAC to various hydrocarbon ions. The 
origin of the strongest signal with m/z value of 16 could be NH2 and CH4 from the 
decomposition of OLAM and OLAC.[176] Moreover, three other fragments were 
detected, including CH4N, C2H3N, and C2H5N with m/z values of 30, 41, and 43, 
respectively, indicating the degradation of OLAM into fragments of various sizes.[177,178] 
In addition to CH4N, the peak at m/z value of 30 could also attribute to oxidized carbon 
species such as CH2O.[179] Other fragments such as C2H4O, CH4N2, CONH2 may 
correspond to peak at m/z value of 44 and C4H7 to peak at m/z value of 55.[176,179] 
Thus, based on the TGA curve and MS signals, we could clearly see that OLAC and OLAM 
were both strongly attached to the surface of TiO2 NRs and almost 0.39 mg of ligand has 
bound per 1.0 mg TiO2 NRs. (b) The decomposition of organic ligands occurred under 
an airflow showing the CO2 as the main fragment detected with an m/z value of 44. The 
weight losses of 24.0% and 27.2% are observed for as-synthesized and post-treated short 
brookite NRs, respectively.  

 

 Ligand density calculations  
In order to do these calculations for short brookite NRs based on the TGA results, 

the following circumstances are considered: 

• Short brookite NRs are considered as parallelepipeds with two equal short edges (𝑎 = 𝑏) 
and one long edge (c): 𝑉௦௜௡௚௟௘ ேோ = 𝑎ଶ × 𝑐 = 323.68 × 10ିଶ଻𝑚ଷ 𝑆௦௜௡௚௟௘ ேோ = 2(𝑎ଶ + 𝑎𝑐 + 𝑎𝑐) = 403.92 × 10ିଵ଼𝑚ଶ 

Where 𝑎 = 𝑏 = 3.4 𝑛𝑚, 𝑐 = 28.0 𝑛𝑚 

• For as-synthesized short NRs, 5.524 mg of naked brookite NRs is left after TGA 
measurements. Considering 𝜌௕௥௢௢௞௜௧௘ = 4.13 𝑔/𝑐𝑚ଷ, thus: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡 𝑏𝑟𝑜𝑜𝑘𝑖𝑡𝑒 𝑁𝑅𝑠 = 𝑉௧௢௧௔௟𝑉௦௜௡௚௟௘ ேோ = 4.134 × 10ଵହ 

𝑆௧௢௧௔௟ ௙௢௥ ௔௦ି௦௬௡௧௛௘௦௜௭௘ௗ ௦௛௢௥௧ ேோ௦ = 1.669 𝑚ଶ  
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𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑖𝑔𝑎𝑛𝑑 𝑏𝑢𝑟𝑛𝑡 𝑖𝑛 𝑇𝐺𝐴 = 𝑂𝐿𝐴𝐶 + 𝑂𝐿𝐴𝑀 = 1.741 𝑚𝑔 

By considering the equal distribution of two types of ligands on the surface of the 
NRs (50% 𝑂𝐿𝐴𝐶 + 50% 𝑂𝐿𝐴𝑀) and 𝑀௪,ை௅஺஼ = 282.46 𝑔, 𝑀௪,ை௅஺ெ = 267.49 𝑔, and 𝑁஺ =6.02 × 10ଶଷ: 

𝜌ቀ௟௜௚௔௡ௗ ௠௢௟௘௖௨௟௘௦௡௠మ ቁ =  3.815 × 10ଵ଼ 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠1.669 × 10ଵ଼ 𝑛𝑚ଶ = 2.3 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠𝑛𝑚ଶ  

• For post-treated short NRs, 4.732 mg of naked brookite NRs is left after TGA 
measurements. Thus: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡 𝑏𝑟𝑜𝑜𝑘𝑖𝑡𝑒 𝑁𝑅𝑠 = 𝑉௧௢௧௔௟𝑉௦௜௡௚௟௘ ேோ = 3.541 × 10ଵହ 

𝑆௧௢௧௔௟ ௙௢௥ ௣௢௦௧ି௧௥௘௔௧௘ௗ ௦௛௢௥௧ ேோ௦ = 1.430 𝑚ଶ  𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑖𝑔𝑎𝑛𝑑 𝑏𝑢𝑟𝑛𝑡 𝑖𝑛 𝑇𝐺𝐴 = 𝑂𝐿𝐴𝐶 + 𝑂𝐿𝐴𝑀 = 1.763 𝑚𝑔 

By considering the equal distribution of two types of ligands on the surface of the 
NRs (50% 𝑂𝐿𝐴𝐶 + 50% 𝑂𝐿𝐴𝑀) and 𝑀௪,ை௅஺஼ = 282.46 𝑔, 𝑀௪,ை௅஺ெ = 267.49 𝑔, and 𝑁஺ =6.02 × 10ଶଷ: 

𝜌ቀ௟௜௚௔௡ௗ ௠௢௟௘௖௨௟௘௦௡௠మ ቁ =  3.864 × 10ଵ଼ 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠1.43 × 10ଵ଼ 𝑛𝑚ଶ = 2.7 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠𝑛𝑚ଶ  

 

 van der Waals potentials calculations for square rods 
The van der Waals interactions between titanium dioxide nanorods with 

parallelepiped cross-sections were approximated by calculating the well-established van 
der Waals interactions between square cross-section rods (with perfectly flat faces) for 
three different configurations.[143] In the parallel square rods configuration (Equation 1), 
two rods are parallel with their length, flat faces toward each other. In the diagonal square 
rods configuration (Equation 2), the two rods are parallel with their length and edges 
facing each other. The angle between the flat faces and the vector between both particle 
edges is 45 degrees. In the crossed square rods configuration (Equation 3), the flat faces 
of the rods face each other but the long sides of the rods are at 90 degrees one to the 
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other. The schematic of the three configurations can be seen in Figure 2g in the main 
text. 

 

𝑉 = − 𝐴𝑙12 ൝(𝑤ଶ + 𝑑ଶ)యమ𝑤ଶ𝑑ଶ + (𝑤ଶ + (𝑑 + 2𝑡)ଶ)యమ𝑤ଶ(𝑑 + 2𝑡)ଶ − 2(𝑤ଶ + (𝑑 + 𝑡)ଶ)యమ𝑤ଶ(𝑑 + 𝑡)ଶ ൡ
+ 𝜋𝑞ଶ𝜆𝑙8 ൤ 1𝑑ଶ + 1𝑑 + 2𝑡 − 2𝑑 + 𝑡൨                                                                          (1) 

 

𝑉 =  − 𝐴𝑙24 ൝ 1𝑑𝑐𝑜𝑠ଶ𝜃𝑠𝑖𝑛ଶ𝜃 + 4ሾ(𝑞 + 𝑡)ଶ + (𝑝 + 𝑤)ଶሿయమ(𝑞 + 𝑡)ଶ(𝑝 + 𝑤)ଶ + ሾ(𝑞 + 2𝑡)ଶ + 𝑝ଶሿయమ(𝑞 + 2𝑡)ଶ𝑝ଶ + ሾ(𝑝 + 2𝑤)ଶ + (𝑞)ଶሿయమ(𝑝 + 2𝑤)ଶ(𝑞)ଶ
+ ሾ(𝑝 + 2𝑤)ଶ + (𝑞 + 2𝑡)ଶሿయమ(𝑝 + 2𝑤)ଶ(𝑞 + 2𝑡)ଶ − 2ሾ(𝑞 + 𝑡)ଶ + (𝑝 + 2𝑤)ଶሿయమ(𝑞 + 𝑡)ଶ(𝑝 + 2𝑤)ଶ− 2ሾ(𝑝 + 𝑤)ଶ + (𝑞 + 2𝑡)ଶሿయమ(𝑝 + 𝑤)ଶ(𝑞 + 2𝑡)ଶ − 2ሾ(𝑝 + 𝑤)ଶ + 𝑞ଶሿయమ(𝑝 + 𝑤)ଶ𝑞ଶ− 2ሾ(𝑞 + 𝑡)ଶ + 𝑝ଶሿ(𝑞 + 𝑡)ଶ𝑝ଶ ൡ                                                    (2) 

 

𝑉 = − 𝐴𝑤ଶ12 ൤ 1𝑑ଶ + 1(𝑑 + 2𝑡)ଶ − 2(𝑑 + 𝑡)ଶ൨                                                                                 (3) 
 

Where d is the closest distance between the surfaces of the particles, w and t are 
the dimensions of the rod’s sides at the cross-section (in our case, w equals t and can be 
found as thickness ‘T’ in Table 1 in the main text), l is the length of the particles, A is the 
Hamaker constant, p is dsinθ, q is dcosθ. θ is defined as the angle between the flat faces 
and the vector between both particle edges. 

The Hamaker constants of brookite and anatase titania where 50.11 kBT and 44.56 
kBT, respectively. The Hamaker constants were approximated via their refractive indexes 
and the expression for the symmetric case of two identical phases (Phase 1) interacting 
across a different medium (Phase 2) given by Equation 4 (in units of kBT):[145] 
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                          𝐴 =  34 ቆ𝑛ଵଶ − 𝑛ଷଶ𝑛ଵଶ + 𝑛ଷଶቇଶ + 3ℎ𝜈௘16√2𝑘஻𝑇 (𝑛ଵଶ − 𝑛ଷଶ)ଶ(𝑛ଵଶ + 𝑛ଷଶ)యమ                                                          (4) 
 

Where n1 and n3 are the refractive indexes of the two different phases, T is the 
absolute temperature, kB is the Boltzmann constant, νe is the plasma frequency of the free 
electron gas (often is taken to be equal to 3 × 1015 s-1) and h is the Plank constant. 

 

Figure S6. van der Waals interaction potentials between two bare long TiO2 NRs 
are plotted such that solid and dashed lines are associated with anatase and brookite phase, 
respectively (see Table 2-1 for more information about LNRs). The potentials are 
calculated for both long brookite and anatase NRs where NRs encounter each other in 
parallel, diagonal, or crossed configurations shown in blue, red, and green colors, 
respectively. 
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Figure S7. TEM micrographs of (a and b) large domains of post-treated SNRs and 
MNRs, respectively, formed in the smectic liquid crystalline structure onto a liquid 
interface. The samples’ concentration for SA was 4.0 mg/ml (see Table 1). (c) 
perpendicularly positioned domains with respect to other layers as crystalline structural 
defects magnified from the sample in (b) and depicted with a yellow box. Moreover, 
interstitial NRs lying or standing between lamellae as transverse interlayer particles or 
differently shaped nanoparticles trapped as inclusions can be seen. (d) short smectic tracks 
formed at lower volume fractions (initial SA concentration 1.0 mg/ml) of post-treated 
SNRs (e and f) vertically ordered domains of post-treated SNRs occasionally with 
hexagonal symmetry or randomly packed similarly to structures observed for smectic-A 
phases trapped between lying smectic domains with an initial SA concentration of 8.0 
mg/ml. (g and h) post-treated SNRs and MNRs in small bundles showing a rhomboidal 
shape for the inorganic core of brookite NRs imaged standing up on the TEM grid, 
respectively. (i) overlapping bilayers of hexagonally close-packed monolayers of 
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upstanding post-treated SNRs self-assembled by depletion attractions are shown which 
are shifted slightly with respect to each other and are observed simultaneously in 
transmission mode. (j) a vortex structure centered on one locally homeotropically ordered 
NR similar to a disclination of strength +1 that can be observed in nematic LCs.[160,180] 
(k) linear ‘rail-track’ self-assembled structures of post-treated SNRs occurred frequently 
when SA was induced by depletion attractions. These tracks were of different lengths, 
mostly on top of or near close-packed upstanding self-assembled structures. (l) linear rail 
tracks formed under the same conditions as (k) but for MNRs. Interestingly, these tracks 
could bend at relatively high angles (94 º degrees) without breaking, suggesting that an 
attractive force is at work and also that they might have been distorted by drying 
forces.[181] 

 

Supporting movie: 

Our preliminary measurements using an external electric field (2.5 V µm−1, 1 kHz). Such 
a field could induce a nematic LC phase reversibly in an isotropic liquid dispersion of the 
SNRs in dispersion II at 32 vol% and created a para nematic phase. 

https://drive.google.com/file/d/1OVcMvwRjP1ATj2Zc5KEht4Gjw63Jt0Zu/view?usp=sha
ring 
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3. Synthesis and Characterization of Anatase TiO2 
Nanorods: Insights from Nanorods’ Formation and Self-

Assembly 
 

 

Highly crystalline, organic-solvent-dispersible titanium dioxide (TiO2) nanorods (NRs) present 
promising chemicophysical properties in many diverse applications. In this paper, based on a 
modified procedure from literature, TiO2 NRs were synthesized via a ligand-assisted nonhydrolytic 
sol-gel route using oleic acid as the solvent, reagent, and ligand and titanium (IV) isopropoxide 
as the titanium precursor. This procedure produced monodisperse TiO2 NRs, as well as some 
semi-spherical titania nanocrystals (NCs) that could be removed by size-selective precipitation. X-
ray diffraction and selected area electron diffraction results showed that the nanorods were anatase, 
while the semipheres also contained the TiO2(B) phase. By taking samples during the particle 
growth, it was found that the average length of the initially grown NRs decreased during the 
synthesis. Possible reasons for this unusual growth path, partially based on high-resolution 
transmission electron microscopy (HRTEM) observations during the growth, were discussed. The 
dispersion of anatase TiO2 nanorods was capable of spontaneous formation of lyotropic liquid 
crystals on the TEM grid and in bulk. Considering high colloidal stability together with the large 
optical birefringence displayed by these high refractive index liquid crystalline domains, we 
believe these TiO2 NRs dispersions are promising candidates for application in transparent and 
switchable optics..
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 Introduction 
Nanocrystalline TiO2 has been receiving increasing attention in many applications 

such as optoelectronics [182], catalysis and photocatalysis (such as water splitting, air, and 
water purification) [78,86,87,109–112], solar energy conversion [57], gas sensing [91], and 
nanostructured coatings for biomedical implants due to its modified material properties 
and chemical reactivity at the nanoscale [183]. The literature on producing nanocrystalline 
titania is quite extensive, leading to TiO2 nanoparticles (NPs) in various sizes, 
morphologies, and crystalline phases in different yield scales [86,184]. Therefore, choosing 
an appropriate method to synthesize titania NPs consistent with the desired characteristics 
for the final application is of great importance. Among titania polymorphs that are 
commonly recognized, rutile is known to be thermodynamically the most stable phase 
for bulk material at standard pressure (1 bar) within the range 300–1000° K [185]. 
However, anatase and the less common brookite and titanium dioxide bronze phase 
(TiO2(B)), are also formed commonly at the nanoscale [171,174]. Though brookite and 
TiO2(B) are rarely observed in nature, their importance in photocatalysis, photovoltaics, 
and lithium-ion insertion has been recently recognized [186]. The transformation 
sequence among anatase, brookite, and rutile is size-dependent and their transformation 
into each other can be reversed even by slight differences in the surface energies [78]. In 
the case of TiO2(B), it can be nucleated directly from the solution as a metastable phase 
and tends to transform into anatase titania at temperatures above 800° K [187]. 

We are interested in the unique intrinsic properties of crystalline titania NPs, such 
as high refractive indexes, wide bandgap, and strong UV absorption with no light 
absorption in the visible part of the spectrum. Additionally, we want to benefit from the 
shape and orientation-dependent collective properties of these inorganic NPs in liquid 
crystalline states for optical applications, as such nanorod (NR) liquid crystal phases can 
be switched at lower field strengths than molecular counterparts [58,188]. Thus, we 
focused on titania NRs as colloidal anisotropic building blocks to not only benefit from 
their spontaneous liquid crystal (LC) formation but also to gain other advantages over 
spherical titania counterparts in terms of high surface-to-volume ratio, improved number 
of delocalized carriers, and enhanced charge transport provided by their anisotropic 
geometry for relevant research in optoelectronics and photocatalysis [93,94]. To achieve 
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crystalline titania NRs, solution-phase methods, and in particular non-hydrolytic sol-gel 
techniques, are well known to give precise control over particle size, shape, and 
polymorphic phases by employing structure-directing agents, i.e., ligand organic 
molecules. Furthermore, these ligand molecules offer general dispersibility in diverse 
organic solvents [92]. Therefore, preparation of concentrated dispersions of titania NRs 
is achievable, which is important for lyotropic liquid crystal formation [14,16]. Many 
reports by different research groups such as Colvin et al. [189], Moritz et al. [190], 
Alivisatos et al. [191], Niederberger et al. [192], Vioux et al. [193,194], Han et al. [168], 
Cozzoli et al. [93,141,195], Murray et al. [92,109,110], and Hyeon et al. [175,196] have 
been devoted to the optimizing and understanding of titania NRs synthesis via non-
hydrolytic sol-gel methods. In all of those experiments, the TiO2 NRs are formed via 
hydrolysis and condensation reactions. In these reactions, the oxygen for the oxide NPs 
formation is provided by the solvent (ethers, alcohols, ketones, or aldehydes) or by the 
organic constituent of the precursor (alkoxides or acetylacetonates) [194,197]. Along with 
that, several key condensation reactions are proposed depending on the precursor and 
solvent in the reaction system such as alkyl halide elimination by a titanium alkoxide and 
a titanium halide reaction [191,193,196], ester elimination between titanium carboxylates 
and titanium alkoxides reaction [175,194], and ether elimination by two titanium 
alkoxides reaction [198]. 

Herein we report a synthesis route, based on a modified procedure from the 
literature [175], to produce titanium dioxide NRs from ultrathin NRs via a ligand-assisted 
nonhydrolytic sol-gel pathway in which the ligands (oleic acid, OLAC) also acted as the 
solvent and reagent. The used synthetic procedure also produced semispherical 
nanocrystals (NCs), but these could be removed from the NRs by size-selective 
precipitation. A possible formation mechanism for the ultrathin NRs, morphological 
evolution, and accompanying NCs is discussed as it was observed that the initial nanorod 
length was seen to decrease after the first 10 min of synthesis. Moreover, we showed that 
the anatase NRs we obtained were monodisperse enough to spontaneously self-organize 
into inorganic smectic liquid crystal phases on the TEM grid and in bulk, making them a 
promising candidate for LC-based optoelectronic applications.  

 



 

 
Chapter 3 

64 

3 

 Results and Discussion 

 Growth Mechanism of TiO2 Nanocrystals 
Titanium dioxide nanocrystals (NCs) were synthesized following a slightly 

modified synthesis method as described by Joo et al. [175] where oleic acid (OLAC) was 
used as the solvent, reagent, and ligand [55]. Our modifications were mainly related to 
the reduced precursor amounts and lowering the reaction temperature from 270 °C to 
250 °C to control the reaction temperature fluctuations and foam expansions. Figure 3-1 
shows the as-synthesized TiO2 NCs characterized by TEM and high-resolution TEM 
(HRTEM) images. As can be seen in Figure 3-1a, as-synthesized TiO2 NCs mostly consisted 
of nanorods (NRs) with various lengths as well as some semispherical NCs. To effectively 
separate the TiO2 NRs specifically in terms of their length to obtain the desired 
polydispersity index (standard deviation divided by mean length), size-selective 
precipitation, or more correctly aggregation, was performed on the TiO2 mixture. This 
well-known purification technique is mainly based on the magnitude of the van der Waals 
attraction forces between particles which increase with particle size [199]. In the case of 
NRs, the van der Waals attraction forces induced the aggregation between NRs with larger 
lengths [145]. We found that to achieve a higher yield of monodisperse NRs (yield of 
~50% or almost 1 g of NRs), it was crucial to separate first the larger NCs (here TiO2 
NRs) from the reaction mixture just through centrifugation prior to the addition of 
antisolvent in the size-selective precipitation process. After centrifugation of the reaction 
mixture, separation of the TiO2 NRs by length was highly efficient by the dropwise 
addition of acetone as an antisolvent to the dispersion of the NRs in toluene. Due to the 
hydrophobicity of the ligand layer around TiO2 NRs, the dispersion of the NRs was 
destabilized by the addition of the polar acetone which resulted in the aggregation and 
fast sedimentation of the NRs leaving many of the synthetic by-products and shorter rods 
in solution. Finally, both the TiO2 NRs as main products and the semispherical NCs left 
in the supernatant were redispersible in a variety of nonpolar solvents such as toluene as 
shown in Figure 3-1(d and e) and resulted in the isolation of relatively monodisperse TiO2 
NRs (σL = 14%). The dimension of the NRs was on average 3.6 ± 0.4 nm (thickness) and 
24.6 ± 3.4 nm (length), while the semispherical NCs had an average diameter of 5.7 nm. 
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Figure 3-1b shows the selected area electron diffraction (SAED) pattern of these 
NRs revealing the highly crystalline anatase phase. The reflected rings were clearly 
indexed to (101), (103), (004), (200), and (105) planes of anatase indicating the high 
crystallinity of these particles which is consistent with the HRTEM images and X-ray 
diffraction (XRD) results in Figure 3-4. In Figure 3-1c where a [010] zone axis is 
perpendicular to the imaging plane, a single nanorod can be seen to have grown along its 
c axis in the [001] direction. The reason is that {001} surfaces in the anatase phase have a 
higher surface energy in comparison to {101} surfaces [190,200]. Thus, the typical fast 
growth in anisotropic anatase NRs is observed with a preferential growth in the [001] 
direction as was also the case in our synthesis. The lattice fringes of approximately 0.35 
nm are depicted with yellow parallel lines corresponding to the (101) planes of the anatase 
phase. 

In the following, we will discuss the mechanism of the titania NRs formation in 
our experiment based on the literature on the nonhydrolytic sol-gel routes to synthesize 
titanium oxide NPs [56,168,175,191,201–203] and on what we observed by following our 
synthesis in time by taking samples of reaction mixtures at 10-min intervals.  

