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SUMMARY

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



SUMMARY

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 flussigkristallinen Eigenschaften von Hectorit und
dessen Fahigkeit, geordnete Interstratifikationsstrukturen zu bilden, um dem
Flassigkristall mit Hilfe der funktionellen O0D-Partikel zusatzliche funktionelle
Eigenschaften zu verleihen. Wir haben dem Hectorit-FlUssigkristall die magnetischen
und die Lichtumwandlungseigenschaften hinzugefugt. Wir haben die Anisotropie von
2D-Nanoblattern genutzt und sie auf isotrope OD-Nanopartikel Ubertragen. Das
gesamte flussigkristalline System erwirbt die funktionellen Eigenschaften von
Nanopartikeln und bewahrt die Anisotropie von Hectorit-Nanoblattern. Die
resultierenden Nanoblatter wurden in verschiedenen Formen fur praktische

Anwendungen von Hydrogelen bis hin zu Beschichtungen verwendet.

Die erste Arbeit beschreibt die Herstellung anisotroper, magnetischer Flussigkristalle
durch die Kombination von Fluorohectorit mit Maghemit-Nanopartikeln. Fluorohectorit
ist aufgrund seiner Ladungshomogenitat und seines Aspektverhaltnisses, das eine
geordnete Schichtung von Na*- und NHs4*-Schichten ermdglicht, ein einzigartiges
Material. Meghemit-Nanopartikel sind zwischen den Fluorohectorit-Schichten
eingelagert, wodurch magnetische Nanoblatter in Sandwichbauweise entstehen. Die
MDS weisen ein LC-Verhalten auf und kdénnen senkrecht oder parallel zu einem
einfallenden Magnetfeld ausgerichtet werden. Die Eigenschaften der MDS sind
abhangig von der NP-Beladung und ihre Reaktion auf Magnetfelder ist
richtungsabhangig. Die resultierende ferronematische Suspension ist in Wasser stabil
und zeigt eine stark anisotrope magnetische Reaktion, die durch Anpassung des
Ausgangsverhaltnisses der Komponenten eingestellt werden kann. Insgesamt bietet
diese Methode eine einfache Mdoglichkeit zur Herstellung anisotroper
nanoblattformiger Kolloide mit einstellbaren Wechselwirkungen zwischen den

Partikeln und magnetischen Eigenschaften.

In der nachsten Verdffentlichung wird die Anwendung der MDS in Hydrogelen

hervorgehoben, wo sie anisotrope mechanische Eigenschaften und eine schnelle

magnetische Reaktionsfahigkeit bieten. Wir haben anisotrope Hydrogele entwickelt,

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

dies, indem wir Polymerketten oder anorganische Fullstoffe mit Hilfe von

Magnetfeldern zu geordneten Strukturen in weichen Matrizen ausrichteten. Die
9
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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 Temperaturanderungen. Die Hydrogele sind natzlich fur die
Entwicklung funktioneller Materialien und weicher Aktuatoren mit vielseitigen
Anwendungsmoglichkeiten 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 flr spezifische Anwendungen zu verbessern.

Der letzte Beitrag schlielBlich befasst sich mit der Entwicklung einer auf der
Nasskolloidchemie basierenden Methode zur Herstellung dinner, transparenter
Beschichtungen mit anisotroper Warmeleitfahigkeit. Die Beschichtungen werden aus
einer  flussigkristallinen, elektrostatisch stabilisierten Suspension von
Doppelstapelstrukturen hergestellt, die aus kugelformigen Goldnanopartikeln
bestehen, die zwischen zwei dielektrischen 1 nm dicken Silikat-Nanoblattern liegen.
Die DS-Strukturen sind auf einem ebenen Substrat in einer bestimmten Ausrichtung
angeordnet, um eine anisotrope Warmeleitfahigkeit zu erzielen, ohne dass eine
strukturierte Oberflache erforderlich ist. Die Absorption der Meta-Oberflache ist durch
Modulation der plasmonischen Kopplung Uber eine Variation der Nanopartikelladung
einstellbar. Diese Beschichtungen ermoglichen 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.! Classical
example of 2D material is graphene, where covalent bonding within the plane of the
layer forming sp? hybridization network connects carbon atoms.? 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.? *

The great interest in 2D materials lies in the properties’ difference of the single layers
from that of the bulk materials.® © For studying and applying these properties different
exfoliation methods were developed, mainly focusing on shearing parallel or expanded
normal to the in-plane direction.” 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,®'° when the nanosheets have a single-
layer structure, and exfoliation when the resulting nanosheets have varying thickness

and consist of multilayers.'

Within most layered materials such as graphene, molybdenum disulfide (MoS:2), or
hexagonal boron nitride (hBN), VdW bonds act to hold the layers together in the out-
of-plane direction.’> '3 The weak VdW forces between the layers make it simple to
separate them applying mechanical,” chemical,' or electrochemical forces' 6. 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.' However, exfoliation techniques heavily rely on the applied forces,
leading to a wide range of defects,® low yields,'® surface functionalization,?° reduction

of lateral sizes,?? and wide distribution of thicknesses?'.

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 layered double hydroxides,?*
titanates of lepidocrite type?® or niobates of layered Ruddlesden-Popper type oxidic
perovskites?® 27, lonic bonds are generally stronger than VdW and different exfoliation

methods are required to achieve similar results. Luckily, the electrostatic interaction

11
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can be exploited by reversing the electrostatic attraction to repulsion between the

similar charged nanosheets.?8-30

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.?? 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.3? 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.3® The propensity of smectites for sorption of cationic
species is given as cation-exchange capacity (CEC).3* Smectites are well known for
the special stepwise fashion of swelling with the formation of interlayer hydrates or

solvates, depending on the solvation media.3®

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.3% 37 Such structural impurities lead to
inconsistent intercrystalline reactivity,3 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, [Nao.s]"[Mgz.5Lio.5]°[Si4]tO10F2).

Na-hectorite is synthesized by exploring a combination of melt synthesis with
subsequently long-term annealing.?® 4% The resulting Na-hectorite has high single-
phase purity, giant crystal size (20 ym, Fig.1 A to C), homogeneous charge density

(0.5 per formula unit), and, as a result - uniform intercrystalline reactivity.
12
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_...~octahedral layer

tetrahedral layer

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.

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.*' The first one crystalline swelling is
characterized by the well-defined d-spacing which occurs in media with low solvent
activity,?® 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 A for going from a
completely non-hydrated structure to 1 water-layer hydrate). The second regime is
called osmotic swelling or 1D dissolution,® which is characterized by a less defined
separation between the nanosheets and the formation of a diffuse double layer it

13
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happens in media with high solvent activity and high polarity.*> 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.?® 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.** Such structures occur in natural clays from 2:1

family such as vermiculate, but they always have a random nature.*547

In order to achieve strictly alternating nanolayers, more complicated approaches are
required.4'. 48 49 Ordered interstratifications (Ol) 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.4’

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 4°

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

14
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interlayers will be correspondingly lower.*® Resulting XRD pattern shows

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

After the parameters for Ol are found, it can be produced in a facial manner, providing
new functionalities to the material.*® %0-52 One of which is the selective activation of 1D

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

ééé
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Figure 2 Schematic explaining of ordered interstratification (Ol) formation. (A)
Scheme explaining the nucleation of an Ol 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 Ol in A.

As an example the Na*/NH4* OIl, where the hydratable Na* is alternating with the
nonhydratable NH4* cation.5" 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.

15
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NHs* has a pKa of 9.5% 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.%: %7

While the crystalline phase is characterized by a three-dimensional long-range
orientational and positional order,%® 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.

Molecular order

I
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¢
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>
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Figure 3. Schematic illustrations of order degree in different states of matter

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

16
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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.®’

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.%°

Another class of LC is based on inorganic materials — 2D nanosheets and 1D
nanofibers.*? 69-62 Particularly, Na-hectorite,?® 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.53-68

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.®* 67-69-75 | C 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.

17
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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.”®’® 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.”®

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 |t 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.8°

In some materials, it is easier to be magnetized in one direction than the others.8 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
18
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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 D,
are the “superparamagnetism” and ‘critical’ size thresholds (right). (B) lllustration of plasmonic

coupling of metallic NPs caused by oscillating electromagnetic field.

critical temperature known as blocking temperature (BT) reached.®” 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.>*
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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.®® 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.®® Typically, a larger redshift is associated with a

smaller interparticle gap and a larger cluster size.®'

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.%? % 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.% 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.%

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 y-Fe203 were intercalated between silicate nanosheets in a quazi-ion exchange
manner. The loading of Pd NPs reached 72 wt%%: 7, and for y-Fe203 — 45 wt%?®%
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.

20



INTRODUCTION

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

hectorite.

The complex morphing of natural systems serves as an inspiration for designing
material for soft robotics and biomedical devices.®® Living organisms possess
remarkable abilities to adapt their shapes or positions in response to external stimuli.®
For instance, pinecones, and Bauhinia seedpods can undergo bending and twisting
deformations due to internal stresses caused by humidity changes.'®' 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,
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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.02-104

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.'%® Synthetic hectorite offers a wide range of
complex orientations, but unfortunately in the pristine form it has response only to an
applied electrical field,'%6-1% 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.'% 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.®
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The present work contains two publications and one manuscript. For further

publications | 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).
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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,
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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 NH4s* -DS. (D) Heterostructures with strict alternation NHs" and y-
Fe>0s 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).

y-Fe203 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 y-Fe203 NPs dispersion. In this step, we
partially exchanged Na* for NPs while NH4* layers stayed intact. We used different
volume of 0.1 wt% y-Fe203 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 y-Fe203 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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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 g-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 (x' and x") 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 x' signal measured for out-of-plane field orientation. Reprinted with permission
2021. Copyright Royal Society of Chemistry.

is a sum of 2*1nm thickness of nanosheets + 6.5 nm sized y-Fe203 NPs. TEM images
suggest that nanoparticles are sandwiched between nanosheets while the other side
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of the nanosheet is free of NPs (Fig.8 C). PXRD analysis shows no changes in the y-
Fe20s 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 y-Fe203 nanoparticle of 6.5 nm size is a single magnetic domain, but being
intercalated into DS, y-Fe203 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.
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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.

Fe203 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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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.

with the transition temperature of 32 °C, 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/cm? 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/cm®) and water (0.997 g/cm?3),
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
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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 PNIPAmM 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
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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.
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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 1sun 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.

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).
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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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Liquid crystalline materials found numerous applications in modern technologies due to their ability to
respond to external fields. In this context, ferronematic liquid crystals are fascinating because they offer
a response to weak magnetic fields in addition to electrical fields. Nevertheless, the synthesis of stable
ferronematic liquid crystals represents a challenge for colloidal and synthetic chemists. In this work, we
present a straight-forward strategy for directly incorporating presynthesized magnetic nanoparticles into
every other interlayer of synthetic 2:1 layered silicates, which subsequently can be swollen to nematic
phases simply by immersion into water, offering almost infinite stability. The resulting ferronematic
suspension shows a sensitive response to magnetic fields. Moreover, the synthetic strategy is highly
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Introduction

Materials capable of responding to various external stimuli
are at the heart of most technologies we are using daily.
Nevertheless, for the next evolutionary step enabling future
technologies, we are looking for materials with multiple
stimuli-responsive pathways."” These materials would potentially
show direction-dependent properties that allow for more elabo-
rate functionalities.

