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SUMMARY 

Making dynamic, yet functional structures is challenging. In this thesis, we evoke the 

liquid crystalline properties of hectorite and the ability to form ordered interstratification 

structures to add additional functional properties to the liquid crystal using the 

functional 0D particles. We have added the magnetic and the light-conversion 

properties to the hectorite liquid crystal. We utilized anisotropy of 2D nanosheets and 

translate it to OD isotropic nanoparticles. The whole liquid crystalline system acquires 

functional properties of nanoparticles and preserves anisotropy from hectorite 

nanosheets Resulting nanosheets was used in different forms for practical application 

from hydrogel to coating.  

The first paper describes the fabrication of anisotropic magnetic liquid crystals by 

combining fluorohectorite with maghemite nanoparticles. The fluorohectorite is a 

unique material due to its charge homogeneity and aspect ratio, which allows for 

ordered interstratification of Na+ and NH4
+ layers. Maghemite nanoparticles are 

intercalated between the layers of fluorohectorite, creating a magnetic double stack 

(MDS). The MDS exhibits liquid crystalline behavior and can be oriented perpendicular 

or parallel to an incoming magnetic field. The properties of the MDS are dependent on 

the NPs loading and their response to magnetic fields is direction-dependent. The 

resulting ferronematic suspension is stable in water and exhibits a highly anisotropic 

magnetic response that can be tuned by adjusting the starting ratio of components. 

Overall, this method provides a simple way to create anisotropic nanosheet-shaped 

colloids with adjustable interparticle interaction and magnetic properties. 

In the next publication, we highlight the application of the MDS in hydrogel, where they 

offer the anisotropic mechanical properties and fast magnetic responsiveness. We 

developed anisotropic hydrogels using concepts inspired by biological tissues. We 

achieved this by aligning polymer chains or inorganic fillers into ordered structures 

within soft matrices using magnetic fields. The alignment of the MDS in the hydrogel 

was achieved using a static and rotating magnetic field. Hydrogels with highly ordered 

MDSs possess unique anisotropic optical and mechanical properties and exhibit 

anisotropic responses to changes in temperature. The hydrogels are useful in 

designing functional materials and soft actuators with versatile applications, and they 

exhibit multi-gait motions steered by light and magnetic fields. The combination of 
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various stimulus-response properties of the hydrogels has the potential to enhance the 

design and management of soft actuators and robots for specific applications. 

Finally, the last paper focuses on the development of a wet colloid chemistry-based 

method to fabricate thin, transparent coatings with anisotropic heat conductivity. The 

coatings were made using a liquid crystalline, electrostatically stabilized suspension of 

DS structures with spherical gold nanoparticles sandwiched between two dielectric 1 

nm thick silicate nanosheets (AuDS). The AuDS structures were deposited on a planar 

substrate, adopting a defined orientation to the surface and yielding anisotropic heat 

conductivity. The absorbance of the metasurface is tunable by modulating plasmonic 

coupling via a variation of nanoparticle loading. These coatings allow for fast defogging 

and defrosting under solar irradiation. 
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ZUSAMMENFASSUNG 

Die Herstellung dynamischer, aber funktioneller Strukturen ist eine Herausforderung. 

In dieser Arbeit nutzen wir die flüssigkristallinen Eigenschaften von Hectorit und 

dessen Fähigkeit, geordnete Interstratifikationsstrukturen zu bilden, um dem 

Flüssigkristall mit Hilfe der funktionellen 0D-Partikel zusätzliche funktionelle 

Eigenschaften zu verleihen. Wir haben dem Hectorit-Flüssigkristall die magnetischen 

und die Lichtumwandlungseigenschaften hinzugefügt. Wir haben die Anisotropie von 

2D-Nanoblättern genutzt und sie auf isotrope 0D-Nanopartikel übertragen. Das 

gesamte flüssigkristalline System erwirbt die funktionellen Eigenschaften von 

Nanopartikeln und bewahrt die Anisotropie von Hectorit-Nanoblättern. Die 

resultierenden Nanoblätter wurden in verschiedenen Formen für praktische 

Anwendungen von Hydrogelen bis hin zu Beschichtungen verwendet.  

Die erste Arbeit beschreibt die Herstellung anisotroper, magnetischer Flüssigkristalle 

durch die Kombination von Fluorohectorit mit Maghemit-Nanopartikeln. Fluorohectorit 

ist aufgrund seiner Ladungshomogenität und seines Aspektverhältnisses, das eine 

geordnete Schichtung von Na+- und NH4
+-Schichten ermöglicht, ein einzigartiges 

Material. Meghemit-Nanopartikel sind zwischen den Fluorohectorit-Schichten 

eingelagert, wodurch magnetische Nanoblätter in Sandwichbauweise entstehen. Die 

MDS weisen ein LC-Verhalten auf und können senkrecht oder parallel zu einem 

einfallenden Magnetfeld ausgerichtet werden. Die Eigenschaften der MDS sind 

abhängig von der NP-Beladung und ihre Reaktion auf Magnetfelder ist 

richtungsabhängig. Die resultierende ferronematische Suspension ist in Wasser stabil 

und zeigt eine stark anisotrope magnetische Reaktion, die durch Anpassung des 

Ausgangsverhältnisses der Komponenten eingestellt werden kann. Insgesamt bietet 

diese Methode eine einfache Möglichkeit zur Herstellung anisotroper 

nanoblattförmiger Kolloide mit einstellbaren Wechselwirkungen zwischen den 

Partikeln und magnetischen Eigenschaften. 

In der nächsten Veröffentlichung wird die Anwendung der MDS in Hydrogelen 

hervorgehoben, wo sie anisotrope mechanische Eigenschaften und eine schnelle 

magnetische Reaktionsfähigkeit bieten. Wir haben anisotrope Hydrogele entwickelt, 

wobei wir uns von Konzepten biologischer Gewebe inspirieren ließen. Wir erreichten 

dies, indem wir Polymerketten oder anorganische Füllstoffe mit Hilfe von 

Magnetfeldern zu geordneten Strukturen in weichen Matrizen ausrichteten. Die 
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Ausrichtung der MDS in den Hydrogelen wurde durch ein statisches und ein 

rotierendes Magnetfeld erreicht. Hydrogele mit hoch geordneten MDS besitzen 

einzigartige anisotrope optische und mechanische Eigenschaften und zeigen 

anisotrope Reaktionen auf Temperaturänderungen. Die Hydrogele sind nützlich für die 

Entwicklung funktioneller Materialien und weicher Aktuatoren mit vielseitigen 

Anwendungsmöglichkeiten und zeigen durch Licht und Magnetfelder gesteuerte 

Bewegungen. Die Kombination verschiedener Reiz-Reaktions-Eigenschaften der 

Hydrogele hat das Potenzial, den Entwurf und das Management von weichen Aktoren 

und Robotern für spezifische Anwendungen zu verbessern. 