In general, nonhydrolytic sol-gel processes can be divided into two main categories: 
ligand-assisted and solvent-controlled routes. In the case of the ligand-assisted process, 
ligands, mainly in the form of hot ligand solutions (e.g., trioctylphosphine oxide, oleic 
acid, and oleylamine), are present in the reaction mixture, either as a solvent or as a 
coordinating ligand providing control over the growth, size, and shape of the metal oxide 
NPs [202]. However, in solvent-controlled approaches, the initial reaction mixture mainly 
consists of two components, metal oxide precursors and common organic solvents. Thus 
the role of solvents may include acting as a reactant, oxygen donor, structure-directing 
agent, or reducing factor [192,204]. One should also keep in mind that these 
nonhydrolytic sol-gel routes, also known as nonaqueous reactions, are not necessarily 
totally water-free. In fact, even though the initial components of the reaction mixture 
have been dried and degassed, specific organic reactions are able to produce water in situ 
(e.g., aldol condensation and esterification reactions), rendering the system in principle 
hydrolytic. Therefore, even in the (virtual) absence of water, it is possible to have 
hydroxylation reactions [197]. 
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In our experiment, titania NRs were synthesized via a ligand-assisted nonhydrolytic 
sol-gel method in which the rapid thermal decomposition of a titanium precursor 
(titanium (IV) isopropoxide or TTIP) occurred in a hot solvent solution (OLAC), at a 
relatively high temperature (around 250 °C). It is well-known that titanium alkoxides are 
relatively reactive (e.g., as compared to silicon alkoxides) and almost instantly react with 
carboxylic acids (e.g., oleic acid, decanoic acid, linoleic acid, etc.,) even under mild 
conditions producing mixed alkoxy carboxylates and hydroxyalkoxides [55,93,205]. For 
instance, it was shown that titanium (IV) butoxide (Ti(OBu)4 where Bu refers to −C4H9) 
can readily react with linoleic acid (C17H31CO2H) yielding a titanium butoxide-
carboxylate complex Ti(OBu)4-x(C17H31CO2)x with the release of xBuOH. This BuOH 
formed, may react with unreacted linoleic acid left in the mixture leading to the formation 
of water by an esterification reaction [202,205]. Analogous to the literature, we believe 
that in our experiment, upon the addition of TTIP (Ti(OiPr)4 where Pr refers to −C3H7) 
to the degassed OLAC (C17H33COOH) solution at room temperature and as indicated by 
a color change of the mixture to pale yellow, a titanium carboxylate complex 
((C17H33COO)x−Ti(OiPr)4-x) formed with the release of xPrOH. Since the OLAC 
molecules were present in an excess amount acting as both ligand and solvent, therefore 
xPrOH could react with OLAC molecules and release water molecules via an esterification 
reaction. The water produced could then react with the titanium carboxylate complex to 
generate Ti−OH and subsequently through a hydrolysis–condensation process, Ti−O−Ti 
bonds were formed [206]. It has been shown that in synthetic routes where the ligand 
and solvent are the same, the desorption rate of ligand bound at the surface of the NCs is 
low giving them higher colloidal stability [203]. 
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Figure 3-1. (a) As-synthesized TiO2 NCs including NRs of different aspect ratios and
semispherical NCs; (b) SAED pattern of anatase NRs presenting reflected rings clearly
indexed to typical planes of anatase; (c) an individual anatase NR that has a [010] zone
axis growing along the [001] direction. (d–g) TiO2 NCs after the size-selective process in 
two main categories, NRs and semispherical NCs, and their corresponding size
distributions from a statistical analysis of TEM images 
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It has also been demonstrated that the in situ water generated during the 
esterification reaction favors the formation of anatase and TiO2(B) which is in agreement 
with our results in Figure 3-4, as well [207]. The abovementioned reaction route is 
described in (Eq. 3-1) to (Eq. 3-3): 

Ti(OiPr)4 + xC17H33COOH → (C17H33COO)x − Ti(OiPr)4-x + 
xPrOH 

(Eq. 3-1) 

PrOH + C17H33COOH → C17H33COOPr + H2O (Eq. 3-2) 

(C17H33COO)x − Ti(OiPr)4-x + H2O → (C17H33COO)x(OiPr)3 - 

xTiOH + xPrOH 

(C17H33COO)x(OiPr)3 - xTiOH + (C17H33COO)x(OiPr)3 - xTiOH → 

(C17H33COO)x(OiPr)3-xTi−O−Ti(C17H33COO)x(OiPr)3 - x + H2O 

(Eq. 3-3) 

 

Although we think that the hydrolysis followed by condensation is the main route 
of oxide formation, the possibility of a nonhydrolytic condensation of titanium 
carboxylate complex to form Ti−O−Ti bonds cannot be ruled out, either.[93] It is known 
that an oxo bridge can be formed by a condensation reaction between two functional 
groups bonded to two metal centers (M) along with eliminating an organic ester molecule 
as it is shown in (Eq. 3-4).[202] 

 

 (Eq. 3-4) 

 

Thus, after the formation of the titanium carboxylate complex, also a 
transesterification can occur between the complex and TTIP precursor to generate the 



 

Synthesis and Characterization of Anatase TiO2 Nanorods: Insights from Nanorods’ 
Formation and Self-Assembly 

69 

3 

Ti−O−Ti bonds and eliminate an ester. These reaction steps are shown in (Eq. 3-5) and 
(Eq. 3-6). 

 

Ti(OiPr)4 + (C17H33COO)x − Ti(OiPr)4 - x → 

(C17H33COO)x-1(OiPr)4-xTi−O−Ti (OiPr)3 + (C17H33COOPr) 
(Eq. 3-5) 

n(C17H33COO)x − Ti(OiPr)4-x → 

 𝑛 2ൗ  [(OiPr)3 - xTi−O−Ti(C17H33COOPr)x - 1] + 𝑛 2ൗ  (C17H33COOPr) 
(Eq. 3-6) 

Cozzoli et al. suggested that these molecular species were enclosing a compact 
Ti−O−Ti framework of hexa-coordinated Ti atoms and could be regarded as titania 
monomers protected by carboxylate ligands. In these monomers, OLAC molecules have 
a tendency to bridge titanium centers [93]. Therefore, we surmise that titania NCs 
synthesized in our experiment might have been formed via both hydrolytic–condensation 
and nonhydrolytic–condensation routes, but it is not clear to what extent each path 
contributed.  

In Figure 3-2, we monitored the progressive evolution of TiO2 NCs by extracting 
aliquots of the hot reaction mixture at scheduled time intervals. These hot extractions 
were swiftly cooled down to room temperature via quenching in toluene to stop further 
crystal growth. Interestingly, ultrathin TiO2 NRs (1.8 ± 0.3 nm (thickness) and 36.4 ± 10.1 
nm (length)) were produced in the early stages of the reaction (first 10 min). These 
ultrathin NRs were of the anatase polymorph. This relatively fast formation of the titania 
NRs was also reported in the literature for the case of Ti(OBu)4 decomposed in a pure 
OLAC medium leading to anatase NRs in less than 15 min [203]. In each panel of Figure 
3-2, the length distribution of TiO2 is shown as a histogram. In addition to the length 
distributions, we can observe that the ultrathin TiO2 NRs became thicker over time from 
1.8 ± 0.3 nm to 3.6 ± 0.4 nm. Moreover, in the first 10 min of the experiment, ultrathin 
NRs had a broad length distribution of 36.4 ± 10.1 nm. After 10 more minutes, shorter 
but thicker NRs of 21.8 ± 2.8 nm were mostly detected in the reaction mixture, which 
then increased in both thickness and length, finally resulting in nanorods with a broad 
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length distribution of 27.6 ± 6.9 nm and a collection of semispherical NCs. We also 
noticed that during the growth steps, some NRs became unequally thicker such that the 
thickness was somewhat larger in either one tip of the NRs (matchstick-like NR shown 
in Figure 3-2b-inset) or in both tips (dumbbell-like NR shown in Figure 3-2d-inset). 

 

For titania NRs, a process of shape evolution after initial crystallization has been 
described in several previous reports, as well [190,191,200,205,208,209]. In some cases, 
anatase NCs that were formed in acidic conditions nucleated almost exclusively as 
truncated tetragonal bipyramidal NCs with {101}, {001}, and {010} facets [92,210]. Then, 
these primary NCs were kinetically promoted to grow via the oriented attachment 
mechanism [211,212]. We note that oriented attachment in one, two, three dimensions as 
well as mesocrystal formation have been reported frequently for surface-functionalized 
titania NPs synthesized in both hydrolytic and nonhydrolytic media [190,211,213]. 
Elaborate investigations by Dalmaschio and Leite [203] on anatase NRs, synthesized by 
thermal decomposition of titanium(IV) butoxide in an OLAC mixture revealed that the 
oriented attachment of these truncated tetragonal bipyramidal NCs occurs via sharing the 
(001) plane with a preferential growth in the [001] direction. In our results, we also 
observe typical morphological evolution as a function of time, for instance, an increase in 
the thickness of the NRs while the length reduced in the NRs and the emergence of 
relatively smaller NRs and NCs. Dalmaschio and Leite attributed these shape alterations 
to the fragmentation of the titania NRs into smaller NCs induced by a Rayleigh instability-
like phenomenon [197,203]. Furthermore, they stated that the mass transportation to the 
tips of the NRs via a surface diffusion process could kinetically advance the detachment 
process. In the Rayleigh instability phenomenon, an unstable liquid cylinder breaks into 
droplets driven by surface tension fluctuations coupled with a lowering of the total energy. 
It has been proposed that under certain circumstances, this concept can be extended to 
solid NPs and therefore NRs could also be vulnerable to fragmentation into smaller NPs 
[214–217]. 

Although we cannot rule out the occurrence of directed attachment during the 
growth steps, we believe that due to the existence of ligands in the solution, the growth 
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mechanism in Figure 3-2 is mainly attributed to the fast out-of-equilibrium growth of the 
NRs from the solution. 

In Figure 3-3, HRTEM images of several synthesized anatase NRs have been 
presented. As can be observed, the structural features depicted by yellow arrows and lines 
on the surface of the NRs such as steps, corrugated sides, zigzag patterns, and sharp edges 
give indications of the critical pinch points formed during the surface diffusion step that 
are vulnerable to the detachment. Considering TEM images of ultrathin NRs formed in 
the early stages of the reaction (Figure 3-2) and HRTEM images of final NRs in Figure 
3-3, the Rayleigh instability-like detachment phenomena could also be the reason in our 
experiment that led to shorter titania NRs and pinched off semispherical titania NCs. 
However, further in-depth investigations are needed to precisely confirm the exact 
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mechanism behind these TiO2 NRs growth and their shape evolution during this 
experiment. 

Figure 3-2. (a–d) TEM micrographs of TiO2 NCs depicting progressive evolution of NCs
at different time intervals (10 min, 20 min, 60 min, and 120 min, respectively) from
ultrathin NRs to the final mixture of NRs of various lengths and semispherical NCs. The
length distributions of TiO2 are shown in histograms as insets with black columns. The
average thickness of the NRs are 1.8 ± 0.3 nm in (a), 2.6 ± 0.5 nm in (b), 2.9 ± 0.7 nm in 
(c), and 3.6 ± 0.4 nm in (d). Inset in (b) shows the occurrence of irregularities at the tip
of the NRs. Inset in (d) shows an HRTEM image of a single NR exhibiting a dumbbell
shape at higher resolutions. Scale bar in b-inset is 25 nm and in d-inset is 5 nm. 
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 Characterization of Synthesized TiO2 Nanocrystals 
The crystallinity of the synthesized NCs was analyzed by the XRD technique (next 

to HRTEM observations and selected area electron diffraction results). Contrary to the 
results presented in the paper from which we follow the synthesis protocol (Joo et al. 
[175]) our XRD patterns (Figure 3-4) confirmed the existence of two titanium oxide 
polymorphs in the resulting NCs. Both the anatase phase and the titanium dioxide bronze 

Figure 3-3. HRTEM micrographs of anatase NRs. (a–e) Surface features labeled by yellow
arrows and lines on the surface of the NRs such as steps, corrugated sides, zigzag patterns,
and sharp edges demonstrating give indications of the critical pinch points vulnerable to
the detachment. 
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phase (TiO2(B)) could be recognized in our data. The XRD data, together with reference 
data of anatase TiO2 (JCPDS-01-086-1155) and TiO2(B) (JCPDS-00-046-1238), 
respectively, are shown in Figure 3-4, as well. In the case of anatase NRs, the relative 
intensity of the diffraction peak for (004) planes has been reported to become more 
pronounced as compared to the intensity of (200) planes [113,168]. This is a well-known 
phenomenon for anatase crystals if their anisotropic growth occurs along the c axis of the 
anatase lattice: the (004) diffraction peaks become stronger and sharper in comparison to 
(200) diffraction peaks and this is consistent with our TEM observations and the NRs 
SAED pattern in Figure 3-1b [175,190,205,218]. Furthermore, the bandgap of the anatase 
NRs was found to be ca. 3.28 eV by using their light absorption spectrum. The measured 
bandgap value was indeed analogous to reported optical bandgaps for nanocrystalline 
anatase NPs [109,175,219] (See Figure S1). To confirm that the peak broadening arose 
from NCs’ size and shape effects, the average crystallite sizes of the anatase NCs were 
calculated by using the Scherrer formula [220] (See Table S1). Scherrer analysis from the 
(101), (200), and (004) diffraction peaks yields approximately 3.8, 3.5, and 19.9 nm, 
respectively, for the dimensions of the anatase NRs which are in agreement with the 
measured width and length from the TEM micrographs. Furthermore, the optical 
properties of the anatase NRs were characterized using their light absorption spectrum. 
Even though several diffraction peaks could be matched with the anatase reference signal, 
some other peaks at 34.4°, 35.4°, 36.2°, and 52.3° were pointing at the existence of 
another phase. Dickerson et al. suggested that these peaks could correspond to crystalline 
OLAC aggregated present among the TiO2 NRs due to the fact that these NRs were 
formed in an excess amount of OLAC [221]. However, in our experiment, TiO2 NRs were 
purified via a size-selective aggregation process after the synthesis step, therefore the 
presence of aggregated OLAC seems less likely to us. Moreover, a possible explanation of 
these signals could be the formation of brookite titania as an impurity, as it has been 
reported before during the synthesis of the other polymorphs [189,218,222]. Although the 
diffraction peak located at 36.2° could be assigned to the (121) plane of the brookite phase, 
the other three diffraction peaks at 34.4°, 35.4°, and 52.3° are not compatible with the 
brookite, anatase, or rutile polymorphs [223]. After careful examination, we concluded 
that the last four measured reflections could be a fit for the TiO2(B) phase of titania, which 
is given in the reference card (JCPDS-00-046-1238). The (001), (−111), (003) re©¶ections 
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are typical of TiO2(B) titania which were detected in the XRD patterns of both the NRs 
and the semispherical NCs [187,224]. These peaks are relatively more prevalent in the 
semispherical NCs rather than NRs. The reason could be the existence of semispherical 
NCs left after the size-selective process among anatase NRs since the full separation of the 
small NCs from bigger NRs is practically difficult. Furthermore, it has been shown that 
surface hydroxylation during TiO2(B) NCs formation will introduce surface relaxation and 
thereby the TiO2(B) NCs may exhibit an ellipsoidal shape in the c direction [187,224]. 
Therefore, not only the semispherical NCs, found mostly in the supernatant, but also 
some of the shorter NRs left among anatase NRs after the purification step could be 
elongated TiO2(B) NCs. 
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Figure 3-4. XRD patterns of synthesized TiO2 NRs and semispherical NCs. Bragg peaks at 
30.5°, 45.4°, 57.0°, 64.6°, 66.1°, and 74.6° indicate the existence of the anatase phase of 
TiO2 (JCPDS No.01-086-1155) for NRs. XRD analyses clearly show the occurrence of other 
Bragg peaks at 34.6°, 35.9°, 52.7°, and 57.9° mainly due to semispherical NCs that are fit 
with the TiO2(B) phase of titania with the reference card (JCPDS-00-046-1238). The (002), 
(−111), (003), and (020) re©¶ections are typical of TiO2(B) titania 
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 Liquid Crystalline Phases of TiO2 NRs 
In the next step, we investigate liquid crystal phases formed by the self-assembly of 

the anatase NRs made. As we showed in our early work elsewhere [188] that we are 
interested in the collective properties of TiO2 NRs specifically for optical applications. We 
already showed that brookite TiO2 NRs exhibit an intriguing LC phase behavior in bulk 
as well as promising switchability in external fields. Here, to compare anatase TiO2 NRs 
with their brookite counterparts, we represent several self-assembled domains achieved 
on a carbon-coated copper TEM grid in the dry state as well as LC domains along with 
the sedimentation profile in a capillary in bulk (Figure 3-5). Similar to brookite TiO2 NRs, 
anatase TiO2 NRs can be fairly well approximated as spherocylinders with an effective 
aspect ratio (L/T) defined by the total length (L) divided by thickness (T). To obtain the 
relevant aspect ratio (AR) for self-assembly we also added 3.0 nm to both L and T, 
reflecting twice the effective length of the ligand molecules based on interparticle spacings 
measured from TEM images. The phase diagram for hard anisotropic shapes has been 
determined by Frenkel and Bolhuis using computer simulations [41]. However, colloidal 
rods are never all the same due to polydispersity in their length and diameter. Initially, 
Onsager predicted that length polydispersity in the system of hard rods broadens the 
biphasic region where longer rods preferentially enter the nematic phase [22]. Later, many 
papers investigated the effects of polydispersity for continuous distributions of rigid rods 
where they also found that increase in polydispersity shifts the isotropic boundary to lower 
concentrations while the nematic boundary moves to notably higher ones leading to a 
broadened biphasic region [27,154–157,225]. In our system, based on the average 
dimensions of the examined anatase NRs (L = 24.6 ± 3.4 nm and T = 3.6 ± 0.3 nm 
measured by TEM images), an effective aspect ratio of 4.2 was calculated which for 
monodisperse hard rods is close to the AR where next to nematic, also smectic LC phases 
can be formed and ABC-stacked crystals at high volume fractions [27,49,50]. Figure 3-5a 
depicts short smectic tracks of NRs aligned side-by-side in several domains. For rods with 
hard interactions, it has been shown that smectic phases of hard rods nucleate first in 2D 
smectic layers which are most likely related to why such tracks form on top of a flat wall, 
but it should also be remembered that the drying forces are large compared to the average 
kinetic energy kT, where k is the Boltzmann’s constant and T the absolute temperature. 
Therefore, it is also possible that these tracks are formed at the liquid–air interface, as it 



 

Synthesis and Characterization of Anatase TiO2 Nanorods: Insights from Nanorods’ 
Formation and Self-Assembly 

77 

3 

is known that being attached to the interface induces lateral forces between the rods 
because of the deformation of the interface [226]. 

Figure 3-5. TEM micrographs of anatase NRs self-assembled on a TEM grid (a–d) and optical 
micrographs of a dispersion in toluene between crossed polarizers (e–g). (a) Anatase NRs in small 
smectic liquid crystal-like domains. (b,c) Hexagonal superlattices of vertically aligned anatase
NRs. Inset in (b) shows the corresponding FFT pattern illustrating a close-packed hexagonal 
order. In (c), NRs have a tilted orientation, similar to rows of fallen dominoes (yellow arrows)
around a vortex structure centered on a small cluster of locally homeotropically oriented NRs.
In (d), a linear “rail-track” pattern was observed from the side-by-side assembly of the NRs into
the rail-tracks of various lengths. (e) A sedimenting sample from a dispersion of anatase NRs in
toluene (~29 vol%) in a capillary with three distinct regions. From top to bottom: isotropic fluid
at the top, (f) elongated nematic tactoids floating in the isotropic fluid, and (g) coexistence of 
nematic domains and sharped-edge smectic LC phases. Scale bar in (e) is 500 µm. 
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Although the self-assembled arrays in Figure 3-5a seem to be a single layer, we 
presented some self-assembled domains in Figure 3-5b,c where part of the titania NRs 
were imaged standing normal to the TEM grid evidencing more extended 2D smectic 
layer formation. The vertically aligned NR layers were seen to form with close-packed 
hexagonal order within the smectic layers (Figure 3-5b inset) [27]. Additionally, in some 
parts of the 2D smectic layers with the rods standing perpendicular most likely the drying 
forces made parts of the rods end up in a tilted orientation. Some of the rods fell over 
like dominoes in a certain direction; similar observations were made with different 
systems of NRs such as TiO2 [134,150,159,188], CdS [227], CdSe [160], and CoO [228]. 
By considering the electron diffraction data, we conclude that these structures are 
otherwise the same as the vertically aligned arrays with a precise orientational and 
positional order and also the same interparticle separation as observed for the vertical 
superlattices. In Figure 3-5b,c we could also observe part of a vortex structure centered 
on one or a small cluster of locally homeotropically ordered rods. Since the orientation 
of the individual nanorods changed continuously around the vortex defect, it is similar to 
a disclination of strength +1 that can be observed in nematic liquid crystal phases [160,180]. 
The presence of this structure can be linked to twist or bend distortions of the nematic, 
and possibly also smectic liquid crystal domains produced by microflows during drying 
[59,181,229]. 

In Figure 3-5e–g, polarized optical microscopy (POM) images of the LC domains 
of anatase NRs are displayed. The initial volume fraction of these NRs was approximately 
29 vol% and they were in an isotropic state showing no optical activity between cross 
polarizers. Analogous to our remarks in the previous report on brookite NRs lyotropic 
LCs [188], the dispersion of anatase NRs exhibited an equilibrium phase behavior along 
the concentration gradient that occurred in the capillary. Since these NRs were too small 
to sediment under gravity, this gradient was most likely formed by phase separation as a 
result of sufficiently high initial volume fraction and weak long-ranged van der Waals 
attractions. Along the capillary, three main regions were observed: the isotropic region 
on the top of the capillary, a biphasic region consisting of nematic tactoids nucleating and 
floating in the isotropic liquid, and a biphasic region of sharp-edged smectic domains in 
coexistence with a nematic at the bottom of the capillary that was quite identical to that 
of smectic-A LC phases of brookite NRs [188]. No striated LC texture indicative of a pure 
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smectic phase was detected at the bottom of the capillary in the case of anatase NRs in 
comparison to brookite LCs. This could be attributed to the higher level of polydispersity 
in the length of the anatase NRs or the initial volume fraction could be too low to form 
such a phase. We also note that similar to the dispersion of brookite NRs reported 
elsewhere [188], a dispersion of anatase NRs in an isotropic state responded to an external 
electric field. An induced nematic LC phase was reversibly achieved known as a para 
nematic phase (results are not shown here). In our follow-up work in the near future, we 
intend to study these behaviors and dynamics in external electric fields. 

As can be seen in Figure 3-5f,g, needle-like nematic tactoids nucleated in the 
isotropic liquid, and resulted in a biphasic region of sharp-edged smectic domains in 
coexistence with nematic domains. One should consider that tactoids are generally known 
to adopt a spindle shape depending on mesogen orientation, interfacial tensions, and 
elastic constants of the nematic phase [162,230]. Besides that, it has been shown that the 
existence of attractions among these colloidal mesogens in lyotropic LCs enhances this 
anisotropy toward needle-like tactoids [231–233]. In this regard, Green et al. [233] showed 
the phase behavior of rodlike particles with solvent-mediated attractions and repulsions. 
They showed that rods in the nematic tactoids are separated by average distances much 
smaller than their counterparts in the isotropic phase. Therefore, these rods in the nematic 
tactoid would spend considerably more time in the attractive well, which existed as a 
result of short-range electrostatic repulsive forces in combination with van der Waals 
attraction forces. Due to these attraction forces, the LC tactoids became needle-like and 
even in the case of highly attractive single-walled carbon nanotubes in superacids, they 
were referred to as “spaghetti” LC domains [233].  