Liquid crystals (LC), due to their large dielectric anisotropy,
are intrinsically responsive to electrical fields but show only a
very weak response to magnetic fields. As the LC state can flow
as an ordinary liquid while preserving a long-range order, the
constituents can be manipulated at field strengths in the range
of kyT.> Magnetic LC (MLC) thus already respond to rather
weak applied fields. MLC show orientational order and fluidity,
and high magnetic susceptibility.* This paves the way
to unique physical properties like magneto-optic and
magneto-mechanical effects, which one eventually might find
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between nanosheets and blocking temperature.

in applications within the field of optics, display devices,
telecommunications, micro-, smart fluids, photonics, and for
many biomedical applications.”**

Ferronematic behavior was predicted in the 1970s in Brochard's
and de Gennes's pioneering work."® They concluded that a
combination of magnetic nanoparticles (MNPs) with a nematic
phase such as maghemite (y-Fe,03;), magnetite (Fe;0,), or
metallic cobalt could be a source of spontaneous magnetization
and would dramatically increase the effective director-magnetic
field interaction.'® The first stable ferronematic suspension
could, however, not be realized until 2013.

For the preparation of MLC, two strategies are usually
exploited. Molecular LC have been converted to MLC by either
enhancing the intrinsic magnetic properties of a LC or by
incorporating MNPs into the LC."*'*™"® In the first strategy,
LC phase molecules are doped with heavy paramagnetic atoms,
rendering them more sensitive to the magnetic field. This
method, however, requires not only sophisticated synthetic
procedures but it delivers paramagnetic materials that require
extremely strong magnetic fields for alignment, limiting its
usefulness.'”

The second strategy applying MNPs yields more field-
sensitive MLC, but magnetic dipole-dipole interaction leads
to fast aggregation and poor system stability.""** To enhance
stability and to avoid segregation of the MLC phase, MNPs were
surface modified to enhance compatibility with the molecular
LC. Usually, this involves capping of MNPs with a surfactant
layer made of ligands with similar mesogenic units as the LC
host. In some cases, MNPs were passivated by coating them

This journal is ® The Royal Society of Chemistry 2021
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with an inert inorganic material.*' For instance, silica coatings
have been shown to be capable of stabilizing MNP suspensions."”
The coating acts as a physical barrier between magnetic nanorods,
preventing strong magnetic dipole-dipole interactions. Acidic
groups on the silica surface, moreover, exert long-range electro-
static repulsion that contributes to the good dispersibility and
stability in different polar solvents.

In summary, the preparation of homogeneous MLC with
anisotropic properties and high dispersion stability still
represents a significant challenge to both synthetic and colloidal
chemists.?

A handful of layered compounds like lepidocrocite-type
titanates,” layered antimony phosphates,”** perovskite-type
niobate,* or graphene oxide®” have been shown to osmotically
swell. Being a thermodynamically allowed process and repulsive
in nature,®*** it allows for utter and most gentle delamination
into nanosheets of uniform thickness. With diameters in the pm
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range, the obtained nanosheets possess large aspect ratios, and
rotation of the nanosheets in suspension is hindered. Even very
dilute dispersions of the charged nanosheets adopt a cofacial
arrangement due to strong electrostatic repulsion. In this
nematic state, adjacent nanosheets are held in a coherent
cofacial geometry but are separated by long distances deter-
mined by the clay content, typically exceeding 50 nm (see Fig. 2d
in ref. 30), enabling incorporation of nanoparticles. Amongst
the known nanosheet-LCs, synthetic fluorohectorite is unique
for allowing production of heterostructures where such nano-
particles can exclusively be incorporated into every second
interlayer, which results in delamination into nematic phases
of double stacks (Fig. 1).*' Within these double stacks (DS),
nanoparticles are sandwiched between two 1 nm thick silicate
layers and thus resemble to some extent the above-cited coating
approach. The difference being that the large aspect ratio of the
coating also gives rise to the LC state.

[ o
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Fig. 1 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 NH,"-DS. (D) Heterostructures with strict alternation NH,* and y-Fe O 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
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In this paper, we describe the fabrication of ordered hetero-
structures of fluorohectorite with nanoparticulate maghemite
and its osmotic swelling in an aqueous dispersion to a nematic
phase comprised of magnetic nanosheets. In a sense, this
approach combines the best aspects of both known strategies
to fabricate colloidally stable, anisotropic magnetoresponsive
liquid crystals.

Results and discussion
Synthetic strategy

Synthetic sodium fluorohectorite (Na-hectorite, [Nags]™*"
[Mg, sLig 5]°[Si4]*'OF,) belongs to a handful of layered
compounds that show the long-known,** but rare phenomenon
of osmotic swelling®*2**** producing a liquid crystalline
phase. The highly-charged nanosheets with a huge aspect ratio
(20000 nm diameter, 1 nm thickness)*® are separated to a
uniform distance when immersed into deionized water.**’
Even very dilute suspensions (= 0.3 wt%) of such high aspect
ratio nanosheets are not isotropic but represent nematic phases
as evidenced by a rational 00! series (Fig. S1, ESI{) being
observed in small-angle X-ray scattering (SAXS) curves.”*?*

The randomly oriented domains of the nematic suspension
can easily be orientated into a monodomain or any sophisticated
pattern by applying appropriate external electric fields.***”

The nematic phases of Na-hectorite can be loaded with nano-
particles like maghemite (y-Fe,05)* or palladium,™ whereupon the
structure’s collapse leads to encapsulation of the nanoparticles.

Na-hectorite, moreover, can be converted to ordered hetero-
structures by simple partial ion exchange following a published
procedure.”’ Briefly, a NH,CI solution was added in an appro-
priate quantity (69% of the cation exchange capacity (CEC)) to
Na-hectorite in a 3 to 1 ethanol-water mixture. Upon equilibration
in an overhead shaker overnight, Na* is replaced in every other
interlayer by NH, in a strictly alternating fashion (Fig. 1B and
Fig. 85, ESIT). Due to its lower hydration enthalpy, NH," blocks
osmotic swelling in every other interlayer while the Na™ interlayers
will still swell infinitely. Thus upon immersion into water, a
nematic phase of DS forms with NH,' acting as glue for two
silicate layers (Fig. 1C) yielding a total height of 2.4 nm (Fig. S6,
ESIt). At 1 wt%, the DS are separated to 100 nm in the nematic
suspension allowing for incorporation of nanoparticles with
positive surface potential via a quasi-ion exchange.

Next magnetic nanoparticles (y-Fe,0;) were synthesized by
applying the polyol method and were characterized as
previously published in detail.*® Since a positive {-potential is
required for quasi-ion-exchange'’ into the galleries between the
negatively charged hectorite nanosheets, phosphocholine was
added as capping ligand ({ = +42 mV at pH 7; Fig. S2B, ESIY).
This capping ligand also allows for transfer of the maghemite
nanoparticles into water.

According to the transmission electron microscope (TEM)
graphs, the maghemite nanoparticles have a spherical shape
and a diameter of 5.5 + 1.1 nm with a low polydispersity
(Fig. 824, C and D, ESIT). Dynamic light scattering measurement
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(DLS) indicates a hydrodynamic radius of 6.9 + 1.3 nm
(Fig. S2A, ESIT). Powder X-ray diffraction (XRD) (Fig. S3, ESIT)
confirms the spinel-type maghemite (y-Fe,0,) phase. No reflections
of hematite or any other crystalline iron oxide phase were observed
and the phase purity is confirmed by Mofibauer spectra (Fig. 54,
ESIY).

Next, the nematic DS suspension and the aqueous maghemite
suspension were combined. Typically, a 1 wt% aqueous dispersion
of DS was added to 0.1 wt% of maghemite dispersion under
vigorous stirring. The volume of maghemite dispersion was
varied to get the desired weight compositions. The huge gallery
separation allows for fast diffusion and incorporation of the
positively charged nanoparticles while triggering hetero-
coagulation into dense heterostructures where NH," and
y-Fe,0; interlayers strictly alternate (Fig. 1D). While at stage
D a highly ordered, crystalline heterostructure is obtained, this
does not yet swell to a liquid crystalline phase because the
hydration enthylpy of the NH," cation in the interlayer space is
too low. In order to form the liquid crystalline phase, NH," ion
needs first to be replaced with Li" showing a high hydration
enthalpy.

In the following step, the NH," interlayers in the ordered
heterostructure are activated again for osmotic swelling. This is
achieved by ion exchange with LiOH. At the high pH provided
by LiOH (pH > 10), the NH," gets deprotonated and evaporates
from the solution at 60 “C. At this point, Li" is exchanged into
the former NH," interlayers, but the Li" interlayers do not swell
osmotically, given the high ionic strength.

After repeated centrifugation and redispersion reducing
the ionic strength, the ordered Li'/y-Fe,O; heterostructure,
however, eventually delaminates into a nematic suspension of
magnetic DS (MDS) where y-Fe,0; nanoparticles are sand-
wiched between two silicate layers (Fig. 1E)

The individual MDS nanosheets are separated by water
layers acting as a dielectric medium that modulates the long-
range electrostatic repulsion between MDS. Nematic suspension
of MDS shows a fast response to an external magnetic field
(Fig. 1G, H and Movie S1, Fig. S15, ESIf). Without magnetic
field nematic phase’s color of MDS suspension stays unchanged
(Fig. 816, ESIt).

Obviously, individual delaminated MDS only persist while
being dispersed. In the following, some analytical techniques
involve dried powders of the nematic suspensions. Upon
drying, the MDS are, however, forced to restack into hetero-
structures of Li* and y-Fe,0; interlayers.

The resulting height of MDS is expected to be around 7-
9 nm (%~5.5 nm nanoparticle height + 2 x 1 nm silicate
nanosheet), which was confirmed by atomic force microscopy
(AFM) (Fig. 2A), showing a thickness of 8.5 nm. TEM images of
cross sections of restacked MDS, which were prepared by
microtoming, confirm the strict alteration of y-Fe,O; mono-
layers separated by two silicates layers with Li" in the interlayer
space (Fig. 2B and grayscale analysis Fig. 510, ESI{). Please note
that the microtome cutting alters the structures in a way that
causes the structures to appear curved and results in a large
portion of nanoparticles at the edge to be pulled out by the
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Fig. 2 MDS structural characterization (A) the topographic AFM image of
the single MDS nanosheets with the insert of the height profile (B) cross-
sectional TEM image of MDS. The inset shows the magnification of highly
loaded nanosheets with the periodic nanoparticle-nanosheets arrangement.
The yellow line was used for greyscale analysis (Fig. 510, ESIT). (C) Wide-angle
PXRD pattern of MDS. Characteristics hectorite peaks marked with circles
(D) Nitrogen adsorption/desorption isotherms of MDS with different loading
of nanoparticles.

blade.*' The thickness of the MDS, and hence the periodicity,
varies slightly along the stacking direction as the nanoparticles
are not strictly monomodal. Averaging over at least three MDS
(line in the inset of Fig. 2C), an average periodicity of 7.8 nm
was calculated, which is in decent agreement with the sum of
the average nanoparticle diameter and 2 times the thickness of
the silicate nanosheet. The packing density of y-Fe,0; nano-
particles can be better spotted with TEM images taken from the
top (Fig. 87, ESIT).