Der letzte Beitrag schließlich befasst sich mit der Entwicklung einer auf der 

Nasskolloidchemie basierenden Methode zur Herstellung dünner, transparenter 

Beschichtungen mit anisotroper Wärmeleitfähigkeit. Die Beschichtungen werden aus 

einer flüssigkristallinen, elektrostatisch stabilisierten Suspension von 

Doppelstapelstrukturen hergestellt, die aus kugelförmigen Goldnanopartikeln 

bestehen, die zwischen zwei dielektrischen 1 nm dicken Silikat-Nanoblättern liegen. 

Die DS-Strukturen sind auf einem ebenen Substrat in einer bestimmten Ausrichtung 

angeordnet, um eine anisotrope Wärmeleitfähigkeit zu erzielen, ohne dass eine 

strukturierte Oberfläche erforderlich ist. Die Absorption der Meta-Oberfläche ist durch 

Modulation der plasmonischen Kopplung über eine Variation der Nanopartikelladung 

einstellbar. Diese Beschichtungen ermöglichen eine schnelle Entnebelung und 

Entfrosten unter NIR-Bestrahlung. 
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INTRODUCTION 

2D MATERIALS 

Layered materials are defined by anisotropic chemical bonds in three dimensions. 

Usually, they have strong in-plane and weak out-of-plane chemical bonds.1 Classical 

example of 2D material is graphene, where covalent bonding within the plane of the 

layer forming sp2 hybridization network connects carbon atoms.2 In the out-of-plane 

direction it is held together only by weak Van der Waals (VdW) attraction. This 

attraction can be easily overcome by the mild force application, which was shown in 

the pioneering work of Geim and Novoselov using simple Scotch tape.3, 4  

The great interest in 2D materials lies in the properties’ difference of the single layers 

from that of the bulk materials.5, 6 For studying and applying these properties different 

exfoliation methods were developed, mainly focusing on shearing parallel or expanded 

normal to the in-plane direction.7 These methods result in the production of nanometre-

thin or even atomically thin sheets. The result of the breaking out-of-plane bonding can 

lead to two outcomes: complete delamination,8-10 when the nanosheets have a single-

layer structure, and exfoliation when the resulting nanosheets have varying thickness 

and consist of multilayers.11 

Within most layered materials such as graphene, molybdenum disulfide (MoS2), or 

hexagonal boron nitride (hBN), VdW bonds act to hold the layers together in the out-

of-plane direction.12, 13 The weak VdW forces between the layers make it simple to 

separate them applying mechanical,7 chemical,14 or electrochemical forces15, 16. This 

exfoliation process produces individual sheets with a thickness measured in 

nanometres, revealing a range of distinctive material properties that are not present in 

the bulk form.17 However, exfoliation techniques heavily rely on the applied forces, 

leading to a wide range of defects,18 low yields,19 surface functionalization,20 reduction 

of lateral sizes,20 and wide distribution of thicknesses21.  

Unlike the VdW crystals, the layers in ionic-layered solids are held by electrostatic 

interaction between the charged layers and counterions in the interlayer space. The 

most widespread examples are layered silicates,22, 23 layered double hydroxides,24 

titanates of lepidocrite type25 or niobates of layered Ruddlesden-Popper type oxidic 

perovskites26, 27. Ionic bonds are generally stronger than VdW and different exfoliation 

methods are required to achieve similar results. Luckily, the electrostatic interaction 
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can be exploited by reversing the electrostatic attraction to repulsion between the 

similar charged nanosheets.28-30 

Another importance difference to VdW crystals is the presence of relatively high 

mobility interlayer ion, which can be exchanged by simple ion-exchange reaction. This 

reaction changes the reactivity of the interlayer space.22, 31  

LAYERED SILICATES 

The most widespread examples of ionic-layered solids are layered silicates. Layered 

silicates of the 2:1 family with a permanent negative charge, such as smectites, are 

known for their unique 2D host material properties.32 They are built in a sandwich-like 

manner where one octahedral layer is placed between two tetrahedral layers.33  

Smectite layers have a permanent negative layer charge (0.2-0.6 per half unit cell), 

due to numerous isomorphic substitutions and vacancies, which are compensated by 

cations in the interlayer space.33 The propensity of smectites for sorption of cationic 

species is given as cation-exchange capacity (CEC).34 Smectites are well known for 

the special stepwise fashion of swelling with the formation of interlayer hydrates or 

solvates, depending on the solvation media.35 

In this line, such natural abundant and affordable materials should be fruitfully exploited 

for 2D nanosheets production. Nevertheless, using them as a source for 2D 

nanosheets still is a non-trivial task. Natural smectites have numerous charge defects 

caused by non-systematic variation of isomorphous substitution and impurities 

introduced during the formation of natural clays.36, 37 Such structural impurities lead to 

inconsistent intercrystalline reactivity,38 which limits flawless delamination of smectites 

into individual nanosheets.  

Therefore, controlled synthesis in laboratory conditions is required to produce 

smectites with a perfect uniform intercrystalline reactivity and homogeneous layer 

charge.  

Synthetic sodium fluorohectorite was produced as a model system of idealized 

smectite crystal- (Na-hectorite, [Na0.5]inter[Mg2.5Li0.5]oct[Si4]tetO10F2). 