To roughly estimate the van der Waals attraction forces between the anatase cores 
and compare them with brookite counterparts, we calculate the van der Waals interactions 
between anatase NRs and brookite NRs of the same size (solid and dashed lines, 
respectively in Figure 3-6) for three different relative orientations by using the Hamaker 
constants of anatase and brookite in toluene. The details of van der Waals interactions 
calculations have been described in detail in our earlier work [188]. As expected, the 
strongest attractions occur when rods are perfectly aligned face-to-face. However, the 
calculated interactions are an overestimation as they assume perfectly smooth inorganic 
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cores with atomically flat interfaces. Any surface roughness and irregularities, as shown in 
HRTEM images in Figure 3-3, also would make the “perfect” parallel approach between 
the two rods much less efficient and reduce the actual van der Waals interactions [145,188]. 
The difference between anatase and brookite is seen to be very small. The vertical line at 
3.0 nm shows the distance of the closest approach based on twice the ligand length. 
Therefore, both anatase and brookite NRs are expected to experience van der Waals 
attractions of a few kT, which may be sufficiently large to induce parallel alignment at 
high volume fractions, caused by their high refractive indexes. Nevertheless, employing 
apolar solvents with high refractive indexes in combination with the existence of atomic 
irregularities at the surface of NRs and sufficient steric repulsion between NRs by 
adsorbing ligand molecules could still efficiently reduce van der Waals attractions, making 
both of these material systems promising candidates for LC-based optical applications. 
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Figure 3-6. van der Waals interaction potentials between two bare TiO2 NRs of anatase 
(solid lines) and brookite (dashed lines) phase of the same size in toluene. Vertical gray
solid lines represent one and two times the effective ligand length of 1.5 nm corresponding
to the interparticle spacing observed in the TEM images. (b) Schematic representation of 
NRs encounter each other in parallel, diagonal, or crossed configuration shown in blue,
red, and green colors, respectively. Nanorods are assumed as parallelepipeds of length 27.4
nm and thickness 3.4 nm. 



 

Synthesis and Characterization of Anatase TiO2 Nanorods: Insights from Nanorods’ 
Formation and Self-Assembly 

81 

3 

 Conclusions and Outlook 
In this work, we successfully synthesized highly crystalline organic-solvent-

dispersible TiO2 NRs based on a modified procedure from literature via a ligand-assisted 
nonhydrolytic sol-gel route. X-ray diffraction and selected area electron diffraction results 
showed the coexistence of anatase and TiO2(B) phases of titania in the particles made. 
This synthesis yielded relatively concentrated dispersions of the anatase NRs (~500 
mg/mL), after careful size-selective precipitation steps (yield of nearly 50%) to remove 
the largest rods as well as semispherical particles, which is twice the amount reported for 
the same size brookite NRs in ref. [188]. Possible reaction and formation mechanisms for 
the NRs were discussed based on the unusual observation that relatively early in the 
synthesis (after 10 min) rods were already present that subsequently reduced in length and 
increased in thickness during further growth, while semispherical particles were formed 
as well. Furthermore, we showed that anatase NRs were monodisperse enough to 
spontaneously self-assemble into smectic liquid crystalline phases on the TEM grid and in 
bulk. Because of their high refractive indexes and at the same time minimal light scattering 
due to their size, both anatase and brookite TiO2 dispersions are promising candidates for 
application in electro-optical devices based on inorganic liquid crystals 
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 Experimental 

 Materials 
Titanium (IV) isopropoxide or TTIP (Ti(OCH(CH3)2)4, 97.0%), oleic acid (OLAC, 

90%), acetone, and toluene were purchased from Sigma Aldrich (Amsterdam, the 
Netherlands) and used as received. All experimental procedures were carried out either 
in an inert atmosphere using a standard Schlenk line setup or in a glove box. 

 

  The Modified Synthesis of TiO2 NRs;  
Anatase titanium dioxide NRs were synthesized following a slightly modified 

version of the synthesis described in the literature by Joo et al. [175] Our modifications 
were mainly related to the following factors: (I) we reduced the precursor amounts by 
half, (II) lowered the reaction temperature from 270 °C to 250 °C, and (III) performed a 
careful size-selective washing step, as discussed below. In a typical synthesis, OLAC (100.0 
mmol, 31.6 mL) was degassed in a 250 mL three-neck round bottom flask at 120 °C for 
an hour under vacuum and vigorous stirring. Then the flask was cooled down under 
vacuum to 40 °C, followed by switching to nitrogen and the swift addition of TTIP (34.0 
mmol, 10 mL) which was prepared in the glove box in advance. The mixture was then 
heated up to 250 °C in 20 min and kept at this temperature for 2 h. Caution should be 
taken as the reaction is rather violent with the concomitant release of gases and foam 
formation expanding in the flask and should be controlled by nitrogen overflow/pressure. 
After thermal fluctuations at high temperatures, the yellow solution gradually turned into 
a white-gray foam and finally a gray solution. The heating mantle was then removed after 
2 h and the flask was allowed to cool to room temperature. To effectively separate TiO2 
NRs specifically in terms of their length with the desired polydispersity index (standard 
deviation divided by mean length), a size-selective precipitation process was performed 
on as-synthesized TiO2 NCs. We observed that to achieve a higher yield of NRs, it was 
crucial to separate larger NCs (here TiO2 NRs) from the reaction mixture just through 
centrifugation prior to the addition of antisolvent in the size-selective precipitation 
process. Therefore, at first, we centrifuged the crude reaction mixture at 6000 rcf for 10 
min and extracted the supernatant. In the next step, we separated the TiO2 NRs that were 
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redispersed in toluene by the addition of acetone dropwise as an antisolvent to the NRs 
dispersion. The milky solution was centrifuged at 3400 rcf for 5 min and then NRs 
precipitations were redispersed in toluene. The washing step was repeated at least two 
times to achieve optically clear dispersions of titania NRs. The titania NRs were relatively 
monodisperse in their length (σL = 14%). The dimension of the NRs was on average 3.6 
± 0.3 nm (diameter) and 24.6 ± 3.4 nm (length) while the semispherical NCs had an 
average diameter of 5.7 nm. The NCs were redispersible in a variety of nonpolar solvents 
such as toluene or hexane. However, we chose toluene as a solvent in purification steps 
since it has a high refractive index which reduces the van der Waals attractions between 
the rods and is also a good solvent for OLAC. It has been shown that hexane has a higher 
solubility for oleic acid than toluene and can strip off ligands in the presence of 
antisolvent, while in toluene ligands remain at the surface of the NPs [126]. To monitor 
the evolution of the TiO2 NCs, we extracted aliquots of the hot reaction mixture at 
scheduled time intervals using long capillary soda-lime glass Pasteur pipettes. These hot 
extractions were swiftly cooled down to room temperature via quenching in a toluene 
medium to stop further crystal growth and investigated by the transmission electron 
microscopy technique.   

  

 Self-Assembly of TiO2 NRs 
Typically, a droplet (~5 µL) of ligand-capped titania NRs dispersion with a low 

concentration (roughly 4 mg/mL) was dropcast on a carbon-coated 300 mesh copper 
TEM grids (Agar Scientific). The TEM grids were further dried in a vacuum chamber to 
remove residuals and used for microscopy analysis. To examine liquid crystalline 
structures of self-assembled domains in bulk, a sedimentation experiment was performed 
as previously reported elsewhere [27,188]. Briefly, a glass capillary (0.1 × 1.0 × 60.0 mm3, 
Vitrocom) was filled with ligand-capped titania NRs dispersion with an initial volume 
fraction of 29.8 vol.%, effective length L = 27.6 nm, diameter D = 6.6 nm, and an aspect 
ratio of 4.18, in which the ligand length of 1.5 nm was taken into account. Then, the 
capillary was sealed using a two-component epoxy glue (Bison Kombi rapid), left 
vertically to sediment for 10 days, and was further investigated by polarizing optical 
microscopy (POM) technique. 
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 Characterization of TiO2 NCs 
The X-ray diffraction analysis (XRD) was performed using a Bruker-AXS D2 Phaser 

X-ray diffractometer with Co Kα radiation (λ = 1.79026 Å) operated at 30 kV and 10 mA. 
Transmission electron microscopy and selected area electron diffraction (SAED) of the 
brookite NRs were performed on an FEI Tecnai 20 electron microscope operating at 200 
kV. The crystalline structures of the TiO2 NRs were measured by a high-resolution 
transmission electron microscope (FEI-Talos F200X electron microscope). Typically, at 
least 100 particles were counted to calculate the anatase NRs size distribution and 
polydispersity index. The bandgap of the NRs was studied at room temperature (20 °C) 
with a diffuse reflectance UV-Vis spectrometer (HP 8452a model). Typically, the NRs 
dispersion was diluted in toluene and added to a quartz cuvette (optical path: 10 mm) 
sealed with a Teflon stopper. The absorption spectrum was measured while the 
wavelength was varied from 250 nm to 700 nm. For POM images, a Leica DM2700P 
microscope equipped with crossed polarizers a Nikon Z6 camera was utilized. 

 

 Supporting information 
TableS1. Calculated parameters used in Scherrer equation (L = Kλ/βCosθβ) where 

(β ≅ 0.041b), L is the average size, λ is the X-ray wavelength, β is the full-width at half 
maximum value calculated in radians by fitting peaks with a 4-parameter Gaussian profile, 
b is a coefficient in the 4-parameter Gaussian fit profile, θβ is the Bragg angle for the 
measured peak, and K is a constant equal to 0.94. 

 

plane index 2T T cos(T) b β βcos(T) L 

{101} 29.8 14.9 0.966 1.117 0.0459 0.0443 3.78 

{004} 44.6 22.3 0.925 0.221 0.0090 0.0084 19.97 

{200} 56.6 28.3 0.881 1.324 0.0544 0.0479 3.506 
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Figure S1. (a) A typical UV-Vis absorption spectrum of dilute dispersion of TiO2 NRs in toluene. 
The spectrum shows a sharp absorption edge at 380 nm corresponding to band-to-band 
transitions. (b) Energy dependence of (𝛼ℎ𝜈)଴.ହ versus Photon energy (ℎ𝜈) for the determination 
of the band gap derived from diffused UV-Vis absorption spectrum of TiO2 NRs based on indirect 
transitions (n=0.5) for anatase NRs. The bandgap of the anatase NRs was estimated based on (α = 
K(hν - Eg)0.5/hν) where Eg is the bandgap, α is the absorption coefficient, K is the absorption 
constant for indirect transitions, and hν is the incident photon energy. The bandgap of the anatase 
NRs is equal to 3.28 eV which is calculated from the extrapolation of the absorption edge onto 
the energy axis where α = 0. 
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Extra HRTEM images on anatase NRs  
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Figure S1. Extra HRTEM micrographs of anatase NRs. Surface features of the NRs 
are labelled by yellow arrows and lines on the surface of the NRs such as steps, 
corrugated sides, zigzag patterns, and sharp edges.  
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Extra TEM images on self-assembled anatase NRs  
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Figure S2. TEM images of anatase NRs self-assembled on a TEM grid at different 
magnifications. In the zoom out image, a  region similar to the so-called coffee-ring region 
can be observed where the fluid flow transported NR rail-tracks radially outward and 
accumulated at the perimeter resulted in laterally packed tracks and random smectic 
domains. In the inner part of the coffee-strain ring, we could either examine vertically 
ordered NRs in closed-pack regions or shorter rail-tracks randomly arranged even on top 
of each other like criss-crossed. 
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4. TiO2 nanorod liquid crystals in external electric fields 
 

Brookite and anatase titanium dioxide (TiO2) nanorods (NRs) dispersed in apolar solvents form 
highly stable colloidal dispersions and can self-assemble into various colloid-based liquid crystal 
phases. Here, we illustrate the electric-field-induced birefringence, known as the Kerr effect and 
the induction of (para)nematic liquid crystal phases from isotropic dispersions of TiO2 NRs by 
external electric fields. The electro-optical responses of these two NRs dispersions are probed by 
utilizing in-plane pulsed d.c. electric fields. In our preliminary results, we observed that the NRs 
could be aligned into the direction of the applied electric field within ca. 250 𝜇𝑠 switching times 
at various field strengths, one order of magnitude faster than commercial molecular liquid crystals 
undergoing a Freedericksz transition by an external electric field. Possible mechanisms 
contributing to the reorientation of the TiO2 NRs studied are discussed. Induced dipole moments 
are calculated based on electric polarizabilities of titania NRs in various electric fields ranging 
from ca. 12 Debye in 3 𝑉 𝜇𝑚⁄  for anatase NRs in toluene to ca. 92 Debye in 10 𝑉 𝜇𝑚⁄  for brookite 
NRs in butylbenzene. Nevertheless, since the TiO2 NRs studied were charged particles in the 
solvents studied, in d.c. electric fields, the polarization of their electrical double layer via the 
Maxwell–Wagner–O’Konski mechanism is hypothesised to contribute also significantly to the 
mechanisms describing the alignment dynamics of the NRs. By validating our experimental 
observations with theories, we find that rise times in anatase dispersion ൫φୟ୬ୟ,ୢ୧ୱ୮ = 0.298൯and brookite dispersion ൫φୠ୰୭,ୢ୧ୱ୮ = 0.229൯ are on the order of 16 to 27 𝜇𝑠 for 𝐸 = 10 𝑉 𝜇𝑚⁄ , whereas the relaxation times are approximated to be between ca. 120 to 240 𝜇𝑠 in 
these semi-dilute NRs dispersions. Moreover, to estimate the refractive index of TiO2 dispersions 
and possible birefringence observed in the electric field, we measured refractive indexes of anatase 
and brookite colloidal dispersions at various volume fractions and compared it with effective 
medium models such as Maxwell-Garnett and Bruggeman theories. The estimated intrinsic 
birefringence at a volume fraction of about 10.0% for the studied anatase and brookite NRs 
dispersions (which come to 28.0 vol.%, including the ligand layers) based on the NRs’ 
birefringence, were approximated to be 0.043 and 0.075, respectively. We believe that the high-
speed switching times of these non-aqueous transparent colloidal dispersions coupled with high 
degrees of Kerr induced birefringence allow us to utilize them in fast switchable optics 
applications. 
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 Introduction 
One of the first experimental observations on the existence of inorganic liquid 

crystals (LCs) goes back to 1902 when Majorana studied the induced optical anisotropy 
in dispersions of anisotropic magnetic particles applying magnetic fields which was so-
called after him the Majorana effect.[14] Afterward, Diesselhorst and Freundlich in 1915 
and Zocher 1925 reported on the birefringence of vanadium pentoxide dispersions 
subjected to flow or to external electric fields.[11,16–20] In 1949, in the pioneering work 
of Onsager, the spontaneous formation of lyotropic LC phases was theoretically predicted 
through an excluded volume theory for hard rods with the ‘infinite’ (large) aspect ratios. 
In this statistical physics model, the onset of nematic order in dispersions of thin hard 
rod-shaped particles in a first-order phase transition is explained.[22,38] Subsequently, in 
the last several decades, numerical simulations of LC mesogens combined with many 
experimental observations provided a more comprehensive framework to understand the 
phase behavior of such hard rod-shaped dispersions.[28,41,44] 

Several reasons for the interest in these colloid-based lyotropic LCs can be 
summarized as follows: 1)To extend properties in the more conventional molecular 
thermotropic LCs such as threshold voltage, response times, birefringence (dielectric 
anisotropy), viscosity. 2)To add certain functionalities to the LC phases more easily such 
as ferromagnetism and fluorescence. 3)To combine colloid-based LCs with molecular 
LCs. 4)To use colloid-based LCs as model systems to learn more about LC phases and 
phase transitions as the interactions between colloids can be manipulated relatively easily 
and they can be studied quantitatively in real space on a single particle level.[69,101,234–
236] Organic mesogens are already often used in thermotropic LC-based devices such as 
displays, spatial light modulators, switches, and filters, but they have an important 
downside which can be improved by using colloid-based LC phase: their response times 
for fast switchable electro-optical applications is relatively slow. This is intrinsically linked 
to the fact that individual anisotropic molecules have small polarizabilities as compared 
to colloidal particles as this property scales with the volume, which prevents them from 
coupling to external electric fields strongly unless they are already condensed into a LC 
phase. The Fréedericksz transition is a phase transition in LCs produced when a 
sufficiently strong electric or magnetic field is applied to a LC in an undistorted state. 
Below a certain field threshold the director, which is a vector that is pointing locally in 
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the average same direction as the rod-like particles are pointing in, remains 
undistorted.[237] As the field value is gradually increased from this threshold, the director 
begins to twist until it has aligned with the field. However, for molecular LCs, the 
Freedericksz transition is slowed down because of the relatively large viscosity of 
molecular LC phases which causes a strong hydrodynamic coupling leading to a slow 
relaxation time, typically in the order of milliseconds where the cell gap in the LC cell 
(𝑑), the elastic constant (𝐾), and 𝜂 the viscosity of the LC mesogens are the main 
controlling factors (𝜏௢௙௙ ≈ 𝜂𝑑ଶ 𝐾⁄ ).[238]  

A lot of studies have been devoted to improving the switching dynamics employing 
different routes such as hybrid LC composites,[239,240] novel device designs[241], or as 
we are pursuing in the present paper: colloid-based LCs.[238,242,243] In this regard, 
several inspiring reports were published by Fontana et al. on switchable gold nanorods 
(NRs) colloidal dispersions that were proposed as a novel substitution for conventional 
molecular LCs.[238,244–246] They confirmed that gold NRs can have faster switching 
times, namely microseconds (𝜂𝑙ଷ 𝑘௕𝑇⁄ ≈ 𝜇𝑠, where 𝑙 is the length of the NRs, 𝜂 is the 
viscosity, 𝑘௕ is the Boltzmann constant, and 𝑇 is the temperature), in comparison to typical 
organic molecular LCs. They attributed the much faster switching times to the large 
electric susceptibility of the gold NRs. In the strong fields out of the Kerr regime, the 
required time to align the LC mesogens along the applied electric field (on-time) scales 
proportionally to the square of the applied field, 𝜏௢௡ ≈ 𝜂 𝜀𝐸ଶ⁄ , where 𝜀 is the dielectric 
permittivity, and E is the electric field strength.[245] We note that in the Kerr regime, 
the Kerr constant of the dielectric liquid is the same in the whole applied electric field 
range. However, the relaxation time of aligned particles (𝜏௢௙௙) is due to the thermal 
rotational diffusion of the LCs and is characteristically the limiting parameter to control 
the overall switching time. As mentioned, in the case of gold NRs dispersions, switching 
dynamics enhanced to microsecond timescales, three orders of magnitude faster than 
switching of conventional typical molecular LCs based on the Freedericksz 
transition.[244] In follow-up work by Fontana and coworkers, they showed that by 
employing sophisticated fiber optics components, switching times could be further 
reduced to submicrosecond switching times because of the larger electric fields (up to ca. 
32 V/µm) that could be used.[245] In this work we wanted to see how fast semiconductor 
colloidal rods could be switched and how this compared to the metallic nanorods.  
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We investigate the electro-optical response of isotropic TiO2 NRs dispersions in 
terms of field-induced birefringence via the Kerr effect. Additionally, using measured RIs 
and volume fractions of anatase and brookite NRs in effective medium models, estimated 
RIs for the TiO2 NRs colloidal dispersions were obtained and compared with the 
experimentally measured values. The dynamics of TiO2 NRs in dilute and semi-dilute 
dispersions were studied theoretically and compared with the relaxation times observed 
experimentally. Possible mechanisms contributing to the reorientation of TiO2 NRs are 
discussed. In preliminary experiments, we show that our NRs, anatase dispersion ൫φୟ୬ୟ,ୢ୧ୱ୮ = 0.298൯ and brookite dispersion ൫φୠ୰୭,ୢ୧ୱ୮ = 0.229൯, could be aligned into the 
direction of the applied electric fields within ca. 250 𝜇𝑠. These switching times are at least 
10 times faster than conventional LCs mesogens. The high-speed switching times of these 
optically clear and highly stable colloidal dispersions can be potentially utilized to 
modulate optical signals in optical shutters, filters, and spatial light modulators.  