PXRD of MDS feature maghemite peaks (indexed in Fig. 2C)
in addition to the hectorite reflections. Hectorite peaks
(marked by a cirele in Fig. 2C) may be indexed as 02/11 and
06 bands deriving from the 2D crystal structure of the
nanosheets in the ab-plane while the relative position along
the c¢-direction is disordered due to the variation of interlayer
height defined by the nanoparticle diameter.

By varying the ratio of magnetic nanoparticles to hectorite, it
is possible to obtain different MNP loadings of MDS. By
inductively coupled plasma atomic absorption spectroscopy
(ICP-OES), the resulting nominal formula for the sample with
an expected loading of 16.6 wt%, 30 wt%, and 45 wt% of y-Fe,0;
nanoparticles (referred to as MDS 16.6, MDS 30 and MDS 45) are
(Fe;03)o.a6Li0.31(Mg2 L0 5814010F2),  (Fe203)1.05Li0.31(Mg2 sLios
Sis040Fz) and  (Fex0s)y.95Lio,31(Mg2.5Lip5514010F), respectively.
Experimentally determined compositions are in close agreement
with the expected loading of y-Fe,O; (Table S1, ESIY).

The Na”/NH," heterostructures showed no mesoporosity
(type 2 adsorption isotherm according to IUPAC classification,
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Fig. S8, ESIF)."” The small micropore volume at low partial
pressure most likely is related to fringed edges of the stacks.
Upon incorporation of y-Fe,0, nanoparticles, the N, adsorption/
desorption isotherms changed to H3 type with a hysteresis loop,
indicating a mesoporous structure (Fig. 2D). The nanoparticles
are apparently not densely packed and act as a pillar between the
silicate nanosheets, creating slit-shaped mesopores between
them. The height of the slit should correspond to the nano-
particle size, while the width is expected to vary with loading if
the nanoparticles are uniformly distributed. Since no kernel is
available for slit pores,* we applied the DFT kernel for spherical
pores, which gave a rather broad pore size distribution with a
maximum at 5.5 nm (Fig. S9, ESI), in agreement with the
pristine nanoparticles diameter. The curve is, however too noisy
to estimate an accurate slit width. Since the nanoparticle surface
contributes to the total surface area as long as they are
accessible, the BET surface area is expected to increase with
loading, which was confirmed experimentally with 141.6 m* g,
156.0 m* g ', and 188.3 m* g ' for MDS 16.6, MDS 30, and MDS
45, respectively.

Small-angle X-ray scattering in the magnetic field

Orientation under magnetic field was monitored by SAXS. The
2D pattern of nematic suspensions of MDS was strongly aniso-
tropic (Fig. 3A and B), which indicated preferred orientation of
the nematic domains. Since at concentrations applied for SAXS
(4 wt%) the suspensions are already quite viscous, the shear
forces inherent during capillary loading therefore already
induced some degree of orientation (Fig. 3A and B). In the
magnetic field the majority of the MDS is oriented with the
nematic director perpendicular to the magnetic field yielding
an order parameter S = 0.7 (Fig. 3C and D). Adjacent MDS are
shifted relative to each other in the plane of orientation/field,

© axperimental pattern
——filting

01 01

Fig. 3 2D SAXS pattern of 4 wt% aqueous dispersion of MDS 16.6
recorded without magnetic field applied and with the detector set at low
(A) and high (B) g-value: 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 (C) and high (D) g-value. Vector B indicates the direction of
applied magnetic field. (E) Angle averaged 1D SAXS pattern derived from
(C) and (D) in the direction perpendicular to the applied magnetic field
together with the fitting
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resulting in band-like structures, which in the literature is
referred to as quasi chainlike.**

When transforming the 2D data to 1D with the radial
distributions in conjunction the scattering of the nematic
liquid crystal director, no rational 00! series originating from
the quasi-crystalline lamellar form factor became apparent
(Fig. 3E). This indicates that unlike in the ordered NH," DS
(Fig. 51, ESIT), the separation of adjacent MDS varies considerably
in the MDS suspensions. The very weak 001 peak observed at the
¢ =0.0072 A~* corresponds to 87 nm separation between adjacent
nanosheets.

As expected for nanosheets, at intermediate g values the
intensity I(q) is proportional to g%, where g is the magnitude of
the scattering vector and 2 is the fractal exponent of the
scattering object. In case of the well oriented MDS we also
were able to separate the scattering of the embedded particles
from the sheets. This enabled us to determine their packing
fraction within the layer to be 0.4. The calculation for the order
parameter, the fit as well data reduction procedures can be
found in the ESL}

Magnetic properties of restacked MDS films

Nanoparticles of y-Fe;03 are well known to show superpara-
magnetic behavior.”*® Their spatial separation can tune the
interaction of superparamagnetic nanoparticles. In the MDS
case presented here, the particles are arranged in a highly
anisotropic fashion with different in-plane and out-of-plane
distances. As shown above, the MDS in the nematic LC phase
respond to an applied magnetic field. This phenomenon calls
for a more detailed study of the MDS magnetic properties.
For this, MDS suspensions were drop casted on Kapton foil,
whereupon solvent evaporation, highly oriented films with
MDS nanosheets parallel to the support were obtained. The
magnetic properties of these oriented films were studied by
both DC and AC field magnetization measurements. First, we
examine the isothermal, field-dependent magnetic properties.
The magnetization (M) was measured as a function of the
applied magnetic field (H) at a temperature (7) of 2 and
300 K with the films oriented parallel and perpendicular to H,
respectively. The data of the MDS 45 film are presented in
Fig. 4A.

At T'= 300 K, no remanent magnetization is discernible for
both field orientations, indicating superparamagnetic behavior.
The hysteresis loops show the typical s-shape with a rapid
increase of M in low magnetic fields where 90% of the saturation
magnetization (Ms) is reached at poH = 1 T. At 2 K, a clear
magnetic hysteresis can be observed. Most strikingly, the mag-
netization process is highly dependent on the field orientation,
albeit the particles themselves are spherical. The anisotropy
indicates that the MDS were deposited in a highly oriented
fashion and that the individual MDS are magnetically anisotropic.
An easy plane of magnetization is evident from the data, which
can be deduced from M being higher at a given applied magnetic
field for in-plane field orientation as compared to the out-of-plane
orientation, When comparing the behavior of samples with
different loadings of y-Fe,O; (see Fig. 4B), it becomes obvious
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Fig. 4 (A) 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. (B)
Comparison of the data collected at T = 300 K for samples with different
loadings of y-Fe; 0. Solid lines correspond to H being parallel to the film
plane; dotted lines correspond to perpendicular crientation

that all samples show this kind of magnetic anisotropy. The value
of Mg (in-plane orientation) differs among the samples with 72,
64, and 92 emu g" for the films of MDS 45, MDS 30, and MDS
16.6, respectively. For comparison, bulk y-Fe,O; has an Mg of
76 emu g .*° Other samples of y-Fe,0, with similar size show
significantly smaller values for Mg (47-62 emu g ').*%*¢
The variations among the samples appear non-systematic and
can be ascribed to the significant errors in calculating the mass of
yFe,0; given the low overall sample mass of a few mg.

‘We now turn to the temperature-dependent magnetic properties.
Magnetic nanoparticles show superparamagnetic relaxation,
i.e.,, the magnetic moment of the single domain particles
fluctuates at elevated temperatures, but upon cooling, the
thermally activated process is frozen. Besides the nature of
the NPs themselves, their interaction plays a crucial role in the
blocking temperature, where freezing occurs.’® This can be
studied using AC-susceptibility; corresponding data for the real
and imaginary part (3’ and »") are shown in Fig. 5. The sample
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Fig. 5 (A) Real and imaginary parts (3 and »") of the AC susceptibility as a
function of temperature measured in zero DC field with 4 as indicated for
the MDS 45 sample and in-plane field orientation. The £’ signal measured
for out-of-plane field orientation is shown for comparison. The inset
shows a fit of the Arrhenius law to the observed maxima in z*
(B) Comparison of the data collected for the samples with different loading
with fac = 10 kHz and in-plane field orientation.

is excited with a low magnitude (10 Oe) oscillating magnetic field
of a given frequency fic in zero DC field for the experiment. At
room temperature in the superparamagnetic state, the magnetic
moment can easily follow the AC field. However, due to the finite
activation energy of the magnetization switching, blocking of
this process will occur when the sample is cooled down.*" The
frequency dependence of »' and y" shown in Fig. 5A (MDS 45
with parallel field orientation) is typical for SPM behaviour:*' the
blocking temperature decreases with fi- since the magnetic
moment has more time to follow the excitation. Also, in this
experiment, a strong anisotropy of the samples in respect to the
magnetic field is evident. In Fig. 5A, ¥’ measured with out-of-
plane orientation was found to be a factor of ~6 lower than for
the in-plane orientation. Anisotropy can be observed system-
atically for all three samples. From the maxima in ", activation
energy for the spin switching can be determined according to the
Arrhenius law 1 = 7, exp(AE/kT) with the relaxation time 7, the
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characteristic time 7,, activation energy AE and Boltzmann’s
constant k.*" A fit of the data to this law is shown in the inset of
Fig. 5A. The loading of y-Fe,Oj, particles in the films significantly
influences the activation energy, as outlined in Fig. 5B. Here the
data for y' and 3" are displayed for the three samples at fixed
fac = 10 kHz. A significant shift of the maxima towards higher
temperatures (99 to 137 K at fy¢ in ') with increasing nano-
particle loading is evident. The activation energies determined
as AE/k for MDS 16.6, MDS 30, and MDS 45 are 1162 (+ 170),
1564 (+ 90), and 2685 (+ 190) K, respectively. Examples of neat
maghemite NPs of similar size are 737 K and 3800 K.**
However, the energy barriers are highly dependent on the actual
system and particle arrangement. The characteristic time 71,
determined for the three samples ranges from 1.1 x 107! s
(MDS 16.6) to 5.3 x 10" '® s (MDS 45). The latter value is much
higher than those commonly observed for SPM systems (10 °-
10" 5), indicating the onset of spin glass-like behavior, which is
in line with the increased inter-particle interaction.®

The systematic increase of AE with particle concentration
demonstrates that the particles’ interaction strength is effectively
tuned by varying their intralayer (in-plane) distance. This con-
clusion can be drawn due to the well-defined and loading-
independent interlayer spacing given by the hectorite layers.
The pronounced magnetic anisotropy of the MDS nicely explains
the observed spontaneous alignment of nematic domains in a
magnetic field as evidenced by the SAXS data. Since the y-Fe;0;
nanoparticles are spherical, a preferred alignment and a specific
crystallographic orientation (and thus easy magnetic axis)
between the layers due to their shape do not appear reasonable.
Instead, we speculate that the observed easy plane of magnetization
is due to a preferred in-plane coupling of the particle’s magnetic
moments. According to TEM images, the distance in the cross-
plane direction between nanoparticles is >2 nm, while the in-
plane distance is considerably smaller (Fig. S7, ESIT), leading to the
stronger in-plane coupling as a direct consequence of the MDS
architecture. This magnetic anisotropy should become even more
pronounced in the LC state when the cross-plane distance between
adjacent MDS becomes tens or hundreds of nanometers, making
the cross-plane coupling negligible.