Na-hectorite is synthesized by exploring a combination of melt synthesis with 

subsequently long-term annealing.39, 40 The resulting Na-hectorite has high single-

phase purity, giant crystal size (20 µm, Fig.1 A to C), homogeneous charge density 

(0.5 per formula unit), and, as a result - uniform intercrystalline reactivity. 
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Consequently swelling of Na-hectorite occurs in a strict, well-defined fashion with the 

uniform interlayer separation, which can be easily tracked by PXRD. Swelling of the 

Na-hectorite has two different regimes.41 The first one crystalline swelling is 

characterized by the well-defined d-spacing which occurs in media with low solvent 

activity,28, 40 for example in humid air or in solvents with low polarity. During that step, 

interlayer Na+ acquires solvation or coordination shell -several water molecules 

surround every Na+ in interlayer space. Being solvated, Na+ increases the separation 

between basal surfaces (d-spacing changes from 9.6 to 12.4 Å for going from a 

completely non-hydrated structure to 1 water-layer hydrate). The second regime is 

called osmotic swelling or 1D dissolution,8 which is characterized by a less defined 

separation between the nanosheets and the formation of a diffuse double layer it 

Figure 1 Synthetic sodium fluorohectorite characterization. (A) Schematic 

crystallographic structure of sodium hectorite. (B) SEM image of Na-hectorite. (C) AFM 

of Na-hectorite, showing a thickness of 1 nm. 
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happens in media with high solvent activity and high polarity.42 For example, upon 

immersing into liquid water, solvent molecules are absorbed beyond the boundaries of 

crystalline swelling, surpassing a critical threshold of separation leading to the 

formation of diffused double layer, which overlaps and leads to the electrostatic 

repulsion. At this point, a repulsive force replaces the attractive interaction between 

neighboring nanosheets.  

At this point, the nanosheets are caught in parallel orientation with respect to each 

other and are not able to rotate because of the much smaller separation between the 

nanosheets compare to the diameter of individual nanosheets.28 Hectorite nanosheets 

form nematic liquid crystals and the separation between them can be controlled by 

dilution.43  

ORDERED INTERSTRATIFICATION 

Due to the mobile character of interlayer cations, most natural clays exist in the mixed 

interlayer state, meaning that within single silicate crystals, multiple different interlayer 

cations could coexist even within the single interlayer space.33 Rarer is the case of the 

alternating interlayer spaces, where different interlayer spaces coexist each consisting 

of strictly single interlayer cation.44 Such structures occur in natural clays from 2:1 

family such as vermiculate, but they always have a random nature.45-47  

In order to achieve strictly alternating nanolayers, more complicated approaches are 

required.41, 48, 49 Ordered interstratifications (OI) have two explanations, one relies on 

thermodynamic and the second rely on kinetics (Fig. 2 A). The latter is argued by 

Lagaly, evoking the negative cooperativeness, meaning that swelling-induced 

deformation of the silicate lamellae will block the two adjacent interlayers.47 

In high phase purity and superior charge homogeneity Na-hectorite, ordered 

interstratifications occur due to thermodynamics with parameters such as CEC% of 

exchange cation and solvent activity being most influential.48, 49 

This mechanism describes, that upon formation of the regular interstratification, the 

charge density of the interlayers changes from homogeneous to alternating interlayer 

to interlayer in the stacking direction. This simple redistribution of exchangeable 

interlayer cations is facile and fast. The cation exchange capacity (CEC) of the 

collapsed interlayers is higher than the average CEC, while the CEC of the hydrated 
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interlayers will be correspondingly lower.49 Resulting XRD pattern shows 

superstructure d-spacing of the two interlayers combined (Fig. 2 B). 

After the parameters for OI are found, it can be produced in a facial manner, providing 

new functionalities to the material.48, 50-52 One of which is the selective activation of 1D 

dissolution, assisted by the ion exchange of hydratable cation to nonhydratable. 

As an example the Na+/NH4
+ OI, where the hydratable Na+ is alternating with the 

nonhydratable NH4
+ cation.51 Upon immersion into water, such structures instead of 

delaminating to the single stacks delaminate to the double stacks (DS), where two 

silicate layers are glued together by NH4
+ cation. 

Figure 2 Schematic explaining of ordered interstratification (OI) formation. (A) 

Scheme explaining the nucleation of an OI domain by intercalation of a single densely 

packed interlayer with lower interlayer cation densities into initially homogeneously 

distributed hydrated Na-interlayers. (B) Schematic XRD pattern of OI in A. 
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NH4
+ has a pKa of 9.553 and can be readily deprotonated and subsequently removed 

from solution by the use of the base, such as LiOH, that offer the highly hydrophilic Li+ 

cation.  

Such DS can be used to make functional liquid crystals, by first flocculating the double 

stacks with the positively charged colloids or molecules and immersion of flocculate 

into LiOH to ensure the ion exchange of NH4
+ for Li+.50, 52, 54, 55 

LIQUID CRYSTALS 

Liquid crystals (LCs) have emerged as promising smart materials that are highly 

responsive to external stimuli, making them attractive for a variety of applications.56, 57 

While the crystalline phase is characterized by a three-dimensional long-range 

orientational and positional order,58 isotropic liquids only show short-range order 

(Fig.3). This order can greatly affect the directionality of properties, making crystalline 

phase anisotropic, while liquids are isotropic in most cases.  

Liquid crystals stand in between the liquids and crystalline materials. They consist of 

anisotropic mesogens and their degree of order takes an intermediate place between 

Figure 3. Schematic illustrations of order degree in different states of matter 
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the crystalline and the isotropic phases, allowing fluidity and dynamics like isotropic 

liquids, but still having directional-dependent properties.  

LC phase is subdivided into smectic and nematic phases. The nematic phase is 

characterized by one-dimensional long-range orientational order. In smectic phases, 

the anisotropic mesogens are additionally oriented in layers and their order degree is 

higher than the nematic phase. Liquid crystals are often characterized by the nematic 

director as the vector, which is used for the relative determination of anisotropic 

properties.57  

When people refer to the term “LC” in most cases they have in mind rigid organic 

molecules, which can exist in a liquid crystalline state in a specific temperature range. 

However, the world of LC is much wider than this.59  

Another class of LC is based on inorganic materials – 2D nanosheets and 1D 

nanofibers.42, 60-62 Particularly, Na-hectorite,28 being immersed into water, delaminates 

into individual 2D nanosheets, forming a nematic liquid crystalline phase. This nematic 

phase saves the liquid crystal character in a wide range of temperatures. It is stabilized 

by electrostatic repulsion, and similarly to any other anisotropic mesogen, can be 

controlled by external stimuli. 

In order to bring additional functionality, the LC phase is often loaded with NP. 