 

 Theory 

 Refractive index of molecular and colloidal NRs based LCs 
In general, it is the anisotropic optical properties of LCs that make them of interest 

to many optical applications.[5,247] For instance, the RI and birefringence are two 
essential features in designing various LC-based technologies. In uniaxial LCs, the 
incoming light wave after entering the anisotropic LC medium splits into an ordinary ray 
polarized parallel to the nematic director and an extraordinary ray polarized perpendicular 
to the director. When the two rays recombine as they exit the LC medium, the retardation 
or phase shift results in a different polarization state of the transmitted light.[248] 
Therefore, LC phases generally have two major RIs: 𝑛௘ is the extraordinary RI observed 
for the extraordinary ray of a light with the electric vector parallel to the director field. In 
contrast, the ordinary RI, 𝑛௢, is observed when the electric vector of the linearly polarized 
light wave is perpendicular to the director of the LC. Birefringence is then defined by the 
difference between the two RIs (∆𝑛 =  𝑛௘ −  𝑛௢), which is mostly positive (∆𝑛 ൐ 0) for the 
conventional molecular LCs.[3] In general, birefringence is an intrinsic property of many 
materials with anisotropic optical properties such as calcite, quartz, and crystalline TiO2 
which is caused by asymmetries in their crystal structures and is thus direction-dependent. 
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Nevertheless, it can also stem from other reasons, such as structural ordering, physical 
stress-strain, and/or flow. Structural birefringence is a property of a wide range of 
anisotropic soft matter structures including biological macromolecular assemblies, 
synthetic fibers, long-chain polymers, and liquid crystalline structures. Structural 
birefringence can be sensitive to RI fluctuations or gradients in the surrounding medium 
caused by external forces and/or deformations.[6,249]  

In thermotropic LCs, the structure of the mesogens together with the operating 
wavelength and temperature are the key parameters in determining the LC RIs. In these 
LCs, when the temperature increases, 𝑛௘ will decrease monotonously whereas 𝑛௢ may 
decrease or increase depending on the transition temperature of the LC used.[250] 
Therefore, it is quite important to know the wavelength-dependent RIs as well as the 
thermal effects in advance to optimize for applications of these materials.[248] Organic 
rod-like molecular LCs are stiff extended molecules often with extended 𝜋-conjugated 
double bonds. Because of this various models such as the Lorentz-Lorenz equation and 
Cauchy equation, which are common for isotropic liquids, need to be modified before 
they can be used for organic LCs to evaluate the RI dependencies as a function of 
wavelength and temperature.[251] For instance, Vuks in 1966 proposed a semiempirical 
model analogous to the classical Clausius-Mossotti equation correlating the microscopic 
LC molecular polarizabilities to the macroscopic RIs.[252] Afterward, based on this model 
several phenomenological models such as the single-band model, the three-band model, 
and extended Cauchy equations were established to approximate the LC RI dependencies 
in various wavelengths and temperature ranges.[251–253] 

The lyotropic LCs studied in this chapter are as mentioned dispersions of 
anisotropic particles in an isotropic liquid. When these particles collectively form LC 
mesostructures in the isotropic medium, they affect the light wave passing through this 
composite medium. Hence, several mixture models such as the Maxwell–Garnett equation 
(M-G),[254] the Bruggeman equation,[255] the Heller empirical correction 
equation,[256] the Lichtenker rule,[257] and the Jaysundere–Smith equation[258] have 
been proposed for predicting the effects of second phases on various electrical properties 
of composite media including dielectric permittivities and RIs. To follow these models, 
several points should be taken into account: 1) The particles may have an intrinsic 
birefringence due to asymmetry in their crystallographic structures. 2) In the models as 
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used in this paper it is assumed that both the particles and matrix components should not 
have a dielectric loss in frequency regions of interest. 3) Most of these models were 
developed for spherical particles and therefore need to be modified for anisotropic 
systems. To consider shape anisotropy, a depolarization factor can be introduced in some 
models which is related to this deviation from sphericity and isotropy. 4) How the 
particles are dispersed or structured within the dispersion medium, e.g. non-touching or 
in the other extreme as a percolating network, affect the dielectric properties and RIs. 5) 
Several of the models make certain assumptions on to the volume fractions of the 
dispersed particles and only are valid in specific volume fractions limits.[259,260] 

Most of the TiO2 dispersions studied in this chapter, when no field is applied, have 
NRs loading up to nearly 30.0 vol.%, which for the aspect ratios of the particles studied 
is close to but below the volume fraction at which they would form LC phases, they are 
then uniformly dispersed in the solvent with isotropic properties. Therefore, based on 
these conditions as well as other experimental results reported for similar systems,[260–
264] we compared our experimentally observed RI of the dispersions with the M-G 
equation,[263,265] a modified M-G equation for anisotropic particles,[259] and 
Bruggeman’s equation.[265] 

 

4.2.1.1 Maxwell-Garnett equation 

The M-G theory is an effective medium model that approximates the physical 
properties of a composite material using averaging functions depending on the properties 
of the components and their proportions. Following reference[265], we consider an 
isotropic medium of dielectric permittivity 𝜀௠ filled with spherical particles of dielectric 
permittivity 𝜀௣. The volume fractions of the filler particles and the medium are denoted 
by 𝜑௣ and 𝜑௠ = 1 − 𝜑௣. By considering a small volume fraction approximation (𝜑௣ ≪ 1) 
and no dielectric loss in frequency regions of the interest, the effective average electric 
field in the composite mixture 𝐸ሬ⃗ ௘௙௙ can be written as a function of the electric fields inside 
the filler particles 𝐸ሬ⃗ ௣ and the host medium 𝐸ሬ⃗ ௠ as: 

𝐸ሬ⃗ ௘௙௙ = 𝜑௣𝐸ሬ⃗ ௣ + (1 − 𝜑௣)𝐸ሬ⃗ ௠. Eq. 4-1 

In the same way, the average dielectric displacement can be considered as follows: 
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𝐷ሬሬ⃗ ௘௙௙ = 𝜀଴𝜀௘௙௙𝐸ሬ⃗ ௘௙௙ = 𝜑௣𝜀଴𝜀௣𝐸ሬ⃗ ௣ + (1 − 𝜑௣)𝜀଴𝜀௠𝐸ሬ⃗ ௠. Eq. 4-2 

where 𝜀଴ is the vacuum permittivity and 𝜀௘௙௙ is the effective dielectric permittivity. 
When the size of the particles, 𝑑, is relatively small compared to the wavelength of the 
electromagnetic wave 𝜆 which is passing through the particle, the phase shift in the 
electromagnetic wave will be constant and 2𝜋ඥ𝜀௣𝑑 𝜆⁄ ≪ 1. Therefore, the electric field 
inside the particles can be obtained using the quasi-static approximation:[265]   

𝐸ሬ⃗ ௣ = 3𝜀௠(𝜀௣ + 2𝜀௠) 𝐸ሬ⃗ ௠. Eq. 4-3 

Using Eq. 4-1 to Eq. 4-3, the M-G effective medium equation can be obtained as 
shown in Eq. 4-4: 

𝜀௘௙௙ = 𝜀௠ ቈ1 + 3𝜑௣(𝜀௣ − 𝜀௠)(𝜀௣ + 2𝜀௠) − 𝜑௣(𝜀௣ − 𝜀௠)቉. Eq. 4-4 

In the visible spectral region far from the absorption bands, the RI can be 
approximated accurately by the square root of the dielectric constant according to 
Maxwell’s electromagnetic theory 𝜀ଵ ଶ⁄ =  𝑛.[266] Therefore, Eq. 4-4 can also be written 
as a function of RIs: 

𝑛௘௙௙ଶ = 𝑛௠ଶ ቈ1 + 3𝜑௣(𝑛௣ଶ − 𝑛௠ଶ )(𝑛௣ଶ + 2𝑛௠ଶ ) − 𝜑௣(𝑛௣ଶ − 𝑛௠ଶ )቉       𝑓𝑜𝑟 𝜑௣ < 0.1 Eq. 4-5 

In the case of ligand-capped NPs, we assume that the ligand molecules have been 
uniformly adsorbed at the surface of the NPs while solvent molecules can penetrate the 
ligand layer assuring the dispersibility of the NPs in the dispersion. The ligand layer can 
be therefore considered as a mixture of ligand molecules in the solvent molecules where 
the RI of close-packed ligand molecules at 𝜆 = 587 𝑛𝑚 is (𝑛௢௟௘௜௖ ௔௖௜ௗଶ଴ = 𝑛௢௟௘௬௟௔௠௜௡௘ଶ଴ = 1.459) 
that is quite close to the RI of the solvent(𝑛௧௢௟௨௘௡௘ଶ଴ = 1.496 or 𝑛௕௨௧௬௟௕௘௡௭௘௡௘ଶ଴ = 1.489). Then 
the RIs of the ligand molecules are assumed to be matched with the RIs of the solvents 
and thus, the ligand layer can be approximated well to have the same dielectric properties 
as the solvent. Therefore, we only considered bare titania NRs for the particle volume 
fraction used in the effective medium models. Using this assumption, the volume fraction 
used in our calculations 𝜑௣ is  ௏೎೚ೝ೐௏೎೚ೝ೐ା௏೗೔೒ೌ೙೏ା௏ೞ೚೗ೡ೐೙೟ and the relative core volume, 𝑉௜  =  ௐ೔ఘ೔  is 
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the volume of component 𝑖 (with 𝜌௜ and 𝑤௜ denoting the density and mass of component 𝑖 as measured in the Thermogravimetric Analysis (TGA)) we used. 

As mentioned earlier, Eq. 4-5 generally assumes spherical particles. In the case of 
anisotropic particles, the geometry of the dispersed particles can be taken into account by 
introducing a depolarization factor, 𝐿, describing the deviation from sphericity. Then, the 
M-G equation can be written into a more general form:[259] 

𝑛௘௙௙ଶ = 𝑛௠ଶ ቈ1 + 𝜑௣(𝑛௣ଶ − 𝑛௠ଶ )𝐿(1 − 𝜑௣)(𝑛௣ଶ − 𝑛௠ଶ ) + 𝑛௠ଶ ቉      𝑓𝑜𝑟 𝜑௣ < 0.1 Eq. 4-6 

Different values for the depolarization factors have been calculated for several 
geometries in the literature[255] and can be found below in Table 4-1. If 𝐿 = 0.33, Eq. 
4-6 turns back to that of spherical particles shown in Eq. 4-5. 

 

Table 4-1. The equivalent depolarization factors of clusters build-up from spheres with various 
geometries.[255] 

Geometrical configuration 
Equivalent depolarization factors 

L1 L2 L3 

Single sphere 1/3 1/3 1/3 

Double sphere 0.250 0.375 0.375 

Single-strand chain 0.133 0.435 0435 

Double-strand chain 0.139 0.342 0.518 

 

4.2.1.2 Bruggeman’s equation 

In 1935, Bruggeman proposed an improvement for the mixing rules as an extension 
of the Lorentz-Lorenz equation. The main reason for doing this is that the M-G model 
treats the constituents asymmetrically such that one component constitutes particles while 
the other constitutes the host. Hence, the M-G model only would apply to composites 
with a small volume fraction of the filling material (𝜑௣ < 0.1).[259,267] However, the 
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Bruggeman model avoids this problem by treating the constituents symmetrically and 
considering domains of materials randomly interspersed.[264,267] The commonly known 
Bruggeman’s formula is shown in Eq. 4-7:[262] 

𝜑௣ 𝑛௣ଶ  −  𝑛௘௙௙ଶ𝑛௣ଶ  +  2𝑛௘௙௙ଶ + (1 − 𝜑௣) 𝑛௠ଶ  −  𝑛௘௙௙ଶ𝑛௠ଶ  +  2𝑛௘௙௙ଶ = 0 Eq. 4-7 

Bruggeman’s integration method can be seen as an extended mixing rule 
permitting the assessment of the overall electrical response at higher content of spherical 
particles as well. This is mainly interesting for a disordered system where dispersed 
particles may come close to each other (𝜑௣ ൐ 0.1). Under these assumptions, the solution 
of a differential equation obtained from either Eq. 4-5 or Eq. 4-7 would lead to the final 
Bruggeman’s equation:[259] 𝑛௣ଶ  −  𝑛௘௙௙ଶ𝑛௘௙௙(ଶ/ଷ) = (1 − 𝜑௣)(𝑛௣ଶ  −  𝑛௠ଶ )𝑛௠(ଶ/ଷ)      𝜑௣ < 0.5 Eq. 4-8 

Although this equation is expected to hold for volume fractions up to 50 vol.%, it 
is valid only if the dispersed particles have not formed a percolative path throughout the 
medium. 

 

 Kerr effect and electric field-induced birefringence 
In this section, we first recall the theoretical background that is necessary to 

interpret the experiments conducted. To this aim and because of similarities with our 
experimental conditions and studied colloidal dispersions, we mainly follow theoretical 
approaches that were successfully employed and confirmed by experimental reports from 
our research group[268,269] as well as other reports by Dozov et al.[270–272], Grelet et 
al.[273,274], Fontana et al.[238,244–246], Ponterio et al.[275,276], and, and Neyts et 
al.[243,277] Then in section 4.3.2, we evaluate our preliminary results regarding the 
characteristic times determining the alignment of titania NRs in the isotropic dispersion 
under the applied electric field. 

When dispersions of anisotropic NPs (in our case NRs) are exposed to external 
stimuli such as electric fields, they exhibit electro-optical effects.[26,58,242,271,278] 
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Robust coupling of the NRs’ orientation with an applied electric field (𝐸), and the strong 
optical anisotropy of these NRs, either due to intrinsic properties and/or their shape 
anisotropy, are known to be the main factors corresponding to these electro-optical 
effects.[16,243] Principally, dispersed NRs align individually by the field resulting in an 
induced nematic-like LCs to a degree described by an order parameter 𝑆(𝐸). This order 
parameter is field-dependent such that at relatively weak fields, known as the Kerr region, 𝑆(𝐸) varies as a function of 𝐸ଶ while at very strong fields, it saturates to an asymptotic 
value, +1 when all the rod-like particles are aligned in the same direction.[272] The 
preferential alignment in the applied external field is mainly dependent on the electric 
anisotropy within the particles for low volume fractions.[270] For dielectric NRs, it has 
been observed experimentally and theoretically[279] that they often typically align with 
their long axis along the field direction, although especially with magnetic particles there 
are also exceptions to this behavior.[280] This could arise from the anisotropy of the 
induced dipole moments and/or, in certain cases, the existence of a permanent dipole 
moment along the long axis of the dielectric NRs (e.g. CdSe/CdS,[243] CdSe,[281] 
TiO2,[275,282] and cellulose NRs[283]). Metallic NRs, where 𝜀 has a strong frequency 
dispersion caused by coupling of the field with the conduction electrons, tend to align 
perpendicular or parallel to the field depending on the field frequencies.[244,284,285] 

In general, three main mechanisms contribute to the induced dipole moment of a 
particle in an electric field:[271–273,286] 1) Dielectric polarization, where the dielectric 
mismatch between the particle 𝜀௣ and the surrounding host medium 𝜀௠ gives rise to an 
accumulation of bound (polarization) charges on the particle/solvent interface 
proportional to the applied electric field.[243] 2) The Maxwell-Wagner (M-W) 
mechanism originating from a contrast in the conductivities of the particles 𝜅௣ and 
surrounding host medium 𝜅௠. This difference results in an induced dipole via 
accumulation of free charges on the particle/solvent interface. 3) The Maxwell-Wagner-
O’Konski (M-W-O) mechanism is due to the mobile counterions around the particles in 
the electrical double layer (EDL) and is important for charged colloidal particles.[287,288] 
In O’Konski’s approach these ions are modeled by a surface conductivity of the colloids. 
The M-W-O mechanism describes the polarization of the ions in the EDL. We note that 
in the case of charged colloidal particles, the M-W-O mechanism often has been found to 
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be the most dominant mechanism for the dynamics of anisotropic particles in an electric 
field[271–273,286], even in apolar media [270,272]. 

Here, to assess the dielectric polarizability of titania NRs, we approximate them as 
ellipsoidal particles for which the theoretical description is easier to model.[268] It has 
been shown that the difference in the dielectric polarizability of cylinders (shapes similar 
to our titania NRs) and ellipsoids, with aspect ratios up to 10, is less than 10%.[289] 
Hence, when a cylindrical NR, approximated as an ellipsoid, is exposed to a homogeneous 
external field 𝐸 in a host medium with a dielectric constant 𝜀௠, the induced dipole 
moment 𝒑𝒊𝒏𝒅 with respect to the host medium is given by:[290] 

𝒑𝒊𝒏𝒅 = 𝛼௔𝜀଴𝐸∥𝒖௔,∥ + 𝛼௕𝜀଴𝐸ୄ𝒖௕,ୄ Eq. 4-9 

where the unit vector 𝒖௔,∥ points along the long axis of the ellipsoid, 𝒖௕,ୄ and 𝒖௖,ୄ 
points along the short axes, and 𝐸∥ and 𝐸ୄ are the electric field components projected on 
the unit vectors 𝒖௔,∥ and 𝒖௕,ୄ, respectively. For an ellipsoidal particle with dielectric 
constants 𝜀ேோ,∥ and 𝜀ேோ,ୄ, the polarizabilities along the long axis, 𝛼∥, and short axis, 𝛼ୄ, 
are given by:[243,290] 

𝛼∥ = 𝜀ேோ,∥ − 𝜀௠𝜀௠ + 𝐿∥(𝜀ேோ,∥ − 𝜀௠) 𝑉 

𝛼ୄ = 𝜀ேோ,ୄ − 𝜀௠𝜀௠ + 𝐿ୄ(𝜀ேோ,ୄ − 𝜀௠) 𝑉 
Eq. 4-10 

Here 𝑉 is the volume of the NR and 𝐿∥ and 𝐿ୄ represent the depolarization factors 
for fields parallel and perpendicular to the ellipsoidal particle (here NR long axis), 
respectively, as described in Eq. 4-11:[243] 

𝐿∥ = 𝑏ଶ𝑎ଶ − 𝑏ଶ ቆ 𝑎2√𝑎ଶ − 𝑏ଶ 𝑙𝑛 ቆ𝑎 + √𝑎ଶ − 𝑏ଶ𝑎 − √𝑎ଶ − 𝑏ଶቇ − 1ቇ 

𝐿ୄ = 1 − 𝐿∥2  

Eq. 4-11 

where 𝑎 and 𝑏 are the length of the semi-axes in the ellipsoid. Due to the 
polarization, an induced torque is expected on the NRs that is equal to: 
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𝑻𝒊𝒏𝒅𝒖𝒄𝒆𝒅 = 𝒑𝒊𝒏𝒅 × 𝑬 = 12 (𝛼∥ − 𝛼ୄ) 𝑠𝑖𝑛 2𝜃 𝜀଴𝑬ଶ𝒖௕,ୄ́  Eq. 4-12 

Here, 𝜃 is the angle between the long axis of the ellipsoid and the electric field 
while 𝒖௕,ୄ́  is the unit vector orthogonal to both 𝒖௔,∥ and 𝒖௕,ୄ.[243] 

By considering a permanent dipole moment 𝒑𝒑𝒆𝒓 along the long axis of the NRs, 
an additional dipolar torque arises as a result of an external electric field (Eq. 4-13). If we 
include the two torques into the reorientation equation of the ellipsoids, the resulting 
differential equation shown in Eq. 4-14 for the orientation angle 𝜃 can be 
derived:[243,284] 

𝑻𝒑𝒆𝒓 = 𝒑𝒑𝒆𝒓 × 𝑬 = 𝒑𝒑𝒆𝒓𝑬 𝑠𝑖𝑛 𝜃 𝒖௕,ୄ́  Eq. 4-13 

𝐼 𝑑ଶ𝜃𝑑𝑡ଶ + 𝛾௥ 𝑑ఏ𝑑௧ = ඥ𝑘஻𝑇𝛾௥𝛿(𝑡) + 𝒑𝒑𝒆𝒓𝑬 𝑠𝑖𝑛 𝜃 + 12 (𝛼∥ − 𝛼ୄ) 𝑠𝑖𝑛 2𝜃 𝜀଴𝑬𝟐 Eq. 4-14 

The torque due to Brownian motion with 𝑘஻ the Boltzmann constant, 𝑇 the 
absolute temperature, and 𝛾௥ the rotational friction coefficient is presented in the first 
term on the right side.[291] 𝐼 is the moment of inertia which can be neglected for small 
ellipsoids at frequencies lower than ~MHz. In this condition, the excess electrostatic 
energy of an ellipsoid in the external electric field and the corresponding field-induced 
orientational order parameter, S(E), can be expressed in Eq. 4-15 and Eq. 4-16, 
respectively:[243,273] 

𝑈௘ = −𝒑𝑬 𝑐𝑜𝑠 𝜃 − 12 (𝛼ୄ + (𝛼∥ − 𝛼ୄ)𝑐𝑜𝑠ଶ𝜃)𝜀଴𝑬ଶ Eq. 4-15 

𝑆(𝐸) = 32 〈𝑐𝑜𝑠ଶ𝜃〉 − 12 = 12 ׬ (3𝑐𝑜𝑠ଶ𝜃 − 1) 𝑒𝑥𝑝(−𝑈௘(𝑐𝑜𝑠𝜃 𝑘𝑇⁄ ))𝑑𝑐𝑜𝑠𝜃ଵିଵ ׬ 𝑒𝑥𝑝(−𝑈௘(𝑐𝑜𝑠𝜃 𝑘𝑇⁄ ))𝑑𝑐𝑜𝑠𝜃ଵିଵ  Eq. 4-16 

As we showed above, dispersed NRs in a solvent experience a reorientation with 
an order parameter ranging from 0 to 1, corresponding to randomly oriented NRs and 
fully aligned NRs, respectively. This uniaxial induced order is known as a (para)nematic 
phase (nematic-like orientational order). The birefringence of this phase and the effective 
applied electric field are related via a quadratic law, known as Kerr’s law. As the field 
strength increases the orientation of the dispersed NRs gradually approaches the field 
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direction until they are fully aligned. Using Eq. 4-15 and Eq. 4-16, the induced 
birefringence can be expressed in Eq. 4-17:[273] 

∆𝑛 = ∆𝑛௦௔௧ ቆ1 − 𝑒𝑥𝑝 ቈ൬− 𝐸𝐸௦௔௧൰ଶ቉ቇ ≅ 𝜆𝐵𝐸ଶ           𝑖𝑓 𝐸 ≪ 𝐸௦௔௧ Eq. 4-17 

As shown in Eq. 4-17, Kerr’s law can be approximated in a simpler form if field 
strengths are in the weak region or Kerr region where 𝐸 ≪ 𝐸௦௔௧. In Eq. 4-17, 𝜆 is the the 
light wavelength used for observations, ∆𝑛௦௔௧ and 𝐸௦௔௧ are the saturated birefringence and 
its corresponding field strength, respectively. 𝐵 is the Kerr coefficient which quantifies 
the coupling between the ∆𝑛 and 𝐸. Since the Kerr coefficient has a quadratic dependence 
on ∆𝑛 at low electric fields, it can be deduced from the slope of the equilibrium 
birefringence value as a function of the field. It can also be obtained when saturation is 
observed in the induced birefringence:[273] 

𝐵 = ∆𝑛௦௔௧𝜆𝐸௦௔௧ଶ  Eq. 4-18 

It is worth noting that in the case of TiO2 NPs, experimental observations by 
Pochylski et al. have confirmed 5 orders of magnitude increase in the Kerr coefficients for 
the TiO2 NPs they studied with respect to their pure solvents, 𝐵்௜ைଶ/௦௜௟௜௖௢௡௘ ௢௜௟ =−9.23 × 10ିଵ଴ 𝑚𝑉ିଶ and 𝐵்௜ைଶ/௢௖௧௔௡௢௜௖ ௔௖௜ௗ = −4.76 × 10ିଵ଴ 𝑚𝑉ିଶ), which is close to values 
usually observed for molecular commercial LCs (e.g., 𝐵ହ஼஻ ௅஼௦ = 1.12 ×10ିଵ଴ 𝑚𝑉ିଶ 𝑎𝑡 35.6 ℃).[275] 

 Also, we note that 𝐸௦௔௧, ∆𝑛௦௔௧, and 𝐵 values provide important information about 
the anisotropy of the excess polarizability of the NRs. For rod-like particles, Dozov et al. 
showed that the anisotropy of the excess polarizability can be written as follows:[271,272] 

∆𝐴 = ∆𝛼𝑘𝑇 = 15𝐸௦௔௧ଶ  Eq. 4-19 

 

Here, the coupling parameter ∆𝐴 is the anisotropy of the excess polarizability of 
the NRs, whereas all the above-mentioned three mechanisms (dielectric mechanism, MW, 
and MWO mechanisms) may have contributions to the coupling parameter. 
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 Rise and decay times in TiO2 dispersions based on the rotational 
diffusion coefficients of the dispersed TiO2 NRs 

In general, there are three different relaxation times involved in the rotational 
diffusion process in an electric field. The first one, 1 (6𝐷௥ୄ)⁄ , is related to the rotational 
diffusion of the particles and describes the alignment of the polarizability of the particle, 𝛼. 
Two other terms are 1 (2𝐷௥ୄ)⁄  and 1 (𝐷௥ୄ + 𝐷∥௥)⁄  and are associated with the relaxation times 
of the longitudinal and transverse components of the permanent dipole moment of the 
particle, respectively. When the electric field is switched on, all of these three rotational 
diffusion components can be involved based on the characteristics of the studied material 
system whereas in the decay times, when the field is off only 1 (6𝐷௥ୄ)⁄  is involved.[270] 

As we showed in section 4.2.2 in Eq. 4-13 and Eq. 4-14, by assuming a dipole 
moment 𝒑 along the long axis of the titania NRs, an additional dipolar torque is present 
in an external electric field associated with a parameter, 𝛾௥, representing the viscous 
torque. 𝛾௥ can be approximated as follows:[284] 