Conclusions

In conclusion, we propose a straight forward method for
fabricating stimulus-responsive colloids with pronounced
anisotropic nanosheet shape and tuneable interparticle inter-
action. This allows for varying the magnetic properties without
alternating the morphology nor sacrificing colloidal stability of
the LC and without altering the chemistry of magnetic
nanosheets.

The resulting ferronematic suspension is not only infinitely
stable in water but also requires a very low concentration of the
magnetic nanosheets to show LC behavior. Simply by tuning
the starting ratio of the components (hectorite and nano-
particles), the interaction strength of the y-Fe,0; NPs in the
restacked MDS films can be tuned. This is evident from the
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activation energy for switching the magnetic moment increasing
from 1162 K to 2685 K from low to high NPs loading. The
restacked MDS films show a highly anisotropic magnetic
response, which points to an artificial easy plane being
introduced by the composite’'s architecture. This serves as a
tentative explanation for the ferronematic suspension’s response
to a magnetic field.

This approach is not limited to synthetic hectorite and
maghemite nanoparticles. The synthetic strategy can be
adopted to other nanosheets capable of showing repulsive
osmotic swelling. Additionally, there is no limit on the type of
nanoparticles, which could be used to create ferronematics.

Experimental section
Synthesis of sodium hectorite

Sodium hectorite ([Nag 5] ™ [Mgs sLio 5 ]*[Sis]'*'0;0F2, Na-hectorite)
was obtained by melt synthesis followed by long-term annealing
according to a published procedure.”> The material featured a
cation exchange capacity (CEC) of 1.27 mmol g " and a density
of 2.73 g em °,

Synthesis of ordered heterostructures

Ordered heterostructures were synthesized according to a
published procedure.’ First, 1.5 g Na-hectorite was immersed
in 250 ml of a water-ethanol mixture (75 vol% ethanol) for 12 h
at room temperature in an overhead shaker. Then, 70.3 mg of
NH,Cl, corresponding to 69% of the CEC of Na-hectorite, was
dissolved in 100 ml of a water-ethanol mixture (75 vol%
ethanol) and added to Na-hectorite under vigorous stirring
followed by equilibration in the overhead shaker overnight at
room temperature. The resulting solid was washed five
times with the same ethanol-water mixture and collected via
centrifugation at 8000 rpm for 10 min. During washing and
centrifugation, an iridescent gel formed. After centrifugation at
6000 rpm for 1 min, the iridescent gel was decanted, 250 ml of
MQ water was added, and the sample was equilibrated for two
days. The resulting gel was washed three times with deionized
water by centrifugation at 10000 rpm for 15 min and dried in
the oven at 60 "C.

Synthesis of y-Fe,0; nanoparticles

Nanoparticles were synthesized according to a published
procedure.*® FeCl; x 6H,0 (1,05 g, 2.00 mmol) and FeCl, x
4H,0 (398 mg, 1.00 mmol) were dissolved in 40.0 g diethylene
glycol (DEG). NaOH (640 mg, 16.0 mmol) in 80.0 g DEG was
added, and the solution was degassed under a flow of argon for
3 h. The solution was heated to 220 °C with a ramp of 2 K min ™'
and kept at this temperature for 2 h. The dispersion was
allowed to cool to 90 “C, and phosphocholine chloride caleium
salt tetrahydrate (330 mg, 1.00 mmol) in 20.0 g DEG was rapidly
added under vigorous stirring. The temperature was kept for
1 h and then cooled to room temperature. The particles were
precipitated in 600 mL of acetone, washed twice with 400 mL of
acetone, and then redispersed in water. The dispersion was
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dialyzed in 4 L of water for 48 h, with water being exchanged
after 6 and 24 h. FeCl, x 4H,0 (98%), FeCl; x 6H,0 (=99%),
NaOH (pellets, >98%), and diethylene glycol (99%) were
purchased from Sigma Aldrich. Phosphocholine chloride
calcium salt tetrahydrate (98%) was purchased from aber
GmbH. The water used was of MilliQ quality (18.2 MQ).

Synthesis of magnetic double stacks

DS were delaminated as 1 wt% dispersion in water. For the
intercalation, the pH of both DS and nanoparticle dispersions
was adjusted to pH 7. The nematic suspension of DS was
rapidly added to nanoparticle dispersion volume (0.1 wt%)
under stirring. The volume of nanoparticle dispersions was
varied according to the desired composition of MDS. The
flocculate was collected by a magnet and washed 3 times with
water. Freshly prepared LiOH solution with pH 10 was added to
the flocculated gel, and the dispersion was stirred for 15 minutes.
This procedure was repeated twice with fresh LIOH solution.
After centrifugation, the precipitate was transferred into an
Erlenmeyer flask with 600 ml LiOH (pH 10) and heated to
60 °C over night under argon flow. The cleaved double stacks
were collected via centrifugation, washed several times with
water, and freeze-dried.

Powder X-ray diffraction measurements (PXRD) were done
with an STOE Stadi P diffractometer in Debye-Scherrer
geometry applying monochromatic Ag K,, radiation and a
MYTHEN2 4K detector (4 MYTHEN2 R 1K Si-strip detector
modules) in stationary mode. Samples were charged into
0.5 mm glass capillaries (Hilgenberg, code 4007605).

Transmission electron microscopy (TEM) measurements
were performed with a JEOL JEM-2200FS field emission energy
filtering transmission electron microscope (FE-EFTEM) at an
acceleration voltage of 200 kV. A bottom-mounted CMOS
camera system (OneView; Gatan) was used for recording zero-
loss filtered micrographs (AE ~ 0 eV). Micrographs were
processed with DM 3.3 image processing software (Gatan).
Nanoparticle only samples were prepared by simple drop-
casting a dilute dispersion onto carbon-coated copper grids.
MDS powders were embedded in a polymer matrix and cut with
a Leica Ultramicrotome UC7 + FC7.

Dynamic light scattering (DLS) and determination of
{-potential were recorded on a Litesizer 500 (Anton-Paar).

Atomic force microscopy (AFM)

The surface topography was determined by atomic force micro-
scopic measurements. The images were acquired with a Dimen-
sion Icon (Bruker Nano Inc.) in PeakForce tapping mode in air.
A ScanAsyst Air cantilever (Bruker Nano Inc.) with a typical
spring constant of 0.4 N m™' and a resonant frequency of
70 kHz was used. The PeakForce amplitude was 60 nm, and the
PeakForce frequency was 2 kHz The AFM images were
processed with NanoScope Analysis 1.80 (Bruker Nano Inc.).
The topography was flattened by subtracting the first-order
polynomial background using a threshold to exclude platelets
from flattening. Platelet heights were determined using the
‘“‘step tool” in NanoScope Analysis software. The samples were
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prepared by slow evaporation of a few drops of a diluted
suspension (0.02 g L™') on a Si wafer under ambient
conditions.

ICP-AAS

To determine the elemental composition, to about 20 mg of the
sample was added a mixture of 1.5 mL 30 wt% HCl (Merck),
0.5 mL of 85 wt% H;PO, (Merck), 0.5 mL 65 wt% HNO; (Merck),
and 1 mL of 48 wt% HBF, (Merck). The sample was digested in
an MLS 1200 Mega microwave digestion apparatus for 6.5 min
and heated at 600 W (MLS GmbH). The sample was allowed to
cool to room temperature, and the clear solution was diluted to
100 mL and analyzed with a Varian Vista-Pro radial ICP-OES.

BET

Physisorption data was collected with a Quantachrome
Autosorb-1 using N, at 77 K as the adsorbate. Prior, samples
were degassed at 383 K for 24 h.

Small angle X-ray scattering (SAXS)

SAXS data were collected with a “Double Ganesha AIR”
(SAXSLAB, Denmark). In this laboratory-based system, a
micro-focused X-ray beam is provided by a rotating copper
anode (MicoMax 007HF, Rigaku Corporation, Japan).
A position-sensitive detector (PILATUS 300 K, Dectris) was used
in different positions to cover the range of the scattering
vector ¢ = 0.004-0.6 A 1. Before the measurement, the clay
suspensions were filled in 1 mm glass capillaries (Hilgenberg,
code 4007610). The circularly averaged data were normalized to
the incident beam, sample thickness, and measurement time.

Small angle X-ray scattering (SAXS) in magnetic field

A specially designed and in house built sample holder for 1 mm
glass capillaries (Hilgenberg, code 4007610) was used for the
measurements in magnetic field conditions. The capillary is
placed between to strong permanent magnets in vertical
direction having a fixed field strength of about 0.9 T. SAXS
patterns were recorded with the SAXS system “Ganesha-Air”
from (SAXSLAB, Xenocs). The X-ray source of this laboratory-
based system was a D2-MetalJet (Excillum) with a liquid-metal
anode operating at 70 kV and 3.57 mA with Ga-Ku radiation (4 =
0.1341 nm) providing a very brilliant and a very small beam
(<100 pm). The beam was focused with a focal length of 55 cm
using a specially made X-ray optic (Xenocs) to provide a very
small and intense beam at the sample position. The trans-
mitted intensity data were recorded by a position-sensitive
detector (PILATUS 300 K, Dectris). To cover the range of
scattering vectors between 0.026 and 3 nm ™, different detector
positions were used. The circularly averaged data were normalized
to incident beam, sample thickness, and measurement time.
Further details concerning the data reduction can be found in
the supporting information.