Incorporating NPs into liquid crystals LCs is a valuable approach to manipulating their 

characteristics. Resulting suspensions have notably distinct and potentially enhanced 

properties compared to the pure materials.63-68 

Naturally, the alteration of liquid crystals' properties is reliant on the type and intrinsic 

characteristics of the doped nanoparticles used. For example, adding para- and 

ferromagnetic particles to nematics, brings specific features, making them a potential 

option for magnetically tuneable structures.64, 67, 69-75 LC matrix, in its turn, translates 

anisotropy from mesogens on the whole LC-NPs system. Furthermore, such 

suspensions can maintain long-term stability, which is a crucial requirement for their 

utilization in industrial settings. Moreover, LC matrix allows distributing high loadings 

of NPs, reaching collective NPs response by controlling the separation between them, 

simultaneously avoiding Ostwald ripening. 
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NANOPARTICLES AND THEIR COLLECTIVE PROPERTIES 

Nanoparticles (NPs) have unique properties compared to the same material in bulk 

form. For example, gold in the normal form represents the metallic-yellow material, 

while in the nano form, the color of gold nanoparticles varies from red to black, 

depending on the size and shape of the particles.76-78 Such extreme properties of 

nanoparticles arise from the size effect, where the size of the particles start to be 

comparable with the length-scales of quantum effects and from the high surface-to-

volume ratio.79  

Another important feature of the NPs is a collective response. When they are brought 

close enough together, they can interact with each other, showing properties, different 

from the intrinsic properties of NPs in the isolated state.80-82  

For example, when magnetic particles are sufficiently small, they show 

superparamagnetic collective behavior (SPM) (Fig. 4 A).83, 84 It occurs in systems 

composed of a single magnetic domain NPs, without magnetic memory. The formation 

of domain walls in ferromagnetic materials is controlled by the competition between 

the energy cost for domain wall formation and the energy gain from the magnetostatic 

energy, which is known as demagnetizing energy density. The domain wall energy 

becomes more important compared with the demagnetization energy with decreasing 

grain size. Below a certain critical diameter (Dc), the ferromagnetic NPs become a 

single magnetic domain and behave as a permanent magnet.85 

In some materials, it is easier to be magnetized in one direction than the others.86 This 

preferred direction of spontaneous magnetization is known as easy axes determined 

by internal energy known as magnetic anisotropy. In the material, one can observe two 

different directions known as easy axes with the lowest energy cost and hard axes with 

the maximum energy cost.  

The magnetization in a single magnetic domain nanoparticle is preferably oriented 

along an easy axis, and an energy barrier has to be overcome for the magnetization 

reversal. If the nanoparticles are separated enough to prevent any interparticle 

interactions, the directions of the superspins in the absence of a magnetic field are only 

a result of the competition between thermal fluctuation and anisotropy. For very small 

particles, where the energy barrier decreases below the thermal energy, the 

nanoparticle superspin can thermally fluctuate with time in analogy to the spins in a 

paramagnetic even below its critical temperature. The fluctuation stops when the 
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critical temperature known as blocking temperature (BT) reached.87 BT is not an 

intrinsic value as Curie temperature and can be influenced by other sources. In 

particular, by the interparticle interactions, when the distances between SPM particles 

decrease, they start to influence the orientation of the spins of each other, creating an 

additional energy barrier for the spin flipping. Meaning that only by the spatial 

arrangement of NPs in the material, the magnetic properties can be changed without 

the need of changing the chemistry nor the crystal structure of NPs.54  

Figure 4 Nanoparticle’s (NP) collective properties. (A) Magnetic collective response. Under 

an external magnetic field, domains of a ferromagnetic NP align with the applied field. The 

magnetic moment of single domain superparamagnetic NPs aligns with the applied field. In 

the absence of an external field, ferromagnetic NPs will maintain a net magnetization, whereas 

superparamagnetic NPs will exhibit no net magnetization due to rapid reversal of the magnetic 

moment (left). Relationship between NP size and the magnetic domain structures. Ds and Dc 

are the “superparamagnetism” and 'critical' size thresholds (right). (B) Illustration of plasmonic 

coupling of metallic NPs caused by oscillating electromagnetic field. 
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Additionally, collective properties can be manifested in plasmon coupling(Fig. 4 B). 

This occurs when two or more plasmonic particles approach each other to a distance 

below roughly one diameter's length.88 When plasmon coupling happens, the 

resonance of individual particles begins to hybridize, resulting in a shift in their 

resonance spectrum peak wavelength, either to a shorter (blueshift) or longer (redshift) 

wavelength. This shift depends on how the surface charge density is distributed over 

the coupled particles.89 At a single particle's resonance wavelength, the surface charge 

densities of nearby particles can either be out of phase or in phase, which causes 

repulsion or attraction, leading to an increase or decrease in hybridized mode energy. 

The magnitude of the shift, which is a measure of plasmon coupling, depends on 

factors such as the interparticle gap, particle geometry, and the plasmonic resonances 

supported by individual particles.90 Typically, a larger redshift is associated with a 

smaller interparticle gap and a larger cluster size.91 

Collective interactions require the control of interparticle distance. This control can 

emerge from a delicate balance of attractive and repulsive interactions which are 

usually governed by VdW forces dictated by NP-ligand and ligand-solvent 

interaction.92, 93 As was mentioned above, VdW forces are relatively weak, and to 

maximize the interaction energy, long chain-ligands are used. Long molecules as 

ligands create a “safety shell” around the NPs and separate them at a distance where 

the attraction between NPs is negligible.94 However, creating a big interparticle spacing 

prevents short-range electromagnetic communication between neighboring particles. 

In this way, the trade-off between keeping particles safe from coalescence and 

achieving new and stronger collective properties.95  

Loading nematic phase of single layer Na-hectorite was introduced to get materials 

with high loading and short distances between the NPs. In this way, nanoparticles of 

Pd or γ-Fe2O3 were intercalated between silicate nanosheets in a quazi-ion exchange 

manner. The loading of Pd NPs reached 72 wt%96, 97, and for γ-Fe2O3 – 45 wt%98 

without any particles collapsing or growing. Unfortunately, such materials lack dynamic 

properties, characteristical for the LC. That’s why sandwiching of NPs into DS is an 

alternative approach to control the collective properties by controlling distances 

between NPs while the DS keeps the dynamics of LC.  
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LOCOMOTIONS IN HYDROGELS 

The complex morphing of natural systems serves as an inspiration for designing 

material for soft robotics and biomedical devices.99 Living organisms possess 

remarkable abilities to adapt their shapes or positions in response to external stimuli.100 

For instance, pinecones, and Bauhinia seedpods can undergo bending and twisting 

deformations due to internal stresses caused by humidity changes.101 By following and 

mimicking nature, we can create morphing materials and actuators that respond to 

specific stimuli, resulting in pre-programmed deformations and motions. 