𝛾௥ = 16𝜋𝜂√𝑎′ଶ − 𝑏′ଶ(𝑎′ସ − 𝑏′ସ)3(𝑎′ଶ − 𝑏′ଶ2 ) ln(𝑎′ + √𝑎′ଶ − 𝑏′ଶ 𝑎′ − √𝑎′ଶ − 𝑏′ଶ ) − (𝑎′√𝑎′ଶ − 𝑏′ଶ) Eq. 4-20 

where 𝜂 is the dynamic viscosity of the medium (in Pa.s), and 𝑎′ and 𝑏′ are the 
semi-axes of ellipsoidal titania NR for which the ligands molecules have been taken into 
account (ligand length of 1.5 nm). Neyts et al. showed that the time to align a spheroid 
when a sufficiently strong electric field is switched on, 𝜏ைே, can be approximated well by 
neglecting the Brownian term in Eq. 4-14, replacing the derivative by the ratio ∆𝜃 𝜏ைே⁄ , 
and setting ∆𝜃 = 𝜋 4⁄ : 

𝜏ைே = 𝜋𝛾௥2(√2𝒑𝑬 + (𝛼∥ − 𝛼ୄ)𝜀଴𝑬ଶ) Eq. 4-21 

Furthermore, the relaxation time, 𝜏ைிி, which is generally longer than 𝜏ைே, can be 
measured when the electric field is switched off. The relaxation time and corresponding 
birefringence relaxation back to an isotropic state originates from the thermal diffusion 
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randomizing the particle orientations and can be estimated using the Debye-Perrin 
model:[243] 

𝜏ைிி = 𝛾௥𝑘஻𝑇 Eq. 4-22 

In addition to the aforementioned approaches, we can also validate measured 
switching times by calculating the rotational diffusion coefficient 𝐷௥ୄ. There are many 
different relations suggested for calculating the diffusion coefficients of rod-shaped 
particles in dilute dispersions that are mainly based on modifications to the Stokes-
Einstein equations for spheres.[292] In this regard, two expressions for the rotational 
diffusion coefficient 𝐷௥ୄ and the translational diffusion coefficient 𝐷∥௥ of long thin rods 
with a given length 𝑙 and diameter 𝑑 have been approximated by Kirkwood-
Riseman:[292] 

𝐷௥ୄ = 3𝑘஻𝑇𝜋𝜂𝑙ଷ 𝑙𝑛(𝑙 𝑑⁄ ) Eq. 4-23 

𝐷∥௥ = 𝑘஻𝑇3𝜋𝜂𝑙 𝑙𝑛(𝑙 𝑑⁄ ) Eq. 4-24 

Here it has been assumed that the rods behave in a viscous medium with viscosity 𝜂. Later, Tirado and de la Torre carried out a numerical evaluation of the translational 
and rotational diffusion coefficients of cylinders based on a more rigorous approach than 
the Kirkwood-Riseman results given above. Their results were in excellent agreement 
with experimental data for short microscopic cylinders. Therefore, for dilute dispersions 
of finite rods (2 < 𝑙 𝑑⁄ < 30) modeled as cylinders, the expressions for the diffusion 
coefficients can are given by:[27,293] 

𝐷௥ୄ = 3𝑘஻𝑇 (𝑙𝑛(𝑙 𝑑⁄ ) + 𝛿ୄ)𝜋𝜂𝑙ଷ     𝑤ℎ𝑒𝑟𝑒:  𝛿ୄ = −0.662 + 0.917 ൤𝑑𝑙 ൨ − 0.05 ൤𝑑𝑙 ൨ଶ     Eq. 
4-25 

𝐷∥௥ = 𝑘஻𝑇 (𝑙𝑛(𝑙 𝑑⁄ ) + 𝜈)3𝜋𝜂𝑙          𝑤ℎ𝑒𝑟𝑒:  𝜈 = 0.312 + 0.565 ൤𝑑𝑙 ൨ − 0.1 ൤𝑑𝑙 ൨ଶ
 Eq. 

4-26 

One can expect that by increasing the concentration of the NRs in the dispersion, 
the motion of each rod becomes hindered by its neighbors, followed by a reduction in 
the translational and rotational diffusion coefficients. In this regard, Doi and Edwards have 
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presented a theory for the diffusion coefficients of rods with number concentration (𝑐 =𝜑௣ 𝑉௣⁄ ) where 1 𝑙ଷ⁄ ≪ 𝑐 < 2𝜋 𝑑𝑙ଶ⁄ .[294,295] They assumed that the rods are still oriented 
randomly but their motions are strongly hindered by steric repulsions between rods. Also, 
the translational motion parallel to the rod’s axis is unhindered (such as for thin rod-like 
macromolecules with large aspect ratios) and equal to its infinite dilution value (𝐷∥௥ in Eq. 
4-26). Then, the rotational diffusion coefficient in the semi-dilute region is given 
by:[292,296] 

𝐷௥ୄ = 𝛽𝑘஻𝑇 𝑙𝑛(𝑙 𝑑⁄ )𝜂𝑐ଶ𝑙ଽ = 𝛽𝑘஻𝑇 𝑙𝑛(𝑙 𝑑⁄ )𝜂(𝜑௣ 𝑉௣⁄ )ଶ𝑙ଽ Eq. 4-27 

where 𝛽 is a proportionality constant and has been reported to be approximately 𝛽 ≃ 0.5 for NRs with aspect ratios smaller than 10.[273] Doi and Edwards also noted that 
in the concentrated region (𝑐 ≫ 1 𝑙ଷ⁄ ), 𝐷௥ୄ becomes (much) smaller due to non-Newtonian 
viscoelasticity. Thus, the viscosity of more concentrated dispersions becomes signficantly 
greater than the solvent viscosity as a result of rotational degrees of freedom of the 
dispersed rods and can be approximated by:[295] 

𝜂௖௢௡௖௘௡௧௥௔௧௘ௗ = 𝜂௦௢௟௩௘௡௧ሾ1 + (𝜑௣ 𝑉௣⁄ )ଷ𝑙ଽሿ Eq. 4-28 

 

 

 Results and discussion 

 Refractive indexes of anatase and brookite colloidal dispersions 
In Figure 4-1, we show the effective RIs of two different titania colloidal dispersions 

in magenta square markers measured using an Abbe refractometer at the wavelength of 𝜆 = 589.6 𝑛𝑚. Additionally, the trends predicted on the basis of the M-G effective medium 
theories for spherical and anisotropic particles, are depicted. To validate our observations 
with the theory, as mentioned in section 4.2.1.1, the following assumptions were taken: 

We assumed for the calculations of the volume fractions that the bare crystals of 
anatase and brookite NRs were dispersed in toluene and butylbenzene, respectively, and 
neglected small differences in the index of the ligand layer as detailed in the following. 
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The RIs of the bare crystals of anatase and brookite NRs at 𝜆 = 589.6 𝑛𝑚 are known to be 
(𝑛௔௡௔,௘௫௧ = 2.488 and 𝑛௔௡௔,௢௥ௗ = 2.561) and (𝑛௕௥௢,௘௫௧ = 2.700 and 𝑛௕௥௢,௢௥ௗ = 2.583), 
respectively.[297][298] As was already mentioned before regarding the index of the ligand 
layer, since the solvent molecules simply penetrate in this layer to assure the dispersibility 
of the NRs in the dispersion, the whole ligand layer can be presumed as a mixture of 
ligand molecules in the solvent molecules. The RI of the ligand molecules (𝑛ை௅஺஼ଶ଴ =𝑛ை௅஺ெଶ଴ = 1.459) is close to the RI of the solvents (𝑛௧௢௟௨௘௡௘ଶ଴ = 1.496 or 𝑛௕௨௧௬௟௕௘௡௭௘௡௘ଶ଴ = 1.489) 
and therefore the RI of the ligand molecules is closely matched with the RI of the solvents 
used. To calculate the effective RIs of the dispersions based on the M-G model for 
anisotropic particles (Eq. 4-6), we approximated our NRs as equivalent ellipsoids with the 
same volume and axial ratios.[299] In the case of the bare anatase NRs, the average 
dimensions, measured from TEM images, was 𝑙 = 24.6 𝑛𝑚 and 𝑑 = 3.6 𝑛𝑚 which 
translated into the equivalent ellipsoid size of 2𝑎 = 28.3 𝑛𝑚 and 2𝑏 = 2𝑐 = 4.14 𝑛𝑚. The 
same concept was also considered for bare brookite NRs where the average NRs size was 𝑙 = 27.4 𝑛𝑚 and 𝑑 = 3.4 𝑛𝑚 and the equivalent ellipsoid size was NRs 2𝑎 = 31.5 𝑛𝑚 and 2𝑏 = 2𝑐 = 3.9 𝑛𝑚. Moreover, specific depolarization factors for these ellipsoids were 
employed from Table 4-2 which were calculated for fields parallel and perpendicular to 
the ellipsoidal particles. 
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Figure 4-1. Dependence of RIs on TiO2 NRs volume fractions in two different titania
colloidal dispersions composed of rods with different crystal structure: brookite and anatase.
(a) Anatase colloidal dispersions in toluene with volume fractions based on the bare
crystalline anatase NRs. Magenta square markers correspond to the measured values of RIs
of the anatase colloidal dispersions. Black and red markers are corresponding to the average
of the calculated RIs using the M-G theory. For anatase NPs assumed as spheres with
depolarization factor (L=0.33), they are shown in black markers. For anatase NPs assumed
as anisotropic particles with depolarization factor (𝐿ୄ = 0.482 and 𝐿∥ = 0.036), the averaged 
RI values are shown in red crosses while the calculated values for ne and no in this condition
are presented in dark and light dashed blue lines, respectively. (b) brookite colloidal
dispersions with similar description in panel (a) but for brookite NPs. The employed
depolarization factor for brookite NRs were 𝐿ୄ = 0.486 and 𝐿∥ = 0.028. The meausrements 
were performed in wavelength 589 nm and at 20.0 °C. 
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As can be seen in both panels in Figure 4-1, the measured RIs of the colloidal 
dispersions, shown in magenta markers, are observed between two dashed lines as lower 
and upper limits. These lines represent the lowest and highest expected RIs of the colloidal 
dispersions based on the M-G model for anisotropic particles. To calculate the lower 
dashed lines, as lower limits shown in light colors, we employed the ordinary RIs of the 
anatase and brookite NPs as well as 𝐿ୄ = 0.482 and 𝐿ୄ = 0.486 for the short axis of anatase 
and brookite NPs, respectively, as provided in Table 4-2. On the other hand, for the upper 
limits, shown in dark dashed lines, the extraordinary RIs of titania NPs were employed as 
RIs in Eq. 4-6 and 𝐿∥ = 0.036 for anatase and 𝐿∥ = 0.028 for brookite particles were used 
as parallel depolarization factors (for the long axis). The difference between these two 
limits can be assumed as the maximum intrinsic birefringence that can be expected in 
these colloidal dispersions. Since the M-G model is valid up to ~10 vol.% of the filling 
particles, hence, the estimated birefringence values for ligand-capped TiO2 NRs 
dispersions with ca. 28.0 vol.% (equivalent to ca. 10.0 vol.% bare TiO2 NRs) are ∆𝑛௔௡௔,ௗ௜௦௣௘௥௦௜௢௡ =  0.043 and ∆𝑛௕௥௢,ௗ௜௦௣௘௥௦௜௢௡ =  0.075. Hard rods with aspect ratios as for 
our experimental systems are expected to become LC phases at volume fraction of 50.0 
vol.% for anatase NRs (𝑙 𝑑⁄ = 4.18) and 48.5 vol.% for brookite NRs (𝑙 𝑑⁄ = 4.75). 

Since our experimentally observed RIs correspond to the RI of the colloidal 
dispersion, where colloidal NRs move randomly in the solvent, we also plotted the 
rotationally averaged RIs based on these two limits. In this way, we could approximate 
the contribution of both extraordinary and ordinary RIs from the anisotropic particles to 
the final RIs of the colloidal dispersions and thereby compare it with our measured values. 
Red cross markers in both panels in Figure 4-1 show these averaged RIs. In the calculation 
of averaged RIs in these dispersions, one should take into account that anatase and 
brookite are both intrinsically birefringent and thereby they have an extraordinary RI in 
the 𝑐 crystallographic direction (along the long axis of NRs) and an ordinary RI in 𝑎 and 𝑏 crystallographic directions. Therefore, the averaged RI of these dispersions was 
calculated by considering 1 3⁄  contribution from the dispersion’s RI obtained by the 
extraordinary value (upper limit in dark dashed line) and 2 3⁄  of the dispersion’s RI 
obtained by the ordinary value (lower limit in light dashed lines). In the last step and in 
order to compare the geometry’s effect in the M-G model, we calculated the averaged RIs 
of the dispersions based on the simplest approach in the M-G theory, the version for 
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spherical particles with 𝐿 = 0.33 in Eq. 4-6. In the case of spherical particles, we have only 
shown the averaged RI values that are black solid markers in Figure 4-1. Calculation steps 
were quite similar to the anisotropic particles in the M-G model such that the upper limit 
was calculated by considering the extraordinary RI of these NPs and the lower limit by 
using the ordinary RI values. Finally, they were averaged by 2 3⁄  contribution from 
ordinary RIs and 1 3⁄  contribution from extraordinary RIs. 

As can be seen in both panels in Figure 4-1, the averaged RI values for both spherical 
and anisotropic particles in the M-G theory are quite close to each other in the small 
filling factor approximation. Furthermore, an excellent agreement can be observed 
between our measured RI values and the theoretically averaged RIs up to the third decimal 
supporting the uniform distribution of the anatase and brookite NRs in the droplet of the 
colloidal dispersion as it was assumed in the M-G theory. Our experimental results show 
a linear correlation between the RI and concentration for both anatase NRs colloidal 
dispersions with volume fractions up to 29.8 vol.% (equivalent to 10.9 vol.% bare anatase 
nanocrystals) and brookite NRs up to 22.9 vol.% (equivalent to 9.3 vol.% bare brookite 
nanocrystals). The linear dependence of the square root of the dielectric function (RI in 
the visible spectral region) of organic matrixes filled with inorganic fillers has been 
observed in similar titania-polymer nanocomposites, as well.[198,263,265,300] We note 
that some experimental uncertainties during the RIs measurements such as solvent 
evaporation could have caused the errors in the actual concentration of the dropcast liquid 
layers thereby explaining the small deviations from the anticipated linear trend. To 
estimate the effective RIs of the colloidal dispersions at higher volume fractions of titania 
NRs, we employed Bruggeman’s model (results shown in Supplementary Information). 
Although reaching volume fractions of 50 vol.% (the upper limit in Bruggeman’s model) 
is practically too difficult in colloidal dispersions, achieving these concentrations in dried 
states (i.e. spin-coated thin films) is possible. By extrapolating the linear fit in Bruggeman’s 
plots for anatase and brookite colloidal dispersions, we calculated RIs at 𝜑 = 1.0 equal to 
be 2.519 and 2.452, respectively. Although these values are smaller than reported RI values 
of anatase and brookite crystals in the literature, it shows a close match with the measured 
values and hence confirming the influence by low RI ligands.[301] 
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 Switching of the birefringence of TiO2 colloidal dispersions in external 
electric fields 

To investigate the characteristic switching times and alignment behavior of the 
dispersed colloidal anatase and brookite NRs in electric fields, we dropcast dispersions of 
these NRs on in-plane switching cells and sandwiched them using a coverslip as described 
in the experimental part and can be seen in Polarized Optical Microscopy (POM) images 
in Figure 4-2. From the transmission measurements, we could measure the light intensity 
passing through the cell loaded with NRs dispersions. The area of interest was ca. 2560 
square pixels (approximately 1380 𝜇𝑚ଶ) where the background intensity was substracted 
from the measured intensity. The change in this intensity could be correlated to the 
characteristic switching times of the system. However, the field-induced 
birefringence, ∆𝑛, was not measured since it would require a more accurate polarimeter 
and extra devices such as compensators that were not available. Furthermore, we could 
not measure zeta potential charges for anatase and brookite NRs in toluene and 
butylbenzene dispersions, respectively. Nevertheless, we did find spontaneous charging 
of these NRs in cyclohexylbromide without the addition of more charge-inducing agents. 
This will be discussed in more details in the next chapter. Thus, we think that if there is 
any charge on these NRs in ‘pure’ toluene and butylbenzene, it is probably less than ~5 𝑚𝑉, since we could still observe reliably small charges on the NRs in 
cyclohexylbromide which has similar refractive index contrast. As is known for charged 
colloidal particles, the mobile charges in the dispersion have a relaxation frequency equal 
to 𝑓௖௛௔௥௚௘ = ఑ೞ೚೗ೡ೐೙೟ଶగఌబఌೞ೚೗ೡ೐೙೟ where 𝜅௦௢௟௩௘௡௧ and 𝜀௦௢௟௩௘௡௧ are the conductivity and the dielectric 

constant of the solvent, respectively.[272] If the applied electric field has lower 
frequencies than the charge relaxation frequency (𝑓 < 𝑓௖௛௔௥௚௘), the field is completely 
screened by the charges accumulated in the dispersion in front of the electrodes. Hence, 
by applying square pulse a.c. fields with high frequencies (in kHz regime in our case), we 
could avoid artifacts caused by the charged NRs’ drifting to the electrodes and their 
accumulation in front of the electrodes. Although by applying a.c. fields, we could reach 
a maximum value for brightness intensity (as shown in Figure 4-2), detecting the 
characteristic switching times, 𝜏ைே and 𝜏ைிி, in the a.c. fields was not possible. Therefore, 
we applied square pulse d.c. fields with a pulse width of 5000 𝜇𝑠 and a duty cycle of 50%, 
shown in Figure 4-3, to probe the NRs reorientations dynamics more precisely. 
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In Table 4-2, the depolarization factors and dielectric polarizabilities of anatase and 
brookite NRs were calculated approximating the NRs as ellipsoids, as mentioned in the 
previous section.[299] Using these values, we could predict the rise and decay times of 
the NRs in the pulsed d.c. fields as well as estimate the induced dipole moments of the 
NRs. For a better comparison, these estimated values were plotted as a function of 
different field strengths in Figure 4-4. In these calculations, we only used the pure solvent 
viscosities. Furthermore, we did not consider any contribution from a permanent dipole 
moment of TiO2 NRs since these values were not available. A contribution of the electric 
polarizabilities of the titania NRs, ∆𝛼, formulated in the extended Maxwell–Wagner 
framework was taken into account. We note that although TiO2 is known to have a 
charge-neutral crystalline structure, permanent dipoles have recently been found to exist 
in TiO2 NPs.[282,302] For instance, Gonzalo-Juan et al. reported a dipole moment of ca. 
990 Debye for short anatase NRs (𝑙 = 4.6 𝑛𝑚 and 𝑑 = 2.6 𝑛𝑚) ligand-capped with oleic 
acid in hexane and this value was almost 10 times smaller (ca. 100 Debye) for anatase 

Figure 4-2. Scanning electron microscopy image of the in-plane switching cells utilized for the
electro-optical experiments on anatase and brookite NRs colloidal dispersions. (b) Schematic
representation of the in-plane switching cells. As an example, in panels (c-d), POM images of an
in-plane switching cell are shown with an isotropic dispersion of the anatase NRs sandwiched
between the cell and a cover slip. Samples were placed between cross-polarizers. Through a
progressive increase of the electric field, the induced birefringence (Kerr effect) was observed. In
(c) no electric field was applied (off-state), while in (d), we applied weak fields up to 𝐸 = 2 𝑉 𝜇𝑚⁄ .
In (e), we increased the field strength such that no further increment in brightness was detected
to determine the saturation field of the index 𝐸௦௔௧ = 5 𝑉 𝜇𝑚⁄  (a.c. fields, square wave, f = 1 kHz).  
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nanospheres in the same experimental conditions.[282] In another study by Pochylski et 
al., large permanent dipole moments of ca. 113 and 220 kilo-Debye for 32.0 nm anatase 
NPs in octanoic acid and silicon oil, respectively.[275] They linked these measured 
permanent dipole moments to ion distribution at the particles’ surfaces as well as ligands 
groups, which affected significantly NPs’ behavior at the nanoscale.[302–304] As we 
showed in previous chapters, surface defects at the atomic level were often observable for 
both anatase and brookite NRs and could cause a permanent dipole due to the 
inhomogeneous charge and/or atomic dipole distributions at NRs’ surfaces.[275] 
Therefore, for a full description of the rotational dynamics, the presence of a permanent 
dipole moment of also our TiO2 NRs has to be established and measured. 