Magnetization measurements

The samples were prepared by placing a Kapton foil on the Petri
dish’s bottom, casting dispersions of MDS on top and letting it

This journal is @ The Royal Society of Chemistry 2021
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dry. High aspect-ratio nanosheets self-assemble parallel to the
Kapton surface during the water evaporation, yielding highly
oriented films. Several discs of 4 mm diameter of each sample
were punched out, stacked, and held together with Kapton
tape. This stack with a sample mass of 3-10 mg was mounted
on a quartz stick, allowing for alignment of the magnetic field
within or perpendicular to the composite layers. The magneti-
zation was measured as a function of the applied magnetic field
at 300 K and 2 K on a PPMS9 (Quantum Design) using the VSM
option. The AC magnetization was measured in temperature
sweep mode with zero DC-field applied, an AC magnetic field of
10 Oe, and variable excitation frequencies ranging from 10 Hz
to 10 kHz.
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RESULTS

SAXS data for double stacks

001 + Experimental
fit

Intensity (a.u.)

q (A7)

Figure S1. SAXS pattern of the nematic liquid crystal of double stacks at a concentration of
4wt%. The rational 00! series indicates the spacing between the nanosheets to be 85 nm. * labels
the structure factor minimum, indicating the characteristic thickness of the platelets to be 2.5

nm.
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Maghemite nanoparticle characterization
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Figure $2. Characterization of nanoparticles. (A) hydrodynamic diameter according to DLS
zeta potential at pH 7 of y-Fe;0; nanoparticles. (C) TEM image of

measurement. (B)
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XRD pattern of y-Fe,0;

Figure S3. Wide angle PXRD using Ag-K, (A = 0.5594075 A) radiation of y-Fe,0; nanoparticles
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RESULTS

MaoRbauer spectroscopy of y-Fe,0;
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Figure S4. (A) Room temperature Mé&Rbauer spectrum showing only one quadrupole doublet.
(B) 4.2 K MoéRbauer spectrum with two sextets for Fe3' in tetrahedral sites (green) and
octahedral sites (pink).

To additionally confirm the formation of the y-Fe,O; we performed the MoRbauer
spectroscopy, because the standard XRD peaks of y-Fe,03and Fe;0, are almost identical. The
RT spectrum showed only one quadrupole doublet due to fast superparamagnetic relaxation
processes that is characteristic for small sized iron oxide nanoparticles (Figure S4 A). The
spectrum recorded at 4.2 K showed two sextets with nearly identical hyperfine fields and
nearly no quadrupole interaction (Figure S4 B). The isomeric shifts of 0.05 mm:-s~! and 0.33
mm-s~! corresponded to the tetrahedral and octahedral sites of Fe3*, respectively. Fe?* that
would indicate a magnetite phase could not be observed.?
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RESULTS

XRD pattern of NH,*/Na* ordered heterostructures also named ordered
interstratification (Ol)
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Figure S5. Wide angle PXRD of the ordered interstratification (Ol) of strictly alternating Na*
and NH4* layers in synthetic hectorite. The sample was equilibrated in an atmosphere with
43% relative humidity.
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AFM of double stacks

3 4
Length, pm

Figure S6. Representative, topographical AFM image of double stacks. A height profile shows
a platelet thickness of 2.4 nm.
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ICP-OES

Table S1. Elemental composition according to ICP-OES.

Element Weight fraction of the element [%]
Nominal Fe,03 16 wt% 30 wt% 45 wt%
Fe 119 215 31.8
Mg 13.4 11.2 8.8
Fe,0; wt%? 17 31 46
(Fe203)0.46Li0.31 (Fe20s)1.0slin31 (Fe203)1 65 Li.a1
Nominal Formula® | (Mg, sLigsSisO10F2) | (MgasLiosSiaO1oF2) | (MgasLios Sia O Fa)

2 Assuming an stoichiometric composition of Fe,0; the weight fraction of maghemite
nanoparticles is calculated from the Fe wt%.

® Then the nominal formula was calculated to be (Fe;03)xLigs1(Mgs.5LipsSis010F). Si was not
detected directly via ICP-OES. The amount of Si was rather calculated assuming the atomic
ratio of Mg to Si of 2.5:4 as required by the hectorite-composition.
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Top-view TEM MDS 16.6

Figure S7. TEM image of top view of the MDS 16.6.
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BET

—=— NH,'/Na* ordered heterostructure
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Figure S8. Nitrogen adsorption-desorption isotherms of the NH;*/Na* ordered
heterostructures.
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Figure $9. Pore width analysis of nitrogen physisorption isotherms taken at 77 K derived by
applying the DFT kernel for MDS 16.6, MDS 30, MDS 45. (A) Cumulative pore volumes (B) Pore
size distributions.
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RESULTS

Grayscale analysis of a TEM micrograph taken for a cross section of restacked

140
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40
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MDS

Figure $10. Grayscale analysis of a TEM micrograph taken for a cross section of restacked MDS
showing the periodic arrangement of the material with characteristic lengths A = 1.3 nm
corresponding to the distance between the centres of two silicate nanosheets and B = 6.54
nm corresponding to the diameter of nanoparticles sandwiched between two nanosheets.
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RESULTS

Orientation order analysis

The orientation order parameter was calculated using the following formula based on the
description from Lovell and Mitchel by averaging over the second Legendre polynomial.?

f’(‘?’) “1/2 - (3cos® ¢ - 1) - sin g
0
5=

T

f;m -sin gpdgp

0

S is the order parameter, @ is the azimuthal angle (y axis corresponds to ¢ =0) I($) is the
intensity at ®. In order to minimize smearing effects from the collimation of the SAXS
instrument the [(®) was averaged in the range of 0.03nm< g <0.14nm. The order
parameter has a value of $=0.7 which is very well ordered with respect to the director given
by the magnetic field.
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Figure S11. The (@) plot of the magnetically oriented sample used to calculate the order
parameter.
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RESULTS

Data reduction for SAXS of the oriented sample and fit with 2D structure factor

The sample was filled in a 1 mm Hilgenberg glass capillary and inserted in a homemade sample
holder consisting of two fixed permanent magnets, left and right of the vertically orientated
capillary. The field strength on the sample position is ~0.9 T. For the measurements without
field another sample holder was used. For both a separate water background was measured

as well.

[ BN BN I N

Figure $12. Left: 2D SAXS pattern in magnetic field, middle: direction of the magnetic field,
right: direction of the stacks.

13

68



RESULTS

Data reduction for SAXS of the oriented sample and fit with 2D structure factor

In order to be able to properly account for the anisotropy in the samples scattering the back
ground was subtracted in 2D and subsequently the radial average was either along the
nematic director or perpendicular to it. To do that we chose the width of the peaks in the
I(¢$) plots to define the regions of interest. The radial averaged data from the three detector
distances was scaled to measurement time, transmission as well sample thickness and put on

absolute scale. For the highly oriented sample we got two scattering curves.

This enables us to separate the scattering of the sheets from the particle scattering. As the

particles are isotropic they scatter to all angles even when the much stronger scattering sheets

100

(@)
' il

01 v,

01 1
alnm]

are oriented due to the magnetic field.

10000

1000 4

qlnm']

Figure $13. Left: radial averaged scattering along the nematic director with particle scattering
visible next to a contribution at low g from sheets which are not perfectly oriented. Right:
radial averaged scattering perpendicular the nematic director where the contribution from

the sheets is a hundred times higher than on the left side.
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RESULTS

Data reduction for SAXS of the oriented sample and fit with 2D structure factor

In order to separate the excess particle scattering from the sheets we used the I(q) scaling at
medium 0.3>qg<0.4 to shift both curves on top of each other.

10000 5
1000 o

100 o

I(a)

01 T T
01 1

qlnm’]

Figure S14. Shifted radial average along the nematic director so that the intermediate q values
overlap.

By subtracting the red from the black curve the excess particle scattering within the sheets is
extracted. This is possible because at high g the red curve is dominated by the sheet form
factor and the nice I{(g)~g? scaling at intermediate g values for both curves. The resulting
scattering curve represents the scattering from the particles within the double stacks only.

We also were able to fit this data with a model for polydisperse spheres also taking into
account the 2D Percus Yevick structure factor for hard spheres.® The fit results in a particle
radius of 2.5nm+0.5nm and a 2D packing fraction of 0.4. The particle radius fits very good with
the TEM and DLS results as far as the packing fraction within the layer goes it is an average
value over the whole sample and seems reasonably high.

'

i - excess paricle scattering
— \ Fit using 2D Percus Yevick structure factor

\

la)

028,

o
oga
Dos

008,

qlnm™|

Figure $15. Excess particle scattering with the fit using a polydisperse sphere model with 2D
PY structure factor.
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RESULTS

Photographs of nematic texturing

Figure 515. Photographs of nematic phases of DS (right cuvette) and MDS (left cuvette)
without (A) and with (B) applied magnetic field in cross-polarized light.
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Figure $16. UV-vis spectra of nematic phases DS (black, 0.3 wt%) and MDS (red, 0.15 wt%).
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Magneto-Orientation of Magnetic Double Stacks for Patterned
Anisotropic Hydrogels with Multiple Responses and Modulable

Motions
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Josef Brew,* Peng Zhao,* Qiang Zheng,* and Zi Liang Wu*

fAhstract: Reported here is a multi-response anisotropic poly(N-isopropylacrylamide) hydrogel developed by using a
rotating magnetic field to align magnetic double stacks (MDSs) that are fixed by polymerization. The magneto-
orientation of MDSs originates from the unique structure with y-Fe,O; nanoparticles sandwiched by two silicate
nanosheets. The resultant gels not only exhibit anisotropic optical and mechanical properties but also show anisotropic
responses to temperature and light. Gels with complex ordered structures of MDSs are further devised by multi-step
magnetic orientation and photolithographic polymerization. These gels show varied birefringence patterns with
potentials as information materials, and can deform into specific configurations upon stimulations. Multi-gait motions
are further realized in the patterned gel through dynamic deformation under spatiotemporal light and friction regulation
by imposed magnetic force. The magneto-orientation assisted fabrication of hydrogels with anisotropic structures and
additional functions should bring opportunitics for gel materials in biomedical devices, soft actuators/robots, ctc.

A

Introduction

Concepts that draw inspirations from biological tissues have
enabled substantial progress in creating artificial intelligent
materials.") Hydrogels, a class of soft materials with water as
the major component, have close similarity to living tissues
and therefore receive particular research interest.”
Although great efforts have been made to improve the
mechanical properties (0 maltch specific sofl tissues,”
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synthetic hydrogels usually have an isotropic network,
different from the anisotropic structures of biological tissues
such as muscles and ligaments."” Creating ordered struc-
tures in hydrogel materials should afford them with aniso-
tropic optical, mechanical, and response properties, thereby
promoting their applications in biomedical and engineering
fields.