Hydrogels, in particular, gained significant interest due to their similarity to soft 

biotissues, ability to respond to various stimuli, ease of fabrication, and potential 

applications in the biomedical and engineering fields. However, compared to their 

biological counterparts, these morphing and actuating hydrogels have limited 

versatility. The controllable deformations of morphing materials are crucial for the 

functions of soft actuators and robots. The most crucial area of study is the exploration 

of new deformation modes and the underlying mechanisms. In the case of hydrogels, 

the asymmetric response to external stimuli plays a key role in the creation of 

controllable and predictable deformations. This can asymmetric response can be 

achieved through two main strategies. The first involves creating a gradient structure, 

Figure 5 Schematic illustration of anisotropic hydrogels fabrication, based on Na-

hectorite.  
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while the second involves applying heterogeneous stimuli. Fabricating the building 

blocks for the hydrogel matrix gives the possibility of combining both strategies. 

To achieve programmed morphing in hydrogels, the homogeneous response of the 

material must be broken to avoid isotropic volume change. The best way to do that – 

creating a heterogeneous structure with a through-thickness gradient and an in-plane 

gradient in cross-linking density, component distribution, or filler orientation.102-104  

In filler orientation, strategy fillers are oriented throughout the hydrogel, mimicking a 

common feature of living organisms. Site-specific orientations of fillers, such as 

nanosheets or cellulose fibrils, can be controlled by magnetic or electric fields or shear 

forces before the gelation process.105 Synthetic hectorite offers a wide range of 

complex orientations, but unfortunately in the pristine form it has response only to an 

applied electrical field,106-108 and adding the magnetic functionality would be of great 

benefit (Fig. 5).  

Control of gradient structures allows for programmable deformations of hydrogels, as 

the separate regions respond differently to stimuli. However, hydrogels with uniform 

structures can also exhibit controllable deformations if stimulations are applied to 

spatially selected regions rather than globally.109, 110 This deformation is driven by the 

swelling mismatch between actuated and un-actuated regions, similar to that seen in 

gradient structures. One advantage of heterogeneous stimulation is that it enables 

easy modulation, allowing for diverse configurations in a single hydrogel. Pristine 

hectorite hydrogels require addition of the photo-active particles like gold nanoparticles 

to enable heterogeneous-stimulation-induced deformations and in the paper 

“Magneto‐Orientation of Magnetic Double Stacks for Patterned Anisotropic Hydrogels 

with Multiple Responses and Modulable Motions” we used nanosheets, contain such 

particles.55  
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SYNOPSIS 

The present work contains two publications and one manuscript. For further 

publications I contributed to, please see the list of publications. 

All the work is based on the expanding functionalizing of the hectorite liquid crystals 

and their practical application in different forms, from hydrogels to coatings. We have 

introduced the magnetic and the light-conversion properties to the hectorite liquid 

crystal. We utilized anisotropy of 2D nanosheets and translate it to OD isotropic 

nanoparticles. The whole liquid crystalline system acquires the functional properties of 

nanoparticles and preserves anisotropy from hectorite nanosheets (Fig. 6).  

 

Figure 6 Graphical synopsis of the thesis showing the concept of functionalizing 

hectorite inorganic liquid crystals and their application. 
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The paper “Colloidally stable, magnetoresponsive liquid crystals based on clay 

nanosheets” describes the fabrication of anisotropic magnetic liquid crystals by 

combining hectorite nanosheets with maghemite nanoparticles. The Na-hectorite is a 

unique material due to its charge homogeneity and aspect ratio, allowing the creation 

of OI, which being immersed in water forms the LC phase of DS. Maghemite 

nanoparticles were intercalated between the hectorite nanosheets, creating 

sandwiched magnetic nanosheets (MDS). The MDS exhibit LC behavior and can be 

oriented perpendicular or parallel to an incoming magnetic field. The properties of the 

MDS depend on the NPs loading and their response to magnetic fields is direction-

dependent. The resulting ferronematic suspension is stable in water and exhibits a 

highly anisotropic magnetic response that can be tuned by adjusting the starting ratio 

of components. Overall, this method provides a simple way to create anisotropic 

nanosheet-shaped colloids with adjustable interparticle interaction and magnetic 

properties. 

The publication “Magneto-Orientation of Magnetic Double Stacks for Patterned 

Anisotropic Hydrogels with Multiple Responses and Modulable Motions” 

highlights the application of the MDS in the hydrogel, where they offer anisotropic 

mechanical properties and fast magnetic responsiveness. We developed anisotropic 

hydrogels using concepts inspired by biological tissues. We achieved this by aligning 

polymer chains or inorganic fillers into ordered structures within soft matrices using 

magnetic fields. The alignment of the MDS in the hydrogel was achieved using a static 

and rotating magnetic field. Hydrogels with highly ordered MDSs possess unique 

anisotropic optical and mechanical properties and exhibit anisotropic responses to 

changes in temperature. The hydrogels are useful in designing functional materials 

and soft actuators with versatile applications, and they exhibit multi-gait motions 

steered by light and magnetic fields. The combination of various stimulus-response 

properties of the hydrogels has the potential to enhance the design and management 

of soft actuators and robots for specific applications. 

The article “Fabricating defogging metasurfaces via a water-based colloidal 

route” focuses on the development of a wet colloid chemistry-based method to 

fabricate thin, transparent coatings with anisotropic heat conductivity. The coatings are 

made using a liquid crystalline, electrostatically stabilized suspension of DS with 

intercalated spherical gold NPs between two dielectric 1 nm thick silicate nanosheets 
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(AuDS). The AuDS were assembled on a planar substrate, adopting the defined 

orientation, to yield anisotropic heat conductivity without the need for preparing a 

patterned surface. The absorbance of the metasurface is tunable by modulating 

plasmonic coupling via a variation of nanoparticle loading. These coatings allow for 

fast defogging and defrosting under solar irradiation. 
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COLLOIDALLY STABLE, MAGNETORESPONSIVE LIQUID 
CRYSTALS BASED ON CLAY NANOSHEETS 

Materials with multiple stimuli-responsive pathways and which show direction-

dependent properties can enable more elaborate functionalities in future technologies. 