In addition to the abovementioned factors, a contribution of Maxwell-Wagner-
O'Konski (M-W-O) polarization in the NRs’ reorientation dynamics in our systems should 
not be ruled out as well especially since the NRs were found to be charged in the solvents 
studied. Although we did not have enough information to evaluate the M-W-O 
mechanism, it has been shown in several reports that due to the polarization of the 
counter-ions in the EDL around charged colloidal NPs, the M-W-O influence can be even 
significantly larger than the contribution of other mechanisms.[272,273] For instance, 
Dozov et al. illustrated that when dielectric pigment NRs were dispersed in dodecane 
(𝜀ௗ௢ௗ௘௖௔௡௘ = 2.01), although the surface conductivity and surface charge density of the NRs 
were small, the equivalent conductivity of the NRs was still approximately three orders 
of magnitude larger than the bulk conductivity of the solvent. This was in the work 
contributed due to the polarization of the counterions in the EDL.[271–273] 
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Table 4-2. Obtained calculated results for anatase and brookite dispersions 

Anatase colloidal dispersions 

NRs dimensions TEM 
[nm] 

NRs  sizes:𝑙 = 24.6,  𝑑 = 3.6 
Equivalent ellipsoid: 2𝑎 = 28.3 , 2𝑏 = 2𝑐 = 4.14 

Anatase dielectric constants Ref [305] 𝜀∥ = 22.7 𝜀ୄ = 45.1 

Depolarization factors Eq. 4-11 𝐿∥ = 0.036 𝐿ୄ = 0.482 

Dielectric polarizabilities Eq. 4-10 𝛼∥ = 1.7 × 10ିଶସ 𝑚ଷ 𝛼ୄ = 4.7 × 10ିଶହ 𝑚ଷ 

𝝉𝑶𝑵 in toluene (𝜺𝒕𝒐𝒍𝒖𝒆𝒏𝒆 = 𝟐. 𝟑𝟖) (𝜼𝒕𝒐𝒍𝒖𝒆𝒏𝒆 = 𝟎. 𝟓𝟗 × 𝟏𝟎ି𝟑𝑷𝒂. 𝒔) Eq. 4-21 

𝑬 = 3 𝑉 𝜇𝑚⁄  ⟶  𝜏ைே = 298.2 𝜇𝑠 𝑬 = 7 𝑉 𝜇𝑚⁄  ⟶  𝜏ைே = 54.8 𝜇𝑠 𝑬 = 10 𝑉 𝜇𝑚⁄  ⟶  𝜏ைே = 26.8 𝜇𝑠 𝝉𝑶𝑭𝑭 in toluene (𝜼𝒕𝒐𝒍𝒖𝒆𝒏𝒆 = 𝟏. 𝟖𝟖 × 𝟏𝟎ି𝟑𝑷𝒂. 𝒔) Eq. 4-22 𝜏ைிி = 13.9 𝜇𝑠 ⟶ 𝐷௥ୄ = 11.9 × 10ଷ 𝑠ିଵ 

Estimated induced dipole moment Eq. 4-9 

11.9 Debye at (𝑬 = 3 𝑉 𝜇𝑚⁄ ) 
27.9 Debye at (𝑬 = 7 𝑉 𝜇𝑚⁄ ) 
40.1 Debye at (𝑬 = 10 𝑉 𝜇𝑚⁄ ) 

Brookite colloidal dispersions 

NRs dimensions TEM 
[nm] 

NRs  sizes:𝑙 = 27.4,  𝑑 = 3.4 
Equivalent ellipsoid: 2𝑎 = 31.5 , 2𝑏 = 2𝑐 = 3.9 

Brookite dielectric constants Ref [306] 𝜀∥ = 86.7 𝜀ୄ = 55.2 

Depolarization factors Eq. 4-11 𝐿∥ = 0.028 𝐿ୄ = 0.486 

Dielectric polarizabilities Eq. 4-10 𝛼∥ = 4.5 × 10ିଶସ 𝑚ଷ 𝛼ୄ = 4.7 × 10ିଶହ 𝑚ଷ 

𝝉𝑶𝑵 in butylbenzene (𝜺𝒃𝒖𝒕𝒚𝒍𝒃𝒆𝒏𝒛𝒆𝒏𝒆 = 𝟐. 𝟑𝟔) (𝜼𝒃𝒖𝒕𝒚𝒍𝒃𝒆𝒏𝒛𝒆𝒏𝒆 = 𝟎. 𝟗𝟓 × 𝟏𝟎ି𝟑𝑷𝒂. 𝒔) Eq. 4-21 

𝑬 = 3 𝑉 𝜇𝑚⁄  ⟶  𝜏ைே = 178.6 𝜇𝑠 𝑬 = 7 𝑉 𝜇𝑚⁄  ⟶  𝜏ைே = 32.8 𝜇𝑠 𝑬 = 10 𝑉 𝜇𝑚⁄  ⟶  𝜏ைே = 16.1 𝜇𝑠 𝝉𝑶𝑭𝑭 in butylbenzene (𝜼𝒃𝒖𝒕𝒚𝒍𝒃𝒆𝒏𝒛𝒆𝒏𝒆 = 𝟎. 𝟗𝟓 × 𝟏𝟎ି𝟑𝑷𝒂. 𝒔) Eq. 4-22 𝜏ைிி = 28.2 𝜇𝑠 ⟶ 𝐷௥ୄ = 5.9 × 10ଷ 𝑠ିଵ 

Estimated induced dipole moment Eq. 4-9 

27.8 Debye at (𝑬 = 3 𝑉 𝜇𝑚⁄ ) 
65.1 Debye at (𝑬 = 7 𝑉 𝜇𝑚⁄ ) 
92.1 Debye at (𝑬 = 10 𝑉 𝜇𝑚⁄ ) 

 

Figure 4-3 shows the rise and decay times of our TiO2 NRs dispersions for various 
field strengths when short square pulses were applied. As can be observed in Figure 4-3a, 
for all of the field strengths, the transmitted light intensity rapidly reached its maximum 
value indicating that all NRs become aligned relatively quickly. The utilized camera in 
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our experiments could record the transmitted light intensity with 4000 frames per second 
providing a resolution of 1 measurement (collected data point) per 250 𝜇𝑠. We show in 
both Table 4-2 and Figure 4-4 that except at lower fields (3 𝑉 𝜇𝑚⁄ ), at all of the higher 
field strengths for both anatase and brookite NRs dispersions, 𝜏ைே is expected to be less 
than 250 𝜇𝑠. However, in our experiments, we could collect only one data point in the 
rise period after applying square pulse bursts of field strengths 3, 7, and 10 𝑉 𝜇𝑚⁄ , which 
confirms that ca. 90% of the maximum intensity was achieved within 250 𝜇𝑠. Therefore, 
we conclude that the 𝜏ைே is less than 250 𝜇𝑠. 

In Figure 4-3b, the decay times associated with the relaxation of the Kerr induced 
birefringence can be observed. Similar to the rise time observations in panel (a) in Figure 
4-3, the applied square pulse has a width of 5000 𝜇𝑠. We could again collect only one 
data point when the voltage dropped, which was after 250 𝜇𝑠; the light intensity decreased 
in this time span for more than 70%. As mentioned before, the relaxation of the Kerr 
induced birefringence back to the isotropic liquid state stems from the thermal rotational 
diffusion randomizing the NRs’ orientation initially created by the applied electric field. 
Thus, 𝜏ைிி only depends on the host medium as well as geometrical properties of the 
NRs, at volume fractions where interactions between them can be neglected.[244] As we 
showed in Table 4-2, 𝜏ைிி values were estimated by the Debye-Perrin model (Eq. 4-22) 
to be ca. 14 𝜇𝑠 and 28 𝜇𝑠 for the anatase and brookite NRs, respectively. In this model, 
the rotational diffusion coefficient (𝛾௥), dynamic viscosity of the solvent (𝜂), and the 
modified semi-axes of the ellipsoidal titania NRs covered with 1.5 nm organic ligand 
molecules were taken into account. By considering 𝜏ைிி values from the Debye-Perrin 
model, the rotational relaxation frequencies of anatase and brookite NRs are ca. 𝑓௥௘௟௔௫௔௧௜௢௡ = 35.7 𝑘𝐻𝑧 and 𝑓௥௘௟௔௫௔௧௜௢௡ = 17.7 𝑘𝐻𝑧, respectively, which are on a time scale 
much shorter than the 5000 𝜇𝑠 periods of the applied pulses. Therefore, all the applied 
fields (either pulsed d.c. fields or a.c. fields) with a frequency well below 𝑓௥௘௟௔௫௔௧௜௢௡ would 
provide the NRs enough time to follow the variation of the electric field. The only 
difference between frequencies well below 𝑓௥௘௟௔௫௔௧௜௢௡ and higher frequencies close to 𝑓௥௘௟௔௫௔௧௜௢௡ that we can expect is that the latter makes the NRs switch faster from the 0° to 180° orientation. However, since the resolution of each measurement in our setup was 
250 𝜇𝑠, we were not able to track the actual decay time or faster rise times below 250 𝜇𝑠. 
It is expected that at frequencies above 𝑓௥௘௟௔௫௔௧௜௢௡, the distribution of the NRs will not 
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return to random alignment and therefore the minimum transmission cannot become 
equal to zero-field transmitted light intensity. Moreover, if a.c. fields would be applied, it 
is expected that the NRs will stop responding to the field once the frequency exceeds the 
rise time frequencies, 𝑓௥௜௦௘, which are approximated to be 𝑓௥௜௦௘,௔௡௔ ≈ 5.9 𝑘𝐻𝑧 and 𝑓௥௜௦௘,௕௥௢ ≈9.8 𝑘𝐻𝑧 at 𝐸 = 10 𝑉 𝜇𝑚⁄ . 
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Figure 4-3. (a) Transmitted light intensity in cross-polarized in-plane switching cells versus time for 
TiO2 NRs colloidal dispersions when square d.c. pulses with a pulse width of 5000 𝜇𝑠 and a duty 
cycle of 50% are applied at 3, 7, and 10 𝑉 𝜇𝑚⁄  field strengths. (b) A zoomed-in plot from panel (a) 
with emphasis on decay times in cross-polarized in-plane switching cells as a function of time for
TiO2 NRs colloidal dispersions when a square pulse with 3, 7, and 10 𝑉 𝜇𝑚⁄  are relaxed to zero 
amplitude. The dashed vertical line in red color is depicting the time interval between the two data 
points during the decay times in all field strengths.   
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In Figure 4-4 we show that 𝜏ைே is strongly dependent on the applied electric field. 
By tuning the field strength from 3 to 10 𝑉 𝜇𝑚⁄ , 𝜏ைே is expected to decreases from ca. 298 𝜇𝑠 to 27 𝜇𝑠 for the anatase NR dispersion and from ca. 178 𝜇𝑠 to 16 𝜇𝑠 for the brookite 
NR dispersions. These mentioned values for 𝜏ைே are underestimates because only a 
dielectric torque on the titania NRs was taken into account. Nevertheless, the observed 𝜏ைே in Figure 4-3a (shown with red vertical dashed lines) are in agreement with the 
estimated values from Figure 4-4. Since 𝜏ைே depends on the electric field strengths, even 
faster 𝜏ைே could be achievable by applying higher voltages. In this regard, several studies 
were conducted on the rotational dynamics of diverse colloidal NRs in electric fields by 
employing transient birefringence measurements or by fiber optofluidic devices. All these 
studies confirmed that if sufficiently high field strengths were applied (i.e. even up to 32 𝑉 𝜇𝑚⁄ )[245] in the colloidal dispersions of various types of NRs with hard-core potentials 
(i.e. CdSe NRs,[242,281] CdSe/CdS NRs,[243] Au NRs,[238,244,245] and pigment red 
176 NRs[272]), NRs’ alignment would occur in several microseconds or even sub-
microsecond timescales (all occurred in sophisticated fiber optofluidic devices).[245] 
Although ultrafast switching times were achieved in these studies, the colloidal dispersions 
measured were always in very dilute regimes.[238,242–245,272,281] On the other hand, 
when the colloidal dispersions were more concentrated close to volume fractions where 
LC phases would form, the observed switching times increased to the order of 
milliseconds or even several minutes as the result of increased interactions and (much) 
higher viscosities.[272–274,307–309] To the best of our knowledge, we believe that our 
results are the first experimental investigation confirming microsecond switching times in 
colloidal dispersions with relatively high volume fractions close to the isotropic-nematic 
phase transition. 

In addition to smaller values for 𝜏ைே, which could be achieved via increasing the 
field strengths, we expect that the magnitude of the induced dipole moments could be 
tuned from ca. 12 Debye in 3 𝑉 𝜇𝑚⁄  for anatase NRs to ca. 92 Debye in 10 𝑉 𝜇𝑚⁄  for 
brookite NRs. Typically, brookite NRs exhibit higher induced dipole moments in 
comparison to their anatase counterparts due to the higher complex dielectric mismatch 
between the solvent and the brookite NRs. Our induced dipole moments are reasonably 
close to the reported values by Neyts et al. for somewhat similar semiconductor colloidal 
dispersions. In their experiments, they reported an induced dipole moment of 100 Debye 
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for CdSe/CdS NRs with 𝑙 = 51.5 𝑛𝑚 and 𝑑 = 4.8 𝑛𝑚 in dodecane at a field strength of 𝐸 =17 𝑉 𝜇𝑚⁄ ).[243] 

 

In the next step, we try to assess the effects of the interactions between the NRs 
on their rotational dynamics. We calculated NR decay times based on theories to predict 
NR rotational dynamics in both dilute and semi-dilute conditions. As can be observed in 
Table 4-3, 𝐷௥ୄ of the ligand-capped anatase and brookite NRs were firstly calculated in the 
dilute limit where the particles do not interact. Accordingly, the decay time was extracted 
from the calculated 𝐷௥ୄ via 𝜏ைிி = 1 (6𝐷௥ୄ)⁄ .[310] This calculation resulted in decay times 
of ca. 0.7 𝜇𝑠 and 1.5 𝜇𝑠 for anatase and brookite NRs, respectively, which are the fastest 
decay times we could expect for these NRs in the dilute limit. However, since our 
colloidal dispersions are concentrated, we also calculated 𝐷௥ୄ values in the semi-dilute limit 
by employing an equation (Eq. 4-27) by Doi and Edwards. In this equation, it is assumed 

Figure 4-4. Switching speed predictions as function of field strength. On the left vertical
red axis, estimated rise times for our anatase NRs (red square solid markers) and brookite
NRs (red circle solid markers) as a function of different applied amplitutdes. On the right
vertical blue axis, the estimated induced dipole moment of anatase NRs (blue empty square
markers) and brookite NRs (blue circle empty markers) are plotted as a function of different
applied field strengths.  
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that the NRs can still orient randomly but their motions are strongly hindered by steric 
repulsions forces between NRs. We should also keep in mind that in this equation, it is 
assumed the rods are thin rods, as mentioned before. However, our titania NRs are not 
that thin and have aspect ratios around 4.5, and thereby the real decay times are most 
likely in between values obtained from the dilute dispersion and semi-dilute dispersion 
calculations. Nevertheless, several experimental reports have shown the validity of Eq. 
4-27 for colloidal NRs with aspect ratios smaller than 10.[273,292,296] As reported in 
Table 4-3, by assuming the Doi and Edwards approach in the semi-dilute regime, decay 
times of ca. 120 𝜇𝑠 and 238 𝜇𝑠 are estimated for our anatase and brookite NRs dispersions, 
respectively. These values are reasonable when compared with our collected data. Hence, 
to get an idea regarding various decay times at different volume fractions in our systems, 
we calculated decay times by using the Doi and Edwards approach as a function of volume 
fraction, which are presented in Figure 4-5. For this approximation, the lowest volume 
fraction considered was 1 vol.% as it has been shown by Grelet et al. that this approach 
could still result in reasonable relaxation times in colloidal NRs dispersion of ca. 0.9 
vol.%.[273] 
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Table 4-3. Estimated decay times for TiO2 NRs dispersions in dilute and semi-dilute limits 

Anatase colloidal dispersions 

NRs dimensions TEM 
[nm] 

NRs sizes: 𝑙+ (3.0 nm ligands length): 27.6 𝑛𝑚 𝑑 + (3.0 nm ligands length): 6.6 𝑛𝑚 

Equivalent ellipsoid: 2𝑎 + (3.0 nm ligands length): 31.3 𝑛𝑚 2𝑏 = 2𝑐 = 4.14 + (3.0 nm ligands length): 7.14 𝑛𝑚 𝑫𝒓  in dilute region (𝜼𝒕𝒐𝒍𝒖𝒆𝒏𝒆 = 𝟎. 𝟓𝟗 × 𝟏𝟎ି𝟑𝑷𝒂. 𝒔) Eq. 4-25 𝐷௥ୄ = 2.18 × 10ହ 𝑠ିଵ ⟶ 𝜏ைிி = 0.76 µ𝑠 

𝑫𝒓  in semidilute region ൫𝝋𝒅𝒊𝒔𝒑𝒆𝒓𝒔𝒊𝒐𝒏 = 𝟎. 𝟐𝟗𝟖൯ Eq. 4-27 𝐷௥ୄ = 1.38 × 10ଷ 𝑠ିଵ → 𝜏ைிி = 120.7 µ𝑠 

Estimated viscosity for 
concentrated dispersions ൫𝝋𝒅𝒊𝒔𝒑𝒆𝒓𝒔𝒊𝒐𝒏 = 𝟎. 𝟐𝟗𝟖൯ Eq. 4-28 𝜂ௗ௜௦௣௘௥௦௜௢௡ = 0.77 𝑃𝑎. 𝑠 

Brookite colloidal dispersions 

NRs dimensions TEM 
[nm] 

NRs sizes: 𝑙 + (3.0 nm ligands length): 30.4 𝑛𝑚 𝑑 + (3.0 nm ligands length): 6.4 𝑛𝑚 

Equivalent ellipsoid: 2𝑎 + (3.0 nm ligands length): 34.5 𝑛𝑚 2𝑏 = 2𝑐 = 3.9 + (3.0 nm ligands length): 6.9 𝑛𝑚 𝑫𝒓  in dilute region (𝜼𝒃𝒖𝒕𝒚𝒍𝒃𝒆𝒏𝒛𝒆𝒏𝒆 = 𝟎. 𝟗𝟓× 𝟏𝟎ି𝟑𝑷𝒂. 𝒔) Eq. 4-25 𝐷௥ୄ = 1.11 × 10ହ 𝑠ିଵ ⟶ 𝜏ைிி = 1.49 µ𝑠 

𝑫𝒓  in semidilute region ൫𝝋𝒅𝒊𝒔𝒑𝒆𝒓𝒔𝒊𝒐𝒏 = 𝟎. 𝟐𝟐𝟗൯ Eq. 4-27 𝐷௥ୄ = 6.97 × 10ଶ 𝑠ିଵ → 𝜏ைிி = 238.8 µ𝑠 

Estimated viscosity for 
concentrated dispersions ൫𝝋𝒅𝒊𝒔𝒑𝒆𝒓𝒔𝒊𝒐𝒏 = 𝟎. 𝟐𝟐𝟗൯ Eq. 4-28 𝜂ௗ௜௦௣௘௥௦௜௢௡ = 1.24 𝑃𝑎. 𝑠 

 

In Figure 4-5, it is clearly observed that diluting the dispersion would significantly 
improve the decay times for both NRs’ dispersions in the semi-dilute region. In this plot, 
the highest volume fractions for both dispersions were chosen close to the actual volume 
fractions that resulted in ca. 114 𝜇𝑠 for 29.0 vol.% anatase NRs colloidal dispersions in 
toluene and ca. 241 𝜇𝑠 for 23.0 vol.% brookite NRs colloidal dispersions in butylbenzene. 
The difference in these relaxation times is associated with dissimilarities in anatase and 
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brookite NRs colloidal systems such as NRs sizes, volume fractions, and solvent viscosity. 
Moreover, Doi and Edwards showed that for thin rod-like dispersions in the concentrated 
region (𝑐 ≫ 1 𝑙ଷ⁄ ), where they still have rotational degrees of freedom, the viscosity of the 
dispersion becomes much greater than the solvent viscosity, resulting furthermore in non-
Newtonian viscoelasticity.[295] Hence, to get a rough estimate, we also calculated the 
viscosity of the concentrated NRs dispersions (Eq. 4-28), as shown in Table 4-3. The 
calculated viscosities are nearly three orders of magnitude larger than solvent viscosities 
which rationalizes the notable decrease in relaxation times of NRs from the dilute limit 
to semi-dilute dispersions. Nevertheless, these results suggest that if sufficiently high field 
strengths are provided (at least 3 𝑉 𝜇𝑚⁄  in our colloidal dispersions), these colloidal NRs 
will be fully aligned for almost all of the time in the a.c. fields, except for very short time 
intervals which are on the order of microseconds. We note that this characteristic of the 
system can also be valuable for applications that need to freeze colloidal NRs at a specific 
orientation, for example by employing a triggered polymerization of the surrounding 
medium.[311–315] Submicrosecond relaxation times are also achievable at volume 
fractions below 3.0 vol.%. Although microsecond relaxation times are apparently 
reachable in a broad range of volume fractions, further investigations are necessary to find 
the critical volume fraction at which a collective induced birefringence (Kerr effect) 
becomes observable. We believe these promising electro-optical properties demonstrated 
in our material systems are of great interest in several fast switchable optical devices. By 
employing these NRs dispersions, not only we can benefit from the athermal LC behavior 
of these highly stable colloidal systems, but also from their unique stability under 
irradiation with high powers of light. 
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 Conclusions and outlook 
In summary, we demonstrated electric field induced birefringence (Kerr effect) and 

(para)nematic LC phases, in concentrated dispersions of anatase and brookite NRs in 
toluene and butylbenzene, respectively, that were initially in an isotropic liquid state. We 
probed the response of these colloidal dispersions in in-plane switching cells where the 
electrodes were in direct contact with the NRs’ dispersions. To assess the reorientation of 
the TiO2 NRs under pulsed d.c. electric fields, the estimated induced dipole moments of 
anatase and brookite NRs were calculated for different field strengths. Besides that, other 
possible mechanisms contributing to the reorientation of these NRs were discussed. By 
considering the electric polarizabilities of titania NRs in various electric fields, we 
calculated induced dipole moments ranging from ca. 12 Debye in 3 𝑉 𝜇𝑚⁄  for anatase NRs 
in toluene to ca. 92 Debye in 10 𝑉 𝜇𝑚⁄  for brookite NRs in butylbenzene. We found that 
the brookite NRs exhibited higher induced dipole moments in comparison to their 
anatase counterparts which is as expected from the higher complex dielectric mismatch 
between the solvent and the brookite NRs. Nevertheless, since our TiO2 NRs were 

Figure 4-5. Estimated decay times shown on a logarithmic scale for anatase and brookite 
NRs as a function of their volume fractions. For this approximations, the rotational 
diffusion coefficient in a semi-dilute regime, proposed by Doi and Edwards, was employed
from Eq. 4-27.  
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measured to be charged colloids in the solvents we used, we believe that the polarization 
of the electrical double layer via the Maxwell–Wagner–O’Konski mechanism is probably 
contributing significantly to the mechanisms of the alignment dynamics of the NRs, 
although further detailed investigations are required to exactly determine how large this 
contribution is. We showed that both anatase and brookite NRs could be aligned into the 
direction of the applied electric fields in various field strengths within ca. 250 𝜇𝑠 which is 
at least one order of magnitude faster than commercial Freedericksz-based LCs (i.e. E7 
LCs). However, these measured switching times were limited by the resolution of our 
setup. By validating our experimental parameters with theories, we believe that rise times 
in these TiO2 dispersions are in the order of ca. 30 to 60 𝜇𝑠 for 𝐸 = 10 𝑉 𝜇𝑚⁄  while 
relaxation times of ca. 120 to 240 𝜇𝑠 are expected in these semi-dilute TiO2 NRs 
dispersions. Furthermore, to estimate the refractive index of our TiO2 dispersions and 
determine the birefringence observed in an electric field, we measured the refractive 
indexes of our anatase and brookite dispersions in various volume fractions of TiO2 NRs 
and compared these with effective medium models such as Maxwell-Garnett and 
Bruggeman theories. The largest estimated intrinsic birefringence for our ligand-capped 
TiO2 NRs dispersions with ca. 28.0 vol.% (equivalent to ca. 10.0 vol.% bare NRs) 
measured were ∆𝑛௔௡௔,ௗ௜௦௣௘௥௦௜௢௡ =  0.043 and ∆𝑛௕௥௢,ௗ௜௦௣௘௥௦௜௢௡ =  0.075. At these largest 
volume fractions we expect to be relatively close to a phase transition to a nematic LC 
phase. The measured refractive indexes for both TiO2 dispersions showed a linear 
correlation with the volume fractions of the NRs and were in excellent agreement with a 
Maxwell-Garnett effective medium theory. We believe that the high-speed switching 
times of these non-aqueous transparent colloidal dispersions even at relatively high 
volume fractions coupled with high degrees of induced birefringence make them highly 
suitable for ultrafast optical switches, spatial light modulators, switchable gradient index 
lenses (such as switchable Fresnel lenses)[164,166], remote sensing, and signaling 
applications. 
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 Experimental 

 TiO2 NRs dispersions preparation 
Anatase and brookite NRs colloidal dispersions were prepared as described in 

previous chapters and references [188,316]. Concentrated colloidal dispersions were 
prepared by careful solvent evaporation. We emphasize that solvent evaporation should 
take place gradually while the colloidal dispersions are shaken to prevent NRs 
agglomeration on the wall of the vials. In order to prevent fast solvent evaporation during 
electro-optical experiments, brookite NRs dispersions were prepared in butylbenzene. 
Butylbenzene has a boiling point of 183 °𝐶 and 𝑛௕௨௧௬௟௕௘௡௭௘௡௘ଶ଴ = 1.489. 