In recent years, various anisotropic materials have been
developed by forming ordered structures ol polymer chains
or inorganic fillers in the soft matrices.”® One straightfor-
ward strategy is to orient polymer chains by stretching the
materials and then fixing this anisotropic structure: but this
method requires the material capable of withstanding
considerable deformation and force, and can only produce
materials with monodomain anisotropic structures. Another
strategy is to align rigid molecules or anisotropic fillers
under external ficlds and then freeze the ordered structures
by curing of the precursors. ¥ For example, Tovar and co-
workers used shear forces to align m-conjugated peptide
nanostructures in hydrogels that showed directionally de-
pendent optical signal and electrical response.™! Anisotropic
hydrogels can also be obtained by electric field-induced
orientation of anisotropic particles with the permanent or
induced dipole moment.l”! However, the direct contact with
precursor solutions may result in unexpected electrochem-
ical reactions and/or electrophoresis during gel synthesis.
Different from the aforementioned strategies, magnetic
fields can be applied in non-contact mode to orient various
mesogens and inorganic fillers in order to [abricate aniso-
tropic materials.""™ For instance, Stupp etal. developed
anisotropic hydrogels with the assistance of a static magnetic
field to orient nickel nanowires that were embedded in a
photoresponsive polymer matrix; the resultant hydrogels
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were used as continuum soft robots and showed multi-gait
motions steered by light and magnetic field."!! However, it is
still a grand challenge to develop patterned hydrogels with
sophisticated anisotropic structures.

Besides nanoparticles and nanowires, two-dimensional
(2D) nanosheets can also be oriented by magnetic ficlds to
form lamella-like ordered structures that will further
enhance the anisotropic properties and responses of the
resultant hydrogels."> !l For example, Studart et al. deco-
rated ALO,; platelets with Fe,O, nanoparticles and then
aligned them by a rotating magnetic ficld to develop
anisotropic poly(N-isopropylacrylamide) (PNIPAm) hydro-
gels. Bilayer hydrogel was further prepared by multi-step
magnetic orientation and polymerization to form sophisti-
caled anisotropic structures of the platelets, which showed
programmed deformations under external stimuli.’*! An-
other seminal work by Aida et al. reported on the develop-
ment of muscle-like anisotropic hydrogels applied an ultra-
strong (=10 T) superconducting magnetic ficld to perfectly
align titanate nanosheets."*! The obtained nanocomposite
PNIPAm hydrogel exhibited fast and isochoric deformations
upon heating due to the reversibly changes of electrostatic
permittivity and the resulting anisotropic electrostatic repul-
sion. They further used this hydrogel to realize earthworm-
like peristaltic crawling in a confined glass tube upon
periodic light irradiation after incorporating gold
nanoparticles."*" However, it is still challenging to develop
complex ordered structures in the hydrogel by using such a
superconducting magnetic ficld. In addition, the nanosheets
and photothermal nanoparticles are separately introduced
into the hydrogel to afford photo-induced anisotropic
response. The possible diffusion of the nanoparticles out of
the matrix may lead to reduced performances of the gel. On
the other hand, the locomotion of anisotropic gels usually
relies on specific stralegies 1o convert cyclic bending/
unbending or stretching/contraction deformations into direc-
tional motions by using a rachet plate or creating asymmet-
ric shape of the material!"’l Programmable locomotion
with switchable direction and gait mode has been rarely
realized in anisotropic gels, which require sophisticated
controls of the distributed structures and cooperative
actuations for dynamic morphing."! Clearly, it is highly
desirable to develop hydrogels with sophisticated aniso-
tropic structures and multiple responses by applying a weak
magnetic field to align the functional nanosheets, which can
be coupled with other advanced fabrication technologies.

Here we report a series of anisotropic PNIPAm hydro-
gels fabricated by applying a weak rotating magnetic field
(=260 mT) to orient 2D magnetic double stacks (MDSs)
followed by polymerization to fix the ordered structures.
The MDSs have a unique structure with y-Fe,O; nano-
particles being sandwiched by two silicate layers, which can
be dispersed in water with high stability."® The aqueous
suspensions show ferronematic phases at a very low content,
which are responsive to magnetic field and light. The
obtained monodomain PNIPAm hydrogels have anisotropic
optical and mechanical properties due to the highly-ordered
arrangement of the MDSs. The hydrogels also exhibit
anisotropic response upon heating or light irradiation.
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Hydrogels with sophisticated ordered structures of MDSs
are further developed by multi-step magnetic orientation
and photolithographic polymerization, which show complex
bircfringent patterns and deform into three-dimensional
(3D) configurations. Versatile locomotion is realized in the
patterned hydrogel by dynamic actuations under spatiotem-
poral light and magnetic ficld. The strategy of preparing
anisotropic hydrogels and the light- and magnet-steered
locomotion should be informative for the design of func-
tional materials and soft actuators with versatile applica-
tions.

Results and Discussion

The magnetic double stacks (MDSs) were synthesized
according to a previously published procedure!'” The
generic structure of MDSs is shown in Figure la. MDSs
have a sandwich-like structure with two nanoshects of
[Ligas) [MgasLigs][Sis]OoF> encompassing y-Fe,O, nanopar-
ticles confined in the resulting interlayer space. The singular
silicate nanosheel (thickness 1 nm) has a high aspect ratio
(=220000) and high densily of negative charges (1.1 nm ™),
while the surface of magnetic nanoparticles bears positive
charges."’l As shown in Figure S1 by atomic force micro-
scopy (AFM). the typical diameter of MDS is ~15 ym. As y-
Fe,0, nanoparticles are 5.5+ 1.1 nm with a low polydisper-
sity and the two individual hectorite sheets are 2x1 nm '
the height observed by AFM of ~8.5 nm is in good agree-
ment with expectations, in particular as in addition the
countercations attached to the upper surface need to be
taken into accounts. These structural attributes afford MDSs
with structural stability and good dispersibility in water. The
aqueous suspension of MDSs forms a ferronematic phase
even al a very low content (=03 wt%) as rotation is
hampered cven at separations >50nm of individual
MDSs.'® The suspension with 1 wt% of MDS exhibits
strong birefringence when placed between a pair of crossed
polarizing films (Figure $2). This ferronematic phase can be
further oriented by mechanical shearing (Figure S3). The
relationship between the orientation direction and the
birefringence color provides a straightforward way to
characterize the alignment of MDSs."” The multi-domain
nematic suspension can also be transformed into a mono-
domain under a magnetic field, due to the presence of
magnetic y-Fe,O, nanoparticles (Figure S4). The sandwich-
ing of nanoparticles affords colleclive magnetic response
and provides MDSs with obvious superparamagnetism at
ambient temperature and thus a suspension with ultrafast
response to magnetic field (Figure 1b,c and Figure S5).
Anisotropic hydrogels are prepared by using a weak
magnetic field (260 mT) to orient MDSs and then fixing the
ordered structure by photopolymerization to form a gel
matrix. The introduction of neutral monomer, chemical
crosslinker, and photo-initiator does not influence the
ferronematic phase of the suspension and the magnetic
orientation of MDSs. Static or rotating magnetic fields are
then applied to prepare anisotropic hydrogels, which are
compared with that synthesized in the absence of magnetic
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Figure 1. a) Schematic of the sandwich-like structure of MDSs. b) Magnetic hysteresis loop of MDS powder. ¢) Photos of a ferronematic suspension
of MDS (1 wi%) between a pair of crossed polarized films. A magnet is placed under the cuvette filled with the MDS suspension. Scale bar: 5 mm.
d—f) Schematic for the gel synthesis and the alignments of MDSs (top) and POM images of the hydrogel sheets observed from different directions
(bottom). The hydrogels were prepared without magnetic field (d), with static magnetic field (), or with rotating magnetic field (f). A: analyzer, P:

polarizer, Z": slow axis of 530 nm tint plate. Scale bar: 1 mm.

field (Figure 1d-f). When prepared without magnetic field,
the nanocomposite hydrogel sheet (corresponding to x—z
plane) shows no birefringence when viewed from the top (y
direction, as noted in the schematic figure) under a polariz-
ing optical microscope (POM). However, the cross-sections
of the hydrogel show strong birefringence except the middle
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region, indicating the formation of anisotropic structure
during the gel synthesis (Figure 1d). This unexpected
structure arises from the shear-induced orientation of MDSs
when the precursor solution is injected into the reaction cell;
the gradual rising of the fluid results in shear-orientation of
MDSs that are fixed by subsequent polymerization (Fig-
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ure S6). Due to this reason, the cross-sections (x—y plane
and y-z plane) of the hydrogel exhibit similar birefringent
pattern. A careful analysis indicates that the MDSs in the
cross-section (y-z plane) arce aligned at the regions close to
the glass substrate, as expected for shear orientation with an
oblique angle of £15° to the surface.

When a static magnetic field is applied, the anisotropic
structure of the hydrogel is only slightly improved, as
revealed by POM observations. Under static magnetic field,
the MDSs previously tilted to the glass substrate are
oriented along the magnetic ficld. No birefringence is found
in the x—z plane of the hydrogel film, yet uniform
birefringence is observed in the y—z and x-y planes (Fig-
ure le and Figure §7). This is because a static magnetic field
only resulls in uniaxial orientation of MDSs along the
magnetic field and lacks control over other directions. When
a rotating magnetic field is applied, the hydrogel has,
however, a much better anisotropic structure of MDSs
(Figure 1f and Figure S8). The MDSs tend to follow the
direction of magnetic field to minimize their magnetic
energy and rotate synchronously with the rotating magnetic
field. Therefore, the nanosheets align in the rotating plane
of the magnetic field, ie. parallel to the x—y plane of the
sample."™"! In other words, biaxial oricntation of MDSs in
the suspension is achieved under the rotating magnetic field,
which can be immobilized further by photopolymerization.
This strategy resulls in a monodomain hydrogel with MDSs
perfectly aligned along the planar rotating magnetic field.
The anisotropic structure of hydrogel is confirmed by POM
observations.

We further examine the influences of rotating frequency,
action time, and strength of the rotating magnetic field on
the degree of anisotropy of resultant hydrogels. As shown in
Figure S9a, the hydrogels show almost identical birefrin-
gence, indicaling that the rotating frequency ranging from
10 to 60 Hz has little influence on the alignment of
MDSs."™"*) The action time of the rotating magnetic field
also shows little influence on the alignment of MDSs
(Figure S9b). When the action time increases from 20s to
10 min, the hydrogels show the same birelringence, indicat-
ing a high efficiency of rotating magnetic field to align the
MDSs. As the magnetic field strength determines the
magnetic torque, it is expected to be important for the
magnetic orientation. As the magnetic ficld strength in-
creases from 40 to 260 mT, the intensity of birefringence
indeed increases, indicating an improved orientation degree
of MDSs (Figure S9¢). Therelore, the rotating frequency,
action time, and strength of the rotating magnetic field are
set as 30 Hz, 20 s and 260 mT respectively, for the synthesis
of anisotropic gels.