LCs are intrinsically responsive to electrical fields but show only a weak response to 

magnetic fields. However, the combination of magnetic NPs with a nematic phase, 

Figure 7 Schematic illustration of the MDS preparation procedure. (A) Sodium hectorite 

structure. (B) Ordered heterostructures. (C) Osmotic swelling of  ordered heterostructures 

yields a nematic phase of NH4
+ -DS. (D) Heterostructures with strict alternation NH4

+ and γ‐

Fe2O3 interlayers. (E) MDS nematic phase. (F) Photo of nematic LC phase of MDS with a 

concentration of 0.2 wt% under cross polarised light. (G) and (H) images of MDS aligned by a 

magnetic field with different orientations. Reprinted with permission 2021. Copyright Royal 

Society of Chemistry. 
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could dramatically increase the effective director-magnetic field interaction and lead to 

unique physical properties. 

The paper focuses on the fabrication of ordered heterostructures of Na-hectorite 

loaded with maghemite NPs and their 1D dissolution in an aqueous dispersion to a 

nematic phase comprised of MDS. This approach combines the best aspects of both 

known strategies to fabricate colloidally stable, anisotropic magnetoresponsive liquid 

crystals.  

Magnetic liquid crystals were prepared from synthetic Na-hectorite, which is unique 

material due to high charge homogeneity and huge nanosheet aspect ratio. Those 

features allow us to produce ordered interstratifications where every other layer of 

interlayer Na+ is exchanged for NH4
+. Upon immersing into water such structure is 1D 

dissolved along Na+ layers, but NH4
+ layer stays intact, gluing two silicate nanosheets 

together. In this way, former Na+ layers are activated for NPs intercalation and NH4
+ 

layers are protected from any quasi-ion exchange (Fig. 7 A to C). 

γ-Fe2O3 NPs were prepared via polyol method. For intercalation, NP’s surface charge 

has to be positive for utilization of the negative hectorite nanosheets surface charge. 

For preparation of MDS, NH4
+/Na+-DS were immersed into water in order to create 1 

wt% dispersion and was quickly injected into γ-Fe2O3 NPs dispersion. In this step, we 

partially exchanged Na+ for NPs while NH4
+ layers stayed intact. We used different 

volume of 0.1 wt% γ-Fe2O3 NPs dispersion to achieve different loading – 16.6, 30, and 

45 wt% (MDS 16.6, MDS 30, and MDS 45, respectively). As a next step, NH4
+ layers 

were activated for 1D dissolution by exchanging NH4
+ for Li+. In the end, we obtain 

magnetic γ-Fe2O3 NPs, sandwiched between two silicate layers while each “sandwich” 

is separated from another for a distance >50 nm due to electrostatic repulsion. 

Electrostatic repulsion between the MDS ensures the long-lasting colloidal stability of 

the ferronematic liquid crystal, avoiding the problem of coagulation due to magnetic 

dipole-dipole interaction (Fig. 7 D and E). 

As prepared MDS show a quick response even to the moderate magnetic field, which 

highlights their difference compared to other magnetic 2D materials. MDS can be easily 

organized into the monodomain LC with different nematic director orientations by 

changing the angle of a magnetic field (Fig. 7 F to H).  

We applied the AFM, PXRD, BET, and TEM measurements for further material 

characterization. The AFM suggests the height of the single MDS to be 8.5 nm, which 
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is a sum of 2*1nm thickness of nanosheets + 6.5 nm sized γ-Fe2O3 NPs. TEM images 

suggest that nanoparticles are sandwiched between nanosheets while the other side 

Figure 8 MDS characterization (A) SAXS pattern of 4 wt% aqueous dispersion of MDS 16.6 

recorded without magnetic field applied and with the detector set at low q-value. (B) 2D SAXS 

pattern of 4 wt% aqueous dispersion of MDS 16.6 recorded with the magnetic field applied and 

with the detector set at low q-value. Vector B indicates the direction of applied magnetic field. 

(C) Cross-sectional TEM image of MDS. The inset shows the magnification of highly loaded 

nanosheets with the periodic nanoparticle-nanosheets arrangement. (D) M(H) curves for 

magnetic fields up to 0.5 T collected on the MDS 45 film at temperatures and magnetic field 

orientations as indicated. The inset shows the data for the full range of magnetic fields. (E) Real 

and imaginary parts (χ' and χ") of the AC susceptibility as a function of temperature measured 

in zero DC field with fAC as indicated for the sample with different loading and in-plane field 

orientation. The χ' signal measured for out-of-plane field orientation. Reprinted with permission 

2021. Copyright Royal Society of Chemistry. 
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of the nanosheet is free of NPs (Fig.8 C). PXRD analysis shows no changes in the γ-

Fe2O3 crystalline phase upon intercalation. BET measurements confirm mesoporous 

structure and show an increase in surface area with the increasing NPs content within 

the MDS. 

Magnetic SAXS measurements demonstrate the change of the MDS orientation upon 

the application of a magnetic field with the simultaneous increase in the order 

parameter (Fig.8 A and B). Moreover, the different NPs content in MDS leads to 

different responses to the applied magnetic field. 

The γ-Fe2O3 nanoparticle of 6.5 nm size is a single magnetic domain, but being 

intercalated into DS, γ-Fe2O3 NPs are trapped in the coupled state. This leads to MDS 

showing superparamagnetic behavior, opposite to single NP’s ferromagnetic behavior. 

Increasing the content of NPs leads to increasing freezing temperature and magnetic 

susceptibility, further broadening the tunability of MDS (Fig.8 E). In addition, the 

anisotropic structure of the material leads to the difference in response to applied 

parallel and perpendicular magnetic field to MDS film (Fig.8 D). 