 Refractive index measurements 
Refractive index measurements for TiO2 NRs colloidal dispersions were taken with 

an Abbe refractometer (Atago-3T). This refractometer can measure the refractive indices 
to an accuracy of ± 0.0001. A sodium lamp of wavelength 589 nm was used to illuminate 
the prisms and sample. The temperature was controlled at 20.0 °𝐶 by a circulating water 
bath, which maintained the temperature stable to ±0.05 °𝐶. For each measurement, we 
dropcast 70.0𝜇𝐿 of the NRs colloidal dispersions with known volume fractions on the 
sample holder. After each measurement, we cleaned the sample holder by using the same 
pure solvent of the dispersion and Whatman lens cleaning tissues. In this way, we removed 
the leftover and dried NRs and finally cross-checked it by measuring the refractive index 
of the solvent. Once the refractive index of the solvent was correct, we could measure 
refractive indexes for other volume fractions. Each measurement was repeated 3 times 
and the results are shown as a mean value. 

 Electro-optical experiments 
Our electro-optical cells were commercial in-plane switching substrates that 

contained interdigitated comb-like electrode structures made of Indium Tin Oxide (ITO) 
from Instec Inc. Electric contacts between ITO electrodes and wires were made by using 
a silver lacquer. The cell was then connected to a function generator (Agilent 33250A 
Arbitrary Wave Generator) through an electric amplifier (Krohn-Hite Model 7602) which 
provides a voltage gain of a factor 20 for frequencies up to 400 kHz. The input and output 
signals were monitored on a TEKTRONIX TDS3012B oscilloscope. We investigated the 
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characteristic switching times and alignment behavior of the dispersed colloidal anatase 
and brookite NRs by electric fields by dropcasting 10.0 𝜇𝐿 dispersions of these NRs on 
the in-plane switching cells and sandwiching them with a coverslip (9.0 mm diameter 
from Fisher scientific). The whole area under the coverslip was filled by capillary forces 
resulting in a thin layer of approximately 150 𝜇𝑚 of colloidal dispersion. The sample was 
then placed between crossed polarizers and illuminated by a stabilized light source from 
below. To measure the light intensity in POM images caused by Kerr induced 
birefringence in the samples, the images were captured via a Nikon D90 digital camera. 
This camera could provide 4000 frames per second resulting in a resolution of 1 
measurement per 250 𝜇𝑠. Individual frames from the movies and images were analyzed 
using ImageJ software. In all of the measurements, the light intensity of the background 
was taken into account according to the totally cross-polarized state and not being cross-
polarized. When the electric field is applied between two infinite parallel planes, the 
electric field strength (𝐸) is the result of the ratio between the operating voltage and the 
inter-electrode distance (𝑑). Since we were interested in detecting the characteristic 
switching times, 𝜏ைே and 𝜏ைிி, we applied square pulse d.c. fields with a pulse width of 
5000 𝜇𝑠 and a duty cycle of 50%. 
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5. Charging behavior of TiO2 nanorods in nonaqueous 
media 

Charged colloidal particles dispersed in apolar media are of great interest in a broad variety of 
applications ranging from paints to electrophoretic displays. Control over the charge of 
nanoparticles in apolar media can be essential for stability, phase behavior, and to manipulate 
colloidal TiO2 nanorods by external electric fields providing tunable optical properties. 
Nevertheless, ion formation and separation as well as creating conductivity are known challenges 
in apolar systems in comparison to their aqueous counterparts. Here, we demonstrate the charging 
behavior of ligand-capped brookite and anatase TiO2 nanorods in toluene (an apolar solvent) and 
cyclohexylbromide (representing more polar solvents) by introducing nonionic surfactants 
(Span80 and OLOA1200). Electrophoretic mobilities and corresponding zeta potentials in these 
apolar media are reported as a function of surfactant concentration, as measured by the phase 
analysis light scattering (PALS) technique. We show that the sign of the particle charge can be 
tuned as a result of an ion transfer between the TiO2 nanorods’ surfaces and the surfactant and 
found the charges resulting on the rods to be inline with an acidic behavior of Span80 resulting 
in positively charged rods and basic behavior of OLOA1200 resulting in negatively charged rods. 
In “pure” cyclohyxelbromide the rods became positively charged while in toluene the charges 
were too small to measure.  
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 Introduction 
Paints, coatings, oil-based printing toners, inks, cosmetics, and pharmaceuticals are 

just a few examples of commercial products that are developed from either aqueous or 
nonaqueous colloidal dispersions.[317–321] In all of these colloidal dispersions, it is 
important to prevent aggregation of colloidal particles by two main repulsion 
mechanisms: steric repulsion and/or electrostatic repulsion. In steric repulsion, which is 
regularly used for nanoparticles (NPs), ligand-capped NPs are strongly repelled as the 
ligand layers begin to overlap.[92] However, in electrostatic repulsion, electrical double 
layers (EDLs), resulting from differences in ion concentrations around charged particles 
by a competition between entropy and electrostatic interactions, cause repulsions when 
these EDLs begin to overlap. A combination of electrostatic and steric repulsion can also 
occur which is known as electrosteric stabilization.[322] In this case, the energy-distance 
curve can have two minima, one low maximum, which is described by the DLVO theory 
(Deryaguin, Landau, Verwey, and Overbeek), and a rapid increase at distances smaller 
than twice the ligand length as a result of steric repulsion (Figure 5-1).[323] 

The main motivation to achieve electrostatic stabilization in addition to steric 

stabilization in colloidal NPs dispersions in apolar media is that although the steric 
repulsion may guarantee colloidal stability, there are many applications such as e-ink 
displays (i.e., the Amazon Kindle®) and digital printers (i.e., HP Indigo®) where charged 

Figure 5-1. Total free energy of interaction (GT) vs. distance curve for electrosteric
stabilization, from reference [323]. 
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NPs are used in successful products.[324] Energetically it is the dielectric constant which 
is limiting the creation of charges in the apolar media and thereby it is a disfavored 
process. As mentioned, the low dielectric permittivity of the apolar solvents (with typical 𝜀௦ ≈ 2), makes it much harder than in polar solvents to achieve charge separation in these 
media as the charges are much less screened in these media.[325] For a more quantitative 
view, one may consider the separation distance that is characterizing charge 
recombination and neutralization: the Bjerrum length (𝜆஻). This length, 𝜆஻, is defined as 
the distance between two oppositely charged monovalent ions at which the Coulombic 
attraction energy is equal to the thermal energy 𝑘஻𝑇 and is given by:[145] 

𝜆஻ = 𝑒ଶ4𝜋𝜀௦𝜀଴𝑘஻𝑇 Eq. 5-1 

where 𝑒 is the elementary charge (1.602 × 10ିଵଽ 𝐶), 𝜀଴ is the electric permittivity in 
vacuum (8.854 × 10ିଵଶ 𝐶ଶ. 𝑁ିଵ. 𝑚ିଶ), 𝑘஻ is the Boltzmann constant (1.38 × 10ିଶଷ 𝐽. 𝐾ିଵ), 
and 𝑇 is the absolute temperature. By considering Eq. 5-1 for water with 𝜀௦ ≈ 80 at room 
temperature, 𝜆஻ is about 0.7 𝑛𝑚 which is fairly close to the center-to-center distance, ca. 0.28 𝑛𝑚, in the NaCl rocksalt crystal). This is on the order of the size of a hydration layer 
of water molecules, which allows ions to freely dissociate and be held apart by tightly 
bound water molecules on both the cation and anion. However, in apolar solvents such 
as saturated hydrocarbons and toluene with 𝜀௦ ≈ 2, 𝜆஻ is about 28 𝑛𝑚, two orders of 
magnitude larger. This means that the solvent molecules have to form a tightly bound 
shell around the present ions with a thickness of at least 14 𝑛𝑚. This evidently does not 
occur in pure apolar media, and thus prevents the free dissociation of most ions.[326] 
Hence, ions in apolar media can remain dissociated and stay stable only if they are large 
or contained in large structures (i.e., polymers, co-polymers, or most commonly, inverse 
micelles) that are significantly larger than hydration layers.[327] 

Micelle formation in hydrocarbon solvents was already reviewed by Mathews and 
Hirschhorn in the early 1950s.[328] Afterwards, many reports were devoted to 
investigating the complex solubilization and interactions mechanisms of polar molecules, 
micelles, and polymers in nonaqueous media.[329–335] Along with these studies and 
especially in the last two decades, extensive reports and reviews have been published in 
the area of charge stabilization in apolar media focused on the presence of ion pairs and 
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reverse micelles by Morrison,[327] Lyklema,[336] Dukhin et al.,[337,338] Smith and 
Eastoe,[326,339–341] Bartlett et al.,[340,342,343] Weitz et al.,[344–346] Behrens et 
al.,[347–350] and Berg et al.[324,325,351,352] The majority of these investigations 
showed that the origin of the charge is system-dependent, which also makes it less clear 
to what exentend what mechanism is in operation and/or of importance.[326,350] As a 
consequence, several hypotheses have been suggested to rationalize the underlying 
particle charging mechanisms, some of these are: an acid-base mechanisms, preferential 
adsorption, and site-binding mechanisms.[325–327] 

An acid-base mechanism was primarily suggested by Fowkes et al.[353] in 1984 and 
then promoted in experimental works of a several research groups.[347–350]  It involves 
three key steps: 1) electrically neutral surfactants adsorb to the particle surfaces; 2) protons 
or electrons are donated or accepted based on the relative donor/acceptor (acid/base) 
characteristics of the surfactant and particle; and 3) charged surfactant monomers desorb 
from the particle surface leaving the opposite charge on the surface of the particles.[325] 
It has been shown that such acid-base mechanisms are predominantly applicable to 
nonionic surfactants which are surfactants that lack ionizable groups.[326] In the second 
mechanism, known as preferential adsorption, inverse micelles that are formed in the 
ionic surfactant solution and have charges of opposite sign in their polar cores, adsorb 
asymmetrically onto the particle surface, and thereby a net surface charge is 
generated.[342] Besides that, this mechanism may also occur at specific surfactant 
concentrations such as Aerosol-OT (AOT, sodium bis(2-ethyl-1-hexyl) sulfosuccinate), 
where individual ionic surfactant molecules (i.e., AOTି anions) adsorb onto the particles’ 
surface resulting in a net surface charge while Naା counterions are stabilized in inverse 
micelles.[354] In the third mechanism, known as the site-binding model, the combination 
of both mentioned models (acid-base interactions and preferential adsorption) occurs. At 
low surfactant concentrations, charged premicellar aggregates of one to three surfactant 
monomers adsorb to the particle surface based on the acid-base mechanism. However, at 
higher concentrations, inverse micelles of oppositely charged species begin to adsorb 
according to a preferential adsorption mechanism.[326,355,356] However, these 
mechanisms are known to explain and predict the generated electrical charges in apolar 
media well apriori, and several inconsistencies have been pointed out against the general 
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concept of the acid-base mechanism by Behrens et al.[347,348,350] In the notion of such 
discrepancies, they demonstrated that the (Lewis) acid-base character of the colloids 
(especially colloidal polymers) or its combination with ionizable functional surface 
headgroups would mainly determine the nature of electrical charges.[348,357] 
Nevertheless, they admitted that the classical inverse micelle acid-base charging 
mechanism in apolar media is applicable to several mineral oxides, clays, and similar 
pigments, which were thus consistent with Berg et al. observations.[324–326,350,351] It 
should be mentioned here that most of these models, including the ‘acid-base’ 
mechanism, were developed to explain the surface charge when ligands/charge-inducing 
agents like Span80 and OLOA1200 (see Fig. 5.2) were used to disperse ‘bare’ inorganic 
nanoparticles and not like we did in this study. Our NRs are already coated by ligands 
(oleic acid and/or oleylamine) that themselves are charge-inducing agents. This fact makes 
application of any theory a lot more difficult.  

Next to apolar media, surface charges can play an important role also in low-polar 
solvents where 5 < 𝜀௦ < 15 while ion concentrations are still extremely low.[327,358,359] 
Despite that the total amount of generated charges is still limited in these media, 
spontaneous charging is often observed for colloidal model systems like alkyl-coated silica 
dispersions and sterically stabilized polymethylmethacrylate (PMMA) particles [102,359–
361], the ionic strength is often low making double layers extended (𝜅ିଵ ≫ 𝑎, with 𝑎 
equals to the particle’s diameter). As we also saw in this study, this allows the creation of 
charged particles without the need to add charge-inducing agents even to get surface 
potentials that are analogous in magnitude to those detected in aqueous dispersions.[358–
361] Additionally, compared to apolar solvents these dispersions are much more sensitive 
to trace amounts of water [362,363]. For that reason, investigating diverse non-aqueous 
colloidal systems in both apolar or low-polar solvents has attracted much attention in the 
last decade.[363–365]  

As mentioned in this chapter we investigated and show the formation of electric 
charges on ligand-capped brookite and anatase TiO2 NRs in the presence of nonionic 
surfactants (Span80 and OLOA1200). The charging behavior of these colloidal nanorods 
was studied in toluene (as an apolar solvent with 𝜀 = 2.38) and cyclohexylbromide CHB 
(as a low-polar solvent with 𝜀 = 7.92). Despite the presence of charge inducing agents as 
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ligands already being present on our particles, we found the particle charges that we 
observed were in accordance with an often reported acidic behavior of Span80[325] 
creating positively charged titania NRs and basic behavior of OLOA1200[325] making the 
particles negatively charged. 

 

 Results and discussion 
We investigated the surfactant-mediated charging of TiO2 NRs by measuring their 

electrophoretic mobility in apolar and low-polar solvents using a Malvern Zetasizer. The 
brookite TiO2 NRs had an average size of 27.4 nm (L) × 3.4 nm (D) and were stabilized 
with oleic acid and oleylamine ligand molecules. The anatase TiO2 NRs had an average 
size of 24.6 nm (L) × 3.6 nm (D) and were stabilized with oleic acid molecules. Toluene 
with a dielectric constant of 𝜀 = 2.38 and refractive index of 𝑛௧௢௟௨௘௡௘ଶ଴ = 1.496 at 𝜆 = 587 𝑛𝑚 
was used as an apolar solvent.[366] Its relatively high refractive index and boiling point 
in comparison with saturated hydrocarbons (i.e. hexane, heptane, decane) or commercial 
synthetic isoparaffinic fluids counterparts ensures weaker van der Waals attractions in TiO2 
NRs dispersions in our measurements. Cyclohexylbromide (C6H11Br, CHB) was used as a 
low-polar solvent with 𝜀 = 7.92, in which 𝜆஻ is about 7.2 𝑛𝑚 at room temperature (𝑇 =293 °𝐾) and charge dissociation can still occur spontaneously with the ligands employed 
(ligand length of 1.5 to 2.0 nm in good solvents), contrary to truly apolar solvents with 𝜀 ≈ 2. It has been reported that CHB solvent can show a considerable intrinsic 
conductivity, from several tens to thousands of 𝑝𝑆𝑐𝑚ିଵ (for comparison, purified water 
has a conductivity in the 𝜇𝑆𝑐𝑚ିଵ range).[361,363] As can be observed in Table 5-1, 
electrical charges of different signs were observed in the dispersions of the titania NRs in 
the presence of Span80 and OLOA1200, which confirms the system dependency of the 
formed charges in the apolar media. We did find spontaneous charging of our NRs in 
CHB without the addition of more charge-inducing agents that were already used as 
ligands, while charges in ‘pure’ toluene were too small to be measured. We think that if 
there is any charge on these particles in ‘pure’ toluene, it is probably less than ~5 𝑚𝑉, 
since we could still observe reliably small charges on the NRs in CHB which has similar 
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refractive index contrast. In order to rationalize the nature of the generated charges, both 
of these nonionic surfactants are described in some more detail. 

Span80 (sorbitan monooleate) is a nonionic fatty acid ester from the commercial 
surfactants family of the sorbitan esters (Span) (Figure 5-2). It has a C17 tail, but with a 
double bond halfway down its length. The critical micelle concentration (CMC) of 
Span80 in apolar solvents (such as decane and Isopar L) has been reported to be 0.042 ±0.001 mM, based on conductometric measurements.[352,367] This surfactant usually 
contains ca. 40.0 wt.% of other fatty acids such as oleic, linolenic, and palmitic acids as 
well as less than 1.0 wt.% water as impurities.[368–370] It has been shown that these 
ionogenic impurities such as oleic acid and residual water play a vital role in the 
generation of charged micelles in Span80 solutions, however, Span80 molecules are still 
known as limiting factors in the ionization process.[369] Dukhin and Goetz reported a 
diameter of 29 𝑛𝑚 in kerosene oil for Span80 inverse micelles. Whereas in dry conditions, 
spherical inverse micelles of ca. 5.5 𝑛𝑚 were observed for Span80 molecules in apolar 
solvents (e.g. decane, isoparaffin). As mentioned above, this diameter can vary notably in 
the same medium with respect to the present trace water ranging from 6 to 80 𝑛𝑚 in 
diameter which has been confirmed by dynamic light scattering (DLS), small-angle x-ray 
scattering (SAXS), and small-angle neutron scattering (SANS) techniques in previous 
studies.[324,352] The acidity of Span80 has been reported by its manufacturer by an acid 
number of ca. 8 which is determined via a ‘standard’ industrial method suggested by the 
American Society for Testing Materials (ASTM). According to ASTM D664 suggested for 
describing acid-base characteristics of petroleum products, lubricants, and especially 
surfactants, an acid number is defined as the amount of 𝐾𝑂𝐻 (in milligrams) required to 
neutralize one gram of an acid of interest.[371] These typical numbers are mostly 
measured via a potentiometric titration where the acid number is obtained through 
titration of 𝐾𝑂𝐻 in the mixture of 2-propanol and toluene and the base number is 
achieved by the titration of perchloric acid.[372] Span80 is often observed to act as an 
acid creating positively charged nanoparticles. Despite of the fact that the surface of our 
brookite and anatase NR system are already coated with ligands, Span80 was still seen to 
induce positive charges on both our NR systems in both toluene and CHB. 
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OLOA1200 is a nonionic polyisobutylene succinimide (PIBS) surfactant (𝑀௪ ≅1200 𝑔 𝑚𝑜𝑙⁄ ) with a polyamine headgroup and thereby exhibits a basic nature (Figure 
5-2).[373] PIBS surfactants are available commercially as OLOA family (Oronite 
Lubricating Oil Additive as a patented material) and the exact number of repeat units in 
the PIB tail and the polyamine head is not known very well and may differ based on the 
OLOA version (i.e. OLOA371, 1200, and 11000 are all cited in the literature as similar 
PIBS surfactants).[373] Fowkes et al. reported the following three-section structure for 
OLOA1200 molecules: 1) a section of multiple amine groups even though there is 
discrepancy whether it contains a pentamine or triamine,[373] 2) a long polyisobutylene 
tail including approximately 70 carbon atoms attached, and 3) a succinimide group 
linking the first two parts. In general, the polar head is expected to be ca. 1 nm while the 
apolar tail should be around 5 nm yielding an inverse micelle of approximately 10 
nm.[353,373] Therefore, OLOA1200 inverse micelles are almost two times larger than the 
Span80 inverse micelles in dry conditions. The concept of CMC in apolar media should 
be used with caution, as the transition occurs not as sharp as it does in aqueous systems. 
Furthermore, small amounts of water or impurities are expected to influence the 
formation of the inverse micelles in apolar solutions or possibly induce the formation of 
premicellar aggregates.[325,349,374] 

 

In addition to the properties of the surfactants, we note that the crystalline titania 
NRs, such as brookite and anatase TiO2 NRs, have several acid sites such as Lewis acid 
sites (Tiା) and Brønsted acid sites (Ti − OH) on their surface. Both of these acid sites are 

Figure 5-2. Chemical structure of (a) the commercial polyisobutylene succinimide
polyamines (commercially distributed as OLOA charging agent surfactants) from reference
[326] and (b) Span® 80. 
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known to adsorb with the polar groups carboxylic acids and amines (in our cases oleic 
acid and oleylamine ligand molecules) to the hydroxylated oxide surfaces of the NRs 
ensuring steric stabilization.[375] We have shown in our earlier report that the TiO2 NRs 
are covered with ligand molecules with an average ligand density of 2.3 𝑡𝑜 2.7 molecules 𝑛𝑚ଶ⁄ .[188] On the other hand, the surface hydroxyl groups density on TiO2 
nanocrystals (ca. 30.0 𝑛𝑚 in diameter) has been reported to be around 3.3 𝑂𝐻 𝑛𝑚ଶ⁄ .[376] 
Therefore, the TiO2 NRs still have −OH sites on their surfaces that are not connected to 
ligand molecules.  
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Table 5-1. Various electrical charges were observed in the dispersions of brookite and anatase NRs 
in the presence of Span80 (acidic surfactant) and OLOA1200 (basic surfactant) and pure solvents. 
In pure toluene, the electric charge was not measurable. 

Apolar dispersions (𝜺 = 𝟐. 𝟑𝟖) 

Surfactant solutions Brookite (TiO2) Anatase (TiO2) 

Toluene / OLOA1200 Negative Negative 

Toluene / Span80 Positive Positive 

Toluene Too small to measure Too small to measure 

Low-polar dispersions (𝜺 = 𝟕. 𝟗𝟐) 

Surfactant solutions Brookite (TiO2) Anatase (TiO2) 

CHB / OLOA1200 Negative Negative 

CHB / Span80 Positive Positive 

CHB Positive Positive 

 

Again, despite the more complex surface covering of our titania NR systems as 
compared to ‘bare’ NPs systems, we observed negatively charged NRs in both toluene 
and CHB caused by the basic OLOA1200. As mentioned, for the apolar samples dispersed 
in toluene, due to  low signal-to-noise ratio of the zeta potential measurements, it was 
not possible to detect any mobility in this pure apolar solvent. If there was any charge on 
these dispersions it was likely less than 5 mV. On the other hand, we observed that 
dispersed TiO2 NRs in CHB became positively charged even without additional charge-
inducing agents for both the NR systems. This spontaneous charging is also observed for 
other (silica, PMMA) colloidal model systems in this type of solvent. To speculate about 
the possible origins of this charging: it is known that CHB as a solvent can slightly 
decompose forming HBr and likely cyclohexene: 

𝐶଺𝐻ଵଵ𝐵𝑟 → 𝐶଺𝐻ଵ଴ + 𝐻𝐵𝑟 Eq. 5-2 

Moreover, the solvent had a slight yellow appearance, which could be caused by 
the formation of small amounts of bromine (Br2) as a side product. Hydrobromic acid has 
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a finite solubility in CHB and even though HBr is a strong acid in the water, it will only 
partially dissociate in CHB and thus behaves as a weak acid.[362] On the other hand, the 
available surface hydroxyl groups in TiO2 NRs are capable of either accepting a proton 
(electron donor) or donating a proton (electron acceptor). Since TiO2 surface is only 
weakly acidic in aqueous media, it could behave relatively basic in the presence of HBr 
in CHB. 