The alignment of MDSs endows the hydrogel with
[12a,19] Strong
anisotropic SAXS patterns are observed in the x—z and y-z
planes of the as-prepared gel, whereas an isotropic pattern is
found in the x—y plane (Figure 2a—c), which [urther confirms
the alignments of MDSs in the gel. The calculated
orientation degree of MDSs in the as-prepared gel is .88,
which slightly decreases to 0.86 after being equilibrated in
water due to the weak volume expansion of the gel

anisotropic optical and mechanical properties.
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(Figure S10). The swelling ratio in length of the hydrogel is
also anisotropic, i.e. 1.2 and 1.3 in the direction parallel (//)
and perpendicular (L) to the alignment of MDSs (Figure 2d
and Figure S11). This hydrogel also shows anisotropic
mechanical properties. As shown in Figure 2e and 2f, the
Young’s modulus of the gel stretched along the // direction
is ~3 times that along the | direction, while the breaking
strain along the // direction is =40 % lower than that along
the | direction. This anisotropic mechanical property arises
from the highly-ordered reinforcing MDSs. Rigid MDSs as
the stiff crosslinking junctions restrict the in-plane deforma-
tion of the gel matrix, thereby resulting in larger modulus
and strength of the hydrogel along the // direction.™ An
isotropic hydrogel containing randomly dispersed MDSs is
prepared (Figure S12, see experiment details in Supporting
Information) for comparison of the mechanical properties
with those of the anisotropic gel. It is rational that the
modulus of the MDS-containing isotropic gel is between the
moduli of the anisotropic gel in the // dircction and L
direction (Figure 2e)."*

The nanocomposite PNIPAm hydrogel also exhibits
anisolropic response to stimulus (Figure 3). Afler being
incubated in hot water (40°C), the gel rapidly becomes
opaque, expanding to 1.1 times the original length in the |
direction and contracting to (.85 in the // direction within 5 s
(Figure 3a—c). The abnormal slight expansion in the L
direction is ascribed to the increase in electrostatic permit-
tivity of the media with more free water molecules arising
from the rapid dehydration of PNIPAm above the lower
critical solution temperature (LCST). After long-term stor-
age at 40°C, the hydrogel gradually contracts its volume by
shrinking the length by a factor of 0.63 and 0.56 in L and #/
direction, respectively. The long-term behavior of the gel is
similar to the common PNIPAm hydrogel, which contracts
at high temperature by migralion ol water molecules out of
the gel matrix.”*! For the anisotropic hydrogel in this work,
volume contraction of the gel completes after =1 h.

The interlayer y-Fe,O, in MDSs endows the nano-
composite hydrogel with a wide absorption peak in the
region of 400—600 nm (Figure S13) and thus high photo-
thermal efficiency.? Thereby, the hydrogel can be locally
heated by irradiation under a green laser (520 nm). The
rising speed and amplitude of the local temperature depend
on the intensity and irradiation time of the green laser
(Figure 3d). With higher intensity, the temperature increases
rapidly until it reaches the saturation temperature. For
example, the local temperature of the gel dramatically rises
from 23 to 44°C within 4 s under the laser irradiation with
the intensity of 2.34 Wem™. Cyclic laser irradiation results
in dynamic modulation of the temperature, which increases
when the laser is on and decreases when it is off (Figure 3e).
The variations of the gel’s dimensions under laser irradiation
are similar to that upon heating (Figure S14). The photo-
thermal effect of y-Fe,O, nanoparticles allows thus for a
repealed modulation of the gel by laser irradiation. There-
fore, the anisotropic hydrogel has multiple responses to
magnetic field, temperature, and light, providing versatility
in realizing programmed morphing and motion of the gel.
Another advantage of the hydrogel is its superparamagnet-
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Figure 2. a—c) 2D SAXS patterns (a), scattering intensity-azimuth plots (b), and orientation degree of MDS (c) of the as-prepared hydrogel.
Orientation degree of MDS in the equilibrated gel is also presented in (c). d) Photos of the anisotropic hydrogel before and after the swelling
process. ) Tensile stress—strain curves of the isotropic gel and anisotropic gel stretched from [/ and L directions. f) Corresponding mechanical
parameters of the gels, including Young's modulus E, breaking stress @, and breaking strain £,. Error bars represent the standard deviation of the

mean (n=3).

ism at ambient temperature, which is important for magnetic
imaging and biomedical applications to monitor the location
of the gel. The anisotropic structure of the hydrogel has
good stability after incubation in water for more than
6 months or after ten cycles of heating—cooling treatments
(Figure S15).

To alford the gel with tailored morphing ability, it is
highly desired yet challenging to form sophisticated aniso-
tropic structures so as to control the distribution of internal
stresses. Here, hydrogels with patterned anisotropic struc-
tures of MDSs arc developed by multi-step magnetic
orientation and photolithographic polymerization. The
stripe-patterned hydrogel with orthogonal orientations of
MDSs shows dilferent birefringence colors when observed
under POM (Figure 4a). This gel slightly bends along the
stripe direction in water due to the different swelling ratios
of the stripes with orthogonal orientations of MDSs (Fig-
ure 2d); the swelling mismatch builds up internal stresses
along the stripe and leads to weak out-of-plane buckling
deformation. The patterned gel deforms into cylinder shape
when placed in 40°C water, which drastically enhances the
swelling/contraction mismalch, internal stresses, and defor-
mation amplitude of the gel (Figure 4b).”! Different
orientation of MDSs at specific regions can be produced by
applying the rotating magnetic field and photo-polymerizing
with a mask. Repeated procedures enable fabrication of

Angew. Chem. int. Ed. 2022, 67, @202207272 (5 of 10)

composite hydrogel with complex alignments of MDSs. For
example, a pear-like region is first polymerized with MDSs
homotropically oriented in the southeastern direction,
followed by creating an egg-like region with MDSs homo-
tropically oriented in the eastern direction. Finally, the other
region is polymerized with MDSs homogeneously oriented
along the planar direction. Different birefringent palterns
can be observed under POM. An orange pear-like pattern is
observed when the gourd-shape is placed along the analyzer
direction of the POM. After anticlockwise rotating the
analyzer, polarizer, and tint plate by 22.5°, a gourd-like
pattern with orange birefringence is observed. Another
anticlockwise rotation by 22.5° results in an egg-like pattern
with strong orange birefringence (Figure 4c); other birefrin-
gent patterns observed after further rotations are presented
in Figure S16a. Similarly, birefringent patterns of digital
numbers can also be encoded in the anisotropic gel. The
homotropic alignments of MDSs and corresponding birefrin-
gent patterns are shown in Figure 4d and Figure S16b.
Different birefringent numbers are observed in the same
hydrogel. which depend on the relative position of the
oriented direction of MDSs and the polarizers ol POM. We
should note that the patterns of the gels developed by multi-
step polymerization are almost invisible under daylight
(Figure S17). These properties of the patterned anisotropic
hydrogels should be promising for camouflage and encryp-
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Figure 3. a) Photos showing the temperature-mediated anisotropic deformation of the hydrogel. b, ¢} Variations of the dimensions of the hydrogel
after transferring it from 25 to 40°C in a water bath. The initial change of the dimensions is enlarged in (c). d) Variations of local temperature of
the anisotropic gel under irradiation of 520 nm light with different power intensity. e) Variations of the local temperature of the gel under cyclic
irradiation of 520 nm light with the intensity of 2.34 Wcm 2 The insets present the anisotropic deformation of the gel under light irradiation.

tion of digital information. The resolution of the patterns in
this work is ~1mm, which can be improved to tens of
micrometers by using high-resolution masks and increasing
the photopolymerization rate.!

The photo-responsiveness of the anisotropic hydrogel,
moreover, enables local actuation for shape morphing and
programmed locomotion. As a demonstration, the stripe-
patterned hydrogel film previously shown in Figure 4a,
which has alternating alignments of MDSs parallel or
perpendicular to the stripe direction, is placed on a hydro-
phobic polyvinyl chloride (PVC) substrate and actuated by
repeated unidirectional scanning (from left to right) of a
laser beam to achieve a walking motion. Due to the swelling
mismatch between the stripes with different alighments of
MDSs, the patterned hydrogel slightly bends in water at
room temperature.™ Localized irradiation dramatically
increases the local temperature and improves the swelling/
contraction mismatch, the internal stresses, and thus the
bending amplitude of the stripe-patterned hydrogel!™ We

Angew. Chem. int. Ed. 2022, 67, @202207272 (6 of 10)

initially expected the gel with a walking gait after cyclic
directional scanning of the laser, which results in dynamic
shape-changing and friction modulation of the gel against
the PVC substrate by the hydrophilic-to-hydrophabic tran-
sition of PNIPAm matrix, as revealed in a previous work.""!
However, the light-steered motion of this gel is not so
efficient (Figure 5a and Movie S1), because the density of
the gel (1.012+£0.003gem™) is too close to water
(0.997 gem™?) at room temperature. When the laser beam
scans from left to right, the hydrogel shows travelling
bending with the left “foot” moving toward the middle,
while the right “foot” remains static. The moving of the left
“foot” in the same direction of the scanning laser results in a
prolonged irradiation on the left part of the gel. The
preferential moving of the left “foot™ is probably because
the local heating of the gel leads to upward flow of
surrounding water and reduced friction of the left “foot”
against the substrate. After the laser beam reaches the
middle of the gel, the bending of the gel reaches the

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. a) Schematic (i) and corresponding POM images (ii) of a stripe-patterned anisotropic hydrogel. b) Photos of the stripe-patterned
anisotropic hydrogels before and after the shape changes upon incubation in a 40°C warm water bath. The thickness of the sample is 0.6 mm.
c,d) Schematic (i) and corresponding POM images (ii) of patterned hydrogels with different alignment of MDSs at specific regions by rotating the
directions of analyzer, polarizer, and tint plate. The thickness of the samples is 0.4 mm. Scale bars in (a), (c), and (d) are 2 mm; scale bars in (b)

are 5 mm.

maximum amplitude, When the laser continuously moves
right, the recovery of the left part of the gel results in a
movement of the left “foot™ to the left. The right “foot”
shows little displacement because of the much shorter time
of laser irradiation. The uncontrollable friction of the “feet”
against the substrate leads to negligible displacement of the
intact hydrogel after one cycle of laser scanning.

To enhance the friction force so as to favor the
locomotion, a magnet is placed beneath the hydrogel with a
certain distance to generate magnelic force and thus to
reduce the influence of buoyant force of the gel. Simulation
results indicate that the hydrogel experiences magnetic
force, which decreases with increasing distance between gel
and magnet (Figure S18). When the magnetic force is
applied with a gel-magnet distance of 2.7 mm, the gel shows
a programmed walking motion under cyclic irradiation of a
laser beam (Figure 5b and Movie S2). Due to the existing

Angew. Chem. int. Ed. 2022, 67, @202207272 (7 of 10)
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magnetic force, the slightly curved gel is now flattened, As
the laser beam scans on the left part of the gel, the gel
gradually deforms with the right “foot™ moving left because
the left “foot” with elevated temperature and enhanced
hydrophobicity sticks on the hydrophobic substrate. As the
laser moves to the right part of the gel, the left “foot” with
decreased temperature moves left, and the right “foot™ with
elevated temperature sticks on the substrate. Such dynamic
modulation of the friction force, together with the travelling
bending deformation, leads to a high-efficiency directional
walking motion of the hydrogel.