In conclusion, we propose a simple method to create anisotropic nanosheet-shaped 

colloids with adjustable interparticle interaction and magnetic properties. The resulting 

ferronematic suspension is stable in water and exhibits LC behavior at low MDS 

concentrations. By adjusting the starting ratio of components, the interaction strength 

of magnetic nanoparticles can be tuned, resulting in a highly anisotropic magnetic 

response.  
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MAGNETO‐ORIENTATION OF MAGNETIC DOUBLE STACKS FOR 
PATTERNED ANISOTROPIC HYDROGELS WITH MULTIPLE 

RESPONSES AND MODULABLE MOTIONS 

Advancements in intelligent materials were made using concepts inspired by biological 

tissues. Hydrogels, which have water as their primary component and share similarities 

with living tissues, have been the subject of intense research interest. However, their 

isotropic network differs from the anisotropic structures found in biological tissues like 

muscles and ligaments. To expand their potential applications in biomedical and 

engineering domains, researchers have created anisotropic hydrogels by organizing 

polymer chains or inorganic fillers into ordered structures within soft matrices. Various 

methods have been used, including stretching the material to orient polymer chains, 

aligning rigid molecules or anisotropic fillers under external fields, and orienting 

mesogens and inorganic fillers using magnetic fields. 

Figure 9 . MDS anisotropic hydrogel characterization (A) Schematic illustration of the 

MDSs structure. (B) Magnetic hysteresis loop of MDS powder. (C) Photos of a ferronematic 

suspension of MDS (1 wt%) between a pair of crossed polarized films. A magnet is placed 

under the cuvette filled with the MDS suspension. (D-F) Schematic for the gel synthesis and 

the alignments of MDSs The hydrogels were prepared without magnetic field (D), with static 

magnetic field (E), or with rotating magnetic field (F). Reprinted with permission 2022. Copyright 

Wiley-VCH. 
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Magnetic fields can be used to orient mesogens and inorganic fillers in a non-contact 

mode and develop anisotropic materials (Fig. 9 A). We have fabricated a series of 

anisotropic PNIPAm hydrogels using a weak rotating magnetic field to orient 2D MDS, 

which exhibited anisotropic optical and mechanical properties due to the highly ordered 

arrangement of the MDSs. These patterned hydrogels showed complex birefringent 

patterns and were deformed into three-dimensional configurations, enabling versatile 

locomotion through dynamic actuation under spatiotemporal light and magnetic fields 

(Fig. 9 B and C). This strategy can be useful in designing functional materials and soft 

actuators with versatile applications. 

Alignment of the MDS within the hydrogel was achieved using static and rotating 

magnetic fields (Fig. 9 D to F). Without orientation, hydrogels have a polydomain 

nematic liquid crystalline structure with the low order parameter measured by SAXS. 

Static magnetic field allows to get higher orientation order compare to the non-oriented 

sample, but does not change the preferential alignment of the polydomain liquid 

crystalline hydrogel, but rather merges it into the monodomain structure. Opposite to 

the static magnetic field, the rotating magnetic field allows the making of hydrogels with 

the nematic director perpendicular to the preferential orientation, caused by the 

geometry of the hydrogel mold.  

The MDS hydrogel’s degree of orientation highlights the high structuring effect of the 

rotating magnetic field that is preserved upon swelling of the hydrogel. The orientation 

degree in x-z plane slightly decreases from 0.88 to 0.86 and in the y-z direction from 

0.86 to 0.83. The MDS leads to the anisotropic mechanical properties of the hydrogel, 

where Young's modulus in the parallel direction to the MDS alignment is 25 kPa, while 

the in the perpendicular – is only 8 kPa. The range of these values encompasses the 

modulus of the isotropic gel with Young’s modulus of 15 kPa, which is in agreement 

with classical theories of filler-reinforced materials.  

The alignment of the MDS can be used to create the internal microstructure by ways 

of photolithographic polymerization, whereupon alignment of the MDS only part of the 

hydrogel is exposed to the UV light, causing the hydrogel polymerization. This allows 

encoding the complex pictures, visible only under the cross-polarised light with the 

parts, visible only under a certain rotation angle.  

Fe2O3 nanoparticles have a wide absorption band and are capable of absorbing laser 

energy and converting it to heat. In combination with the PNIPAm, the LCST polymer 
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with the transition temperature of 32 oC, leads to the on-demand local deformations, 

caused by heating. For example, heating of the MDS hydrogel with the laser intensity 

of 2.8 W/cm2 causes the local temperature to increase above the LCST point only in 2 

seconds, making it the perfect material for the light-driven actuation.  

Combining above mention properties, the sophisticated walking pattern was 

demonstrated under the exposure of the moving laser beam and the impact of 

magnetic fields with different magnetic strengths. If the sample is exposed to no 

magnetic field, the movement is slow (Fig. 10 A), due to the small deformations and 

low-density mismatch between hydrogel (1.02 g/cm3) and water (0.997 g/cm3), 

whereupon the weak magnetic field, the movement becomes faster, but still too slow 

to practical application (Fig. 10 B). Upon applying a strong magnetic field, the 

Figure 10 Snapshots showing the walking gait of the stripe-patterned anisotropic 

hydrogel. (A) Without magnetic force. (B) With moderate magnetic force (C) With large 

magnetic force. Reprinted with permission 2022. Copyright Wiley-VCH. 
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movement and deformations are more abrupt (Fig. 10 C). The unique distortions and 

movements of the hydrogel that are manipulated by both magnetic fields and photo 

actuation are directly linked to the anisotropic structure and the multi-response 

capabilities of the MDSs. This combination of various stimulus-response properties of 

the hydrogels has the potential to enhance the design and management of soft 

actuators and robots for particular applications. It is important to note that the multi-

gait movements demonstrated in this study differ from previously reported examples 

in terms of kinematics. Prior studies typically employ two strategies to convert cyclic 

bending/unbending or stretching/contraction deformations into directional walking 

motions, including the use of a ratchet plate or creating an asymmetric gel shape to 

generate asymmetric friction against the substrate. 