 In Figure 5-3 the charging behavior of our brookite and anatase TiO2 NRs are 
shown in terms of the NRs’ electrophoretic mobility (𝜇) and their corresponding zeta 
potentials (𝜁) in the apolar and low-polar dispersions at various surfactant concentrations. 
Since the electrophoretic measurements were performed in dilute dispersions and the 
solvents had relatively low dielectric constants (𝜀௧௢௟௨௘௡௘ ≈ 2.3 and 𝜀஼ு஻ ≈ 7.9), our systems 
were considered in the limit of thick double layers (𝜅𝑎 ≪ 1) and the zeta potentials were 
obtained via the Hückel equation in Eq. 5-3:[360] 

𝜁 = 3𝜂𝜇2𝜀௦𝜀଴ Eq. 5-3 

where 𝜀௦ is the solvent dielectric constants, 𝜀଴ is the electric permittivity in vacuum and 𝜂 
is the viscosity of the solvent. Here, in order to compare our material systems with similar 
systems (either titania or similar metal oxide NPs in apolar media) reported in the 
literature,[324,325,368,377,378] we selected surfactant concentration ranges from them 
(above CMC) which were known to impart measurable electrophoretic mobilities and 
zeta potentials to the dispersed NRs. In addition to surfactant concentration, it is known 
that the applied electric field strength can also affect the particle’s electrophoretic mobility 
at higher field strengths. Therefore, we avoided misinterpretations by employing the 
commonly used strategy of extrapolating the field-dependent mobility to zero field 
strength,[325,347,349,379], and therefore the values shown in Figure 5-3 are ‘zero-field’ 
electrophoretic mobilities. As mentioned, in the entire concentration range, Span80 
(acidic surfactant) charged both the brookite and anatase TiO2 NRs positively in both 
toluene and CHB. On the other hand, both of these polymorphs of TiO2 were charged 
negatively in the presence of the basic OLOA1200 surfactant. The measured 
electrophoretic mobilities are of the same order and analogous to reported mobilities for 
mineral oxide NPs and polymer colloidal NPs in apolar solvents.[324,347,348,357,367] 
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 Conclusions and outlook 
In summary, we successfully created oppositely charged titania NRs by using either 

charge-inducing agents with an acid character Span 80 creating positively charged 
particles of basic character, OLOA 1200 creating negatively charged oleylamine and oleic 
acid stabilized brookite and anatase NRs.. The same charging behavior of these colloidal 
nanorods was shown in toluene (representing an apolar solvent) and CHB (representing 

Figure 5-3. (a and c) Zero field electrophoretic mobility and corresponding zeta potential
(in the Hückel limit) of brookite and anatase NRs in the apolar solvent solutions (toluene) 
and (b and d) in low-polar solvent solutions (CHB) with various surfactants. Blue and red
markers are shown for solutions containing diverse concentrations of Span80 (0.5 to 3 wt.%
equal to ca. 10 to 60 mM, acidic surfactant) in toluene and CHB dispersions, respectively. 
Green and magenta markers are illustrating OLOA1200 (0.25 to 1.5 wt.% equal to ca. 3.9
to 24.0 mM, basic surfactant) concentrations in toluene and CHB dispersions, respectively.
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a low-polar solvent). Moreover, we observed positively charged TiO2 NRs in pure CHB 
dispersions which is hypothesized to be due to protonation from traces of HBr (formed 
by CHB decomposition). Particle charges were too low to measure in pure toluene. The 
fact that we can create oppositely charged TiO2 dispersions using commercially available 
charge-inducing agents turns these dispersions into interesting model particles to 
investigate the effects of particle charging on for instance their alignment dynamics as was 
already investigated in Chapter 4 for (almost) uncharged titania NRs inside toluene. 

 

 Experimental 

 TiO2 NRs Dispersions Preparation 
Ligand-capped anatase and brookite NRs colloidal NRs were prepared as described 

in previous chapters and references [188,316]. Two oil-soluble surfactants were used in 
this study. The basic OLOA1200 was obtained from Chevron Oronite (San Ramon, CA). 
The company describes it as a mixture of 50 wt.% mineral oil and 50 wt% polyisobutylene 
succinimide. The acidic surfactant, Span80, sorbitan monooleate, was purchased from 
Sigma-Aldrich. Toluene and CHB were purchased from Sigma-Aldrich and were used as 
received.  

The surfactant solutions were formulated in two different series. Four 
concentrations (0.25, 0.5, 1.0, 1.5 wt.%) for OLOA1200 and four concentrations (0.5, 1.0, 
2.0, and 3.0 wt.%) for Span80 were prepared, both in toluene and in CHB. Then 15.0 µL 
from the dispersions of brookite and anatase NRs with an initial volume fraction of 20.0 
vol.% were added to 3.0 mL of the various surfactant solutions. In this way, we could 
prevent interparticle interactions and multiple scattering during the electrophoretic 
mobility measurements which were cross-checked by controlling the attenuation index 
in DLS measurements to be less than 11. The dispersions were then sonicated for 3 h. To 
avoid overheating, the sample was removed from the sonicator for cool-down at different 
time intervals. Then samples were left rolling for 3 h and allowed to equilibrate for at 
least a few days. 
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  Dynamic light scattering (DLS) and Electrophoretic Mobility 
Measurements 

Dynamic light scattering (DLS) measurements were performed on a Zetasizer Nano 
ZS (Malvern) with a backscatter detector at 175° angle to maximize the scattering volume 
and signal intensity and reduce multiple scattering effects. By employing solvent viscosity 
and refractive index together with the surfactants and particles’ refractive indexes, 
Zetasizer algorithms determined a diffusion coefficient from the decay rate of the 
correlation function of a sample’s scattering intensity fluctuations over time. Using this 
information, the hydrodynamic diameters of the inverse micelles and dispersed NRs were 
measured as a size distribution from the Einstein-Stokes relation. 

The electrophoretic mobilities in nonaqueous dispersions as an indicator of particle 
surface charging was measured by phase analysis light scattering (PALS) using the same 
Zetasizer Nano ZS machine. The prepared dispersions were loaded into a glass cuvette 
(10 mm square optical glass cell), and a dip cell with two planar palladium electrodes 
spaced by 2 mm was submerged in the sample. Before each measurement, the glass 
cuvette and dip cell were washed and rinsed with hexane and then dried with an airflow. 
An a.c electric field was applied across the electrodes under systematic variations of field 
strength (7.5−40.0 kV/m), and the «°eld-dependent electrophoretic mobility of particles 
was measured based on phase information of light scattered by the particles. To prevent 
misinterpretations, we employed the commonly used strategy of extrapolating the field-
dependent mobility to zero-field strength.[325,347,349,379] The Zetasizer ran both slow 
and fast field reversals to measure the mobility of the NRs from the phase analysis light 
scattering. Zeta potentials were calculated via the Hückel equation (shown in Eq. 5-3) 
with error bars for an average of three measurements. 
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6. Summary and outlook 
 

This thesis deals with the synthesis, characterization, and optimization of TiO2 nanorods 
colloidal dispersions. Two polymorphs of TiO2 nanorods are developed in the form of 
highly stable colloidal dispersions that are further investigated for advancing inorganic-
based liquid crystalline phases utilized for switchable optics applications. 

In chapter 1, we provide a brief background on inorganic liquid crystals and TiO2 
nanoparticles, known as one of the most functional building blocks in the colloidal 
industry. In chapter 2 we explain the synthesis of fairly monodisperse brookite TiO2 
nanorods in a scaled-up version of a literature method such that the liquid crystalline 
phase behavior of the resulting nanorods dispersions can be investigated. Furthermore, 
the role of the surface ligands’ density is highlighted, which was found to be crucial to 
minimize the detrimental effects of destabilizing attractions between the dispersed 
nanorods. A post-synthesis-treatment step is thus designed and coupled with the scaled-
up procedure to ensure more hard-rod-like phase behavior as well as maintaining colloidal 
stability even at relatively high volume fractions in the apolar organic solvents. Then 
various self-assembled liquid crystalline structures formed on a liquid interface and in bulk 
are investigated by utilizing transmission electron microscopy and polarized optical 
microscopy techniques. Self-assembled structures of the brookite nanorods are 
qualitatively similar to the nematic and smectic liquid crystalline phases predicted for hard 
rod-shaped particles. Interestingly, it is also observed that the ordering within the smectic 
layers can be tuned from hexagonal to tetragonal reflected by the shape of the brookite 
nanorods’ hard cores. 

In chapter 3 the synthesis of nanorods of another polymorph of TiO2 phase, 
anatase, is described. This is performed via a single step nonhydrolytic sol-gel route using 
oleic acid as the solvent, reagent, and surface ligands and titanium (IV) isopropoxide as 
the titanium precursor. Along with the formation of monodisperse anatase TiO2 nanorods, 
some semi-spherical TiO2 nanocrystals mainly of TiO2(B) phase, are grown that can be 
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removed by size-selective precipitation. It is found that the average length of the initially 
grown nanorods decreases during the synthesis and possible reasons for this unusual 
growth path, partially based also on high-resolution electron microscopy observations 
during the growth, are discussed. Analogous to brookite TiO2 nanorods dispersions, the 
dispersion of anatase TiO2 nanorods are capable of spontaneous formation of lyotropic 
liquid crystals in bulk and at the liquid interface. 

In chapter 4 we demonstrate the electric-field-induced birefringence, known as the 
Kerr effect, due to the formation of (para)nematic liquid crystalline phases in previously 
developed isotropic dispersions of brookite and anatase TiO2 nanorods in external electric 
fields. Both of these nanorod dispersions exhibit outstanding electro-optical responses 
probed in in-plane alternating current electric fields. In our preliminary results, it is 
observed that both of these nanorods can be aligned into the direction of the applied 
electric field within ca. 250 𝜇𝑠 switching times in various field strengths, one order of 
magnitude faster than commercial Freedericksz-based liquid crystals. Possible mechanisms 
contributing to the reorientation of TiO2 NRs are discussed among which the polarization 
of the electrical double layer in the framework of the Maxwell–Wagner–O’Konski 
mechanism is proposed to contribute larger than other mechanisms. Furthermore, 
experimental observations are confirmed with theories and thus it is surmised that rise 
times in these TiO2 dispersions are in the order of ca. 50 𝜇𝑠 for 𝐸 = 10 𝑉 𝜇𝑚⁄  whereas the 
relaxation times are approximated to be ca. 100 𝜇𝑠. Finally, to estimate the refractive 
index of TiO2 dispersions and possible birefringence observed in the electric field, 
refractive indexes of anatase and brookite colloidal dispersions at various volume fractions 
are measured and subsequently compared with effective medium models such as Maxwell-
Garnett and Bruggeman theories. The largest estimated birefringence for utilized anatase 
and brookite NRs dispersions are approximated to be 0.025 and 0.034, respectively. 

Last but not least, in chapter 5, the possibility of charging such colloidal nanorods 
in apolar and low-polar media is shown. Our results confirm that both TiO2 NRs are 
charged positively in toluene (as an apolar solvent) and cyclohexylbromide (as a low-polar 
solvent) if Span80 (an acidic nonionic surfactant) is used and are charged negatively if 
OLOA1200 (basic nonionic surfactant) is present. The ion formation and sustaining 
electric charges are believed to be caused by introducing reverse micelles formed by added 



Summary and outlook 

148 

surfactants. Moreover, we observe positively charged TiO2 NRs in pure CHB dispersions, 
which may be assigned to its relatively high dielectric permittivity in comparison to 
toluene as well as formed HBr by CHB decomposition. Although electrophoretic 
measurement does not provide any insights in apolar solvent without the addition of 
surfactant, we think there may be some charge on these NRs in ‘pure’ toluene but it is 
too small to measure, since we could still observe reliably small charges on the NRs in 
CHB which has similar refractive index contrast. Nevertheless, we believe this charge has 
been promoted and sustained in the bulk solution via the reverse micelles formed by the 
existence of desorbed ligand molecules in the solution. Finally, we believe that our 
demonstrated results provide experimental supports for the well-known theory of acid-
base charging in the nonaqueous media. 

In the outlook, we would like to point out that as mentioned in this thesis, we 
introduce brookite and anatase TiO2 nanorods dispersions in nonaqueous media as 
promising candidates beneficial for many fields in the optical industry. We show that by 
engineering the ligand density at the surface of TiO2 nanorods and optimizing experiment 
conditions, relatively monodisperse TiO2 nanorods with tunable aspect ratios and lengths 
less than 100 nm can be achieved at a high yield at the colloidal level. These NRs are small 
enough not to strongly scatter light, but their high refractive indexes and anisotropies can 
be utilized to manipulate (polarized) light. Our preliminary results show the emergence 
of (para)nematic ordering reversibly induced in isotropic dispersions of TiO2 nanorods at 
relatively high volume fractions while external electric fields are applied. The switching 
dynamics in our dispersions are remarkably faster than their commercial Freedericksz-
based liquid crystals counterparts. We strongly believe that these fast switching dynamics, 
coupled with the changes in the effective refractive index of these dispersions manipulated 
by external electric fields (e.g. by changing the orientation of the rods and/or the local 
concentration by (di)electrophoresis), offer a brilliant perspective in many optical 
applications such as ultrafast optical switches, spatial light modulators, switchable gradient 
index lenses, shutters, remote sensors, diffusers, and signaling industries 
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7. Samenvatting en vooruitzicht 
 

Dit proefschrift beschrijft de synthese, het karakteriseren en het optimaliseren van 
colloïdale dispersies van TiO2 nanostaafjes. Twee versies van TiO2 nanostaafjes met 
verschillende kristalstructuren zijn ontwikkeld in de vorm van stabiele colloïdale 
dispersies die verder onderzocht zijn om vloeibare kristallen gebaseerd op anorganische 
nanodeeltjes te ontwikkelen die bedoeld zijn voor schakelbare optische toepassingen. 

In hoofdstuk 1 geven we een korte achtergrond over anorganische vloeibare 
kristallen en TiO2 nanodeeltjes, die bekend staan als een van de meest bestudeerde 
colloïdale systemen voor een groot bereik aan toepassingen, van katalytische tot optische.  

In hoofdstuk 2 beschrijven we de synthese van relatief monodisperse brookite TiO2 
nanostaafjes in een opgeschaalde versie van een methode uit de literatuur. Met deze 
dispersie van nanostaafjes konden we onderzoeken hoe de vloeibaar kristallijne fase zich 
gedraagt. Bovendien laten we de rol van de dichtheid van de liganden op de oppervlakte 
zien, wat cruciaal bleek om nadelige effecten van destabiliserende aantrekkingen tussen 
deze nanostaafjes te minimaliseren. Een behandelingsstap na de synthese werd ontworpen 
en gecombineerd met een opschalingsprocedure om het fasengedrag meer zoals dat van 
harde staafjes te maken. Eveneens werd zo de colloïdale stabiliteit gewaarborgd, zelfs bij 
relatief hoge volumefracties in apolaire vloeistoffen. De staafjes vormden verscheidene 
zelf-geassembleerde vloeibare kristal fasen op een vloeistofoppervlak en in bulk. Deze 
structuren zijn onderzocht met behulp van transmissie elektronen microscopie en 
optische microscopie technieken met gepolariseerd licht. Zelf-geassembleerde structuren 
van de brookite nanostaafjes vormden fasen die kwalitatief overeen kwamen met 
nematische en smectische vloeibare kristalfasen zoals die voor harde staafvormige deeltjes 
worden voorspeld. Het bleek dat de symmetrie binnen de smectische lagen ook veranderd 
kon worden van een hexagonale naar een tetragonale symmetrie, wat komt door de vorm 
van de kern van de brookite nanostaafjes. 
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In hoofdstuk 3 beschrijven we de synthese van nanostaafjes van anatase, hetgeen 
een andere kristalstructuur van TiO2 is. Deze werden gemaakt via een ‘nonhydrolitic sol-
gel’ route met oliezuur als het oplosmiddel, reagens en als oppervlakte ligand en titanium 
(IV) isopropoxide als de titanium precursor. Samen met de formatie van monodisperse 
anatase TiO2 nanostaafjes groeiden er ook sommige semi-bolvormige TiO2 nanokristallen 
van hoofdzakelijk de TiO2(B) fase, die verwijderd zijn met grootte-selectieve precipitatie. 
We observeerden dat de gemiddelde lengte van de initieel gegroeide nanostaafjes afnam 
tijdens de synthese. Mogelijke redenen voor dit ongewone groei proces worden 
besproken, mede op basis van hoge resolutie elektron microscopie observaties tijdens de 
groei. Net zoals de brookite TiO2 nanostaafjes dispersies konden de dispersies van anatase 
TiO2 nanostaafjes ook spontaan lyotrope vloeibare kristallen vormen, zowel in de bulk als 
op een vloeistofoppervlak. 

In hoofdstuk 4 demonstreren we de ‘birefringence’, ofwel dubbelbreking, die 
opgewekt  wordt door een elektrisch veld,  in de eerder ontwikkelde isotrope dispersies 
van brookite en anatase TiO2 nanostaafjes met externe elektrische velden. Dit staat ook 
wel bekend als het Kerr effect, ofwel het ontstaan van een (para)nematische vloeibare 
kristal fase in een elektrisch veld. Beide dispersies van nanostaafjes vertoonden uitstekende 
elektro-optische eigenschappen, die onderzocht werden met ‘in-plane’ wisselstroom 
elektrische velden. In onze eerste resultaten konden beide systemen van nanostaafjes 
worden uitgericht in de richting van het aangelegde elektrische veld binnen een 
schakeltijd van ca. 250 𝜇𝑠. Dit is een orde van grootte sneller dan commerciële 
moleculaire vloeibare kristallen, waar het schakelen gebaseerd is op de collectieve 
Freedericksz transitie. Mogelijke mechanismen die bijdragen aan de heroriëntatie van de 
TiO2 nanostaafjes worden besproken, waaronder de polarisatie van de elektrische 
dubbellaag in het kader van het Maxwell–Wagner–O’Konski mechanisme, dat voorgesteld 
wordt als belangrijker dan andere mechanismen. Verder werden de experimentele 
observaties bevestigd met theorieën en dus vermoeden we dat de tijdschaal voor het 
opkomen van de uitlijning van de TiO2 dispersies van de orde van ca. 50 𝜇𝑠 is bij 𝐸 =10 𝑉 𝜇𝑚⁄ , terwijl100 𝜇𝑠 is. Tenslotte, om de brekingsindex van de TiO2 dispersies en de 
dubbelbreking af te schatten zoals geobserveerd in de elektrische velden, werden de 
brekingsindices van colloïdale anatase en brookite dispersies gemeten voor verschillende 
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volumefracties en vervolgens vergeleken met ”effectieve medium” modellen zoals 
Maxwell-Garnett en Bruggeman theorieën. De grootste ‘dubbelbreking’ effecten voor 
dispersies van anatase en brookite nanostaafjes waren respectievelijk 0.025 en 0.034. 

‘Last but not least’, in hoofdstuk 5 wordt de mogelijkheid van het opladen van 
zulke colloïdale nanostaafjes in apolaire en laag-polaire media onderzocht. Onze 
resultaten bevestigden dat beide typen TiO2 nanostaafjes positief geladen waren in tolueen 
(een apolair oplosmiddel) en cyclohexylbromide (CHB) (een laag-polair oplosmiddel) als 
Span80 (niet-ionisch oppervlakte-actieve stof) gebruikt werd en negatief geladen waren 
als OLOA1200 (niet-ionische oppervlakte-actieve stof) aanwezig was. Het vormen van 
ionen en de elektrische ladingen werden waarschijnlijk mogelijk gemaakt en 
gestabiliseerd door de introductie van omgekeerde micellen die gevormd worden door 
de toegevoegde oppervlakte-actieve stoffen. Bovendien observeerden we TiO2 
nanostaafjes die positief geladen waren in pure CHB dispersies. Dat komt wellicht door 
de hogere relatieve diëlektrische permittiviteit vergeleken met tolueen, en ook door HBr 
dat gevormd wordt door CHB decompositie. Hoewel elektroforetische metingen geen 
duidelijk resultaat gaven in dit apolaire oplosmiddel zonder toevoeging van de 
oppervlakte-actieve stof, is het mogelijk dat er enige lading op deze NRs in 'puur' tolueen 
is, maar dat die te klein is om te meten aangezien lading op NRs in CHB wel betrouwbaar 
te meten was bij een vergelijkbare brekingsindexcontrast. We denken dat deze negatieve 
lading gecreëerd is in de bulk via omgekeerde micellen, die gevormd waren door 
gedesorbeerde ligand moleculen in het oplosmiddel. Tenslotte geloven we dat onze 
resultaten experimentele ondersteuning geven aan de theorie van zuur-base oplading in 
dit niet-waterige oplosmiddel. 

Als vooruitzicht benadrukken we dat dispersies van brookite en anatase TiO2 
nanostaafjes in niet-waterige media geïntroduceerd werden als veelbelovende kandidaten 
voor vele toepassingen binnen het veld van (schakelbare) optica. We hebben laten zien 
dat we door het aanpassen van de ligand dichtheid op het oppervlak van de TiO2 
nanostaafjes en het optimaliseren van de experimentele condities redelijk monodisperse 
TiO2 nanostaafjes kunnen maken met aanpasbare aspect ratio en met lengtes korter dan 
100 nm met een hoge opbrengst. Deze nanostaafjes zijn klein genoeg om niet teveel licht 
te verstrooien, terwijl hun hoge brekingsindex en anisotropie kunnen worden gebruikt 
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om (gepolariseerd) licht te manipuleren. Onze voorlopige resultaten lieten zien dat 
(para)nematische orde reversibel aangebracht kon worden in isotrope dispersies van de 
TiO2 nanostaafjes, bij relatief hoge volumefracties, door het aanleggen van externe 
elektrische velden. De schakeldynamica van onze dispersies zijn duidelijk (veel) sneller 
dan commerciële moleculaire vloeibare kristallen waar het schakelen gebaseerd is op de 
Freedericksz transitie. We geloven er sterk in dat deze snelle oplijningsdynamica 
gekoppeld met de opmerkelijke veranderingen in de effectieve brekingsindex van deze 
dispersies wanneer deze gemanipuleerd worden door externe elektrische velden 
(bijvoorbeeld door het veranderen van de oriëntatie van de staafjes en/of de lokale 
concentratie door (di)elektroforese) deze dispersies interessant maken voor vele optische 
toepassingen, zoals schakelbare (gradiënt brekingsindex) lenzen, ultrasnelle optische 
schakelaars, ruimtelijke licht modulatoren, sluiters, ‘remote sensing’, diffusors en in 
beeldschermen.
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