To sum up, our study involved the creation of a variety of anisotropic hydrogels using 

a rotating magnetic field to align MDSs, followed by polymerization to solidify the 

ordered structures. These PNIPAm nanocomposite hydrogels, with their highly ordered 

MDSs, possess unique anisotropic optical and mechanical properties and exhibit 

anisotropic responses to changes in temperature or light. These properties are 

attributed to the distinct features of MDSs, such as their sandwich-like structure, high 

aspect ratio, high charge density, and sensitivity to magnetic and light fields. We also 

developed hydrogels with complex anisotropic MDS structures using multi-step 

magnetic orientation and photolithographic polymerization, resulting in gels with a 

variety of birefringent patterns and pre-programmed deformations upon heating or light 

irradiation. Furthermore, these patterned hydrogels can be manipulated to achieve 

distinct motions under spatiotemporal light irradiation with the aid of a static magnet, 

which controls the friction force between the gel and substrate. The fabrication of 

anisotropic hydrogels using magneto-orientation, as well as the cooperative 

manipulation strategy for controllable motions, provide valuable insights for the design 

of high-performance hydrogel devices. These hydrogels, with their controllable 

anisotropic structures, multiple stimuli-responsiveness, programmable deformations, 

and motions, have broad applications in biomedical and engineering fields, including 

biomedical devices, soft actuators/robots, and more. 
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FABRICATING DEFOGGING METASURFACES VIA A WATER-
BASED COLLOIDAL ROUTE 

The article discusses the development of "metamaterials 4.0" which incorporates 

chemical concepts into their design to achieve functions beyond what can be achieved 

through traditional nanofabrication and engineering methods. Metamaterials are 

structures created by intentionally applying nanoscopic building blocks at the 

mesoscale to achieve extraordinary properties not found in nature.  

Similar to the magnetic functionalities, by changing the type of NPs, we can introduce 

other functional properties to LC. The alternation of dielectric and conductive layers 

Figure 11 Characterization of AuDS  (A) Aqueous liquid crystalline AuDS suspensions in 

daylight (top) and cross-polarised light (bottom) showing the birefringent nature.(B) UV-vis 

spectra of AuDS with different Au loadings showing a gradual red shift. (C) Schematic 

representation of the metamaterial building block consisting of insulating hectorite monolayers 

sandwiching a light-absorbing layer of Au NPs. 
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leads to the formation of new intricate properties (Fig. 11 C). As soon as hectorite 

nanosheets can be regarded as a dielectric layer, we have chosen the Au NPs to be 

intercalated and form conductive layers to fabricate a metamaterial building block- 

AuDS. 

Unlike the maghemite NPs, the synthesis of Au NPs is trickier and requires additional 

synthetic steps to produce suitable for intercalation, positively charged NPs. We start 

with the synthesis of citrate capped, negatively charged Au NPs with a narrow size 

distribution and mean diameter of 6.5 nm. Direct charge reverse is not possible in the 

single phase for NPs dispersion of high concentration. For this reason, we utilize two 

steps phase transfer. In the first step, we use TOAB as a phase-transfer agent for 

transferring citrate capped Au NPs into toluene phase. In the second step, the NPs are 

transferred back into water with DMAP assistance, yielding positive charged NPs 

without altering size distribution. After that DMAP capped Au NPs are ready to be 

intercalated into DS in a similar procedure to the fabrication of MDS. We have prepared 

the samples with 5, 30, and 60 wt% of Au NPs, named as AuDS 5, AuDS 30, and 

AuDS 60, respectively.  

As for MDS, variation of the NP’s content in AuDS leads to the different collective NPs 

properties. In this case, we observe a change of the LSPR peak position for AuDS 

dispersions. LSPR peak redshifts and gets broader with increasing NPs content. The 

LSPR peak was further deconvolved into two components, corresponding to the 

contribution from isolated and coupled Au NPs (Fig. 11 A and B). We have correlated 

the LSPR peak position with the closest-neighbor distance within the AuDS, using a 

plasmonic ruler. The calculation of the gap distance was verified by the TEM 

observation of the top view of a single AuDS.  

AuDS was further characterized with SAXS, TEM, and AFM. SAXS suggests the LC 

behavior of AuDS with the two scattering objects (spherical and 2D disk-shaped) 

contributing to the SAXS pattern. AFM shows the height of the single AuDS of 9 nm, 

which is in good agreement with the sum of Au NP diameters (7 nm) and the thickness 

of 2 silicate monolayers (2 x 1 nm). Surprisingly, if AuDS are prepared as multilayer 

films, TEM images revealed that the spherical nanoparticles were strongly deformed 

to an elliptical shape upon drying, which also changed the color of the sample from red 

to blue. The deformation was hypothesized to be triggered by the electrostatic 

attraction between negatively charged hectorite layers and positively charged Au NPs. 
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To show the realistic, spherical shape of Au NPs in AuDS, we have prepared 

hydrogels, where the drying effect is suppressed. 

AuDS were further used as a building block to fabricate the metasurface with defrosting 

and defogging properties under solar irradiation. Au NPs layer absorbs in the IR and 

NIR range of the solar spectrum converting it to heat and hectorite nanolayers act as 

heat conductors and distributors (Fig. 12 A to C).  

Figure 12 Defrosting and defogging performance of AuDS coated glass slides. (A) SEM 

image of the AuDS coated surface. SEM imaging suggests incomplete mostly monolayer 

coverage. (B) Absorbance spectra of AuDS coated metasurfaces. The solar spectrum is 

included for reference in yellow (ASTM G173-03 Reference Spectra). (C) Sequence of images 

following the defrosting and defogging of an uncoated and a AuDS 60 coated glass slide over 

time under 1 sun solar irradiation. (D) Time dependency histogram of defrosting and 

defogging for different AuDS coatings measured under 1 sun irradiation. (E) Time 

dependency histogram of defrosting and defogging for a AuDS 60 coated glass slide 

measured under different irradiation power. 
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AuDS metasurface was prepared on the glass substrate via dip coating method in 

order to create mostly monolayer coverage. Due to the high aspect ratio of hectorite 

nanosheets, AuDS have the preferred orientation on the substrate and do not require 

additional manipulation to build the self-assembly as a film. The resulting coating 

shows high transparency in the visible range and effectively reduces the defrosting and 

defogging time by 60% compared to uncoated glass Metasurface can also be prepared 

via facile methods such as spray coating without sacrificing defogging performance 

(Fig. 12 D and E).  

To sum up, sandwiching Au NPs between nanosheets can create functional double 

stacks with energy conversion properties that can be varied by adjusting the NPs 

loading and average separation of NPs. This can lead to plasmonic coupling and a 

redshift of the absorbance spectra, which can be used for applications such as 

defrosting and defogging metasurfaces. The resulting DS are easy to orient on planar 

substrates and offer economic and technical advantages over traditional physical and 

chemical vapor deposition methods.  
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