When the magnetic force is further increased by
decreasing the gel-magnet distance to 0.3 mm, the light-
stececred motion is different from the aforementioned
situations (Figure 5¢ and Movie S3). The gel cannot deform
initially under the scanning laser beam because the internal
stress within the gel is not sufficiently high to overcome the
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Figure 5. Snapshots showing the walking gait of the stripe-patterned anisotropic hydrogel under a scanning laser beam from left to right without
magnetic force (a), with moderate magnetic force (b) and large magnetic force (c). Schematics are presented above the snapshots to show the
motions of the two “feet”. Gel dimensions, 15 mm x5 mm x 0.6 mm; light intensity, 2.34 Wcm % scanning speed, 1 mms . Scale bar: 5 mm.

magnetic force and the friction force. As the light scanning
continues, the internal stress gradually increases, which is
released by a sudden move of the right “foot™ of the gel to
the left (completed in ~1s). As a consequence, the gel
deforms into an arch. Aflter swilching off laser irradiation,
the recovery of the gel from the arch to flat shape also
completes abruptly with the gel instantly falling onto the
substrate, when the gel recovers its volume and the
unbending force is larger than the friction force to trigger
the sliding of the “feet” on the substrate. After the
occurrence of sliding, the flattening process of the gel is
accelerated by the magnetic force. The sudden buckling and
flattening of the hydrogel should be associated with the
stick-slip transition under the competition between the
internal stress and the friction force.

The distinct deformations and motions of the hydrogel
manipulated by the magnetic field and photo actuation are

Angew. Chem. int. Ed. 2022, 67, @202207272 (8 of 10)

related to the anisotropic structure and the multi-response
of the MDSs. This combination of different stimulus-
response properties of the hydrogels should facilitate the
design and control of soft actuators and robots toward
specilic applications. Worth noting is that the multi-gait
motions demonstrated above are different from the reported
examples in terms of the kinematics (Table S1). In the
achievements reported in the literatures, two strategies are
usually applied to convert cyclic bending/unbending or
stretching/contraction deformations into directional walking
motions, i.e. by using a rachet plate or creating asymmetric
shape of the gel to generate asymmetric friction against the
substrate.”” However, the hydrogel usually moves along
predetermined direction, cannot move in the reverse
direction or with a distinct gait. These issues have been
addressed by cooperative manipulation of the magnetic field
and spatiotemporal laser irradiation to afford the patterned
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gel with multi-gait motions. A static magnetic field is applied
to adjust the friction between the gel and the substrate,
which changes the motion gait under dynamic light stim-
ulation. The combined strategy should be informative for
the design of soft actuators and robots.

Conclusion

In summary, we have developed a series ol anisotropic
hydrogels by using a rotating magnetic field to orient MDSs
followed by polymerization of the precursor to fix the
ordered structures. The resultant PNIPAm nanocomposite
hydrogels with highly ordered MDSs have anisotropic
optical and mechanical properties, and exhibil anisotropic
responses to temperature ot light irradiation. These proper-
ties are rooted in the unique attributes of MDSs with a
sandwich-like structure, high aspect ratio, high charge
density, and responsiveness to light and magnetic ficld.
Hydrogels with sophisticated anisotropic structures of MDSs
are further fabricated by multi-step magnetic orientation
and photolithographic polymerization, which show different
birefringent patterns and programmed deformations upon
heating or light irradiation. Distinct motions are realized in
the patterned hydrogel under spatiotemporal light irradia-
tion with a static magnet to regulate the friction force
between the gel and the substrate. The magneto-orientation-
assisted fabrication of anisotropic hydrogels and the cooper-
ative manipulation strategy for controllable motions should
be informative for the design of high-performance hydrogel
devices. These hydrogels with controllable anisotropic
structures, multiple stimuli-responsiveness, programmable
deformations and motions should find applications in
biomedical and engineering fields as biomedical devices, soft
actuators/robolts, elc.
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Experimental Section
Materials

N-isopropylacrylamide (NTPAm) was used as received from Tokyo Chemical Industry Co., Ltd.
N,N'-methylenebis(acrylamide) (MBAA) was purchased from Aladdin Chemistry Co., Ltd. Lithium
phenyl-2.4,6-trimethylbenzoylphosphinate (LAP) was synthesized according to the reported
process. 5 MDS was synthesized by adapting the reported procedure.®?! The content of y-Fe203 was
fixed at 16.6 wt%. Aqueous suspensions of MDS (1 wt%) were prepared by adding prescribed amount
of MDS power to water. The mixture was oscillated with a speed of 120 r.p.m. for 24 h at room
temperature, which led to repulsive osmotic delamination into a ferronematic suspension consisting
of singular MDSs with a sandwich-like structure. Millipore deionized water was used in all the
experiments.

Synthesis of magnetic anisotropic hydrogels

The precursor suspension was prepared by dissolving a prescribed amount of NIPAm (1 mol/L),
MBAA (3 mol%, relative to NIPAm), and LAP (6 mol%, relative to NIPAm) in the homogeneous
suspension of MDS (1 wt%). After injecting the aqueous precursor suspension into the reaction cell
consisting of a pair of parallel glass substrates with silicon spacer of a specific thickness, a static or
rotating magnetic field was applied to direct the alignment of MDSs. After the magnetic orientation
for a short while, the reaction cell was immediately exposed to UV light for 10 s to initiate the
polymerization and crosslinking to obtain the anisotropic hydrogel.

The isotropic hydrogel containing randomly dispersed MDSs was prepared according to a
similar protocol. After injection of the precursor, the reaction cell was oscillated with a speed of 60
rpm for 2 h at an elevated temperature to accelerate the structural relaxation of the shear-induced
alignment of MDSs. Then, the reaction cell was cooled down to room temperature and placed under
UV light irradiation for 10 s to trigger the polymerization. The obtained hydrogel was incubated in
water to achieve the equilibrium state.

Patterned anisotropic hydrogels with complex ordered structures were fabricated by a multi-step
magnetic orientation of MDSs and photolithographic polymerization. After the magnetic orientation
of MDSs in the precursor suspension, the reaction cell was exposed to UV light for 10 s through a
photo mask. After rotating the reaction cell to a certain angle, the rotating magnetic field was applied

for 20 s, and the sample covered with another photo mask (or without photo mask) was exposed to
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UV light for 10 s, resulting in polymerization of the precursor at specific regions. The process was
repeated until the whole precursor suspension was polymerized to fix the ordered structures of the
MDSs. The obtained patterned hydrogel was incubated into a large amount of water for several days
to remove the residuals and achieve the equilibrium state.

Locomotion of the stripe-patterned hydrogels

Motions of the stripe-patterned hydrogel were realized under cyclic scanning of a laser beam
(wavelength: 520 nm; intensity: 2.34 W/cm?; spot diameter: 7 mm) from left to right of the rectangular
hydrogel film (dimensions: 15 mm % 5 mm x 0.6 mm) placed on the polyvinyl chloride (PVC)
substrate. The magnetic force was applied and adjusted by placing a N52 magnet (dimensions: 10 cm
x 1 cm % 0.5 cm) under the PVC substrate with a specific distance. The locomotion was recorded by
a digital camera with a cut-off filter (550-1100 nm) to filter out the strong green light.
Characterizations

The surface topography of MDSs was determined by atomic force microscopic (AFM)
measurements. The image was acquired with a Dimension Icon (Bruker Nano Inc.) in PeakForce
tapping mode in air. Magnetic hysteresis loops of y-Fe;O3 nanoparticles, MDS powders, MDS
suspension, and nanocomposite hydrogel were measured at room temperature by a Superconducting
Quantum Interference Device (MPMS-XL-5) with the maximum applied magnetic field of 20000 Oe
(Figure S19). The distribution of magnetic force of the nanocomposite hydrogel atop the elongated
magnet was obtained by COMSOL simulation.

Absorption spectra were obtained by a UV-1800 spectrometer (Shimadzu Corp., Japan) at room
temperature. The anisotropic gel was kept in a quartz cuvette with an optical path of 1 mm for
measurement. To monitor the photothermal effect of the hydrogel, the localized temperature under
irradiation of green light (520 nm) was measured by an infrared imager (Fotric 285).

The birefringent photos of MDS suspensions (1 wt %) were taken under a pair of polarizing
films. The anisotropic hydrogels were observed under a POM (LV100N POL, Nikon) with and
without a 530 nm tint plate. The gels with thickness of 0.5 mm were cut into strips with a width of
~0.5 mm for the cross-section observations. SAXS measurements were conducted on Xeuss SAXS
system (Xenocs SA) with X-ray wavelength of 0.154 nm and beam spot of 172 x 172 um?. The
distance between the sample and the detector was 1371 mm. The orientation degree () of MDSs in

the hydrogel was calculated according to the equation of = = (180-H)/180, where H is the half width
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of the peak of the azimuthal plot from the selected equatorial reflection.

The variations in // and | direction of the hydrogel prepared with rotating magnetic field are
calculated as S (//) = Li/Lo, and § (L) = Wi/Wy, respectively, in which L and W are the dimension in //
and L directions. The subscript numbers 1 and 0 correspond to the deformed state and the original
equilibrated state, respectively. The dimensions of hydrogels were analyzed from the snapshots of a
movie that recorded the fast shape deformation of the gel after being transferred from a 25 °C water
bath into a 40 °C water bath or being directly irradiated under 520 nm green light (intensity, 2.34
W/cm?) at room temperature.

The mechanical properties of anisotropic and isotropic hydrogels containing MDSs were
measured at room temperature using a tensile tester (Instron 3343). The anisotropic gel was cut into
dumbbell-shaped samples, with a gauge length of 12 mm and a width of 2 mm, along the // or L
direction. The isotropic hydrogel (without long-range orientation of MDSs) was also tested for
comparison. Tensile tests were performed at a stretching rate of 100 mm/min. Young’s modulus (Z)
(calculated with a strain below 7%), tensile breaking stress (a), and breaking strain () were obtained

from three parallel measurements.
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Figure S1. Topographical atomic force microscope (AFM) image and the height-length curves of an
MDS.

Figure S2. Photos of a ferronematic aqueous suspension with 1 wt% of MDS under crossed polarizing
films. A: analyzer; P: polarizer. Scale bar: 5 mm.

Figure S3. Mechanical shear-induced orientation of MDSs in suspension. Aqueous suspension with
1 wt% of MDS was dripped on a glass substrate, and a mechanical shear was applied to the suspension
by using a syringe needle, which resulted in local orientation of MDSs along the shearing direction
and strong birefringence under POM. A: analyzer; P: polarizer; Z': slow axis of the 530 nm tint plate.
Scale bar: 1 mm.
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Figure S4. Magnetic hysteresis loop of y-Fe2O3 nanoparticles. The diameter of y-Fe2O3 nanoparticles
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0.08

0.04 -

0.00 -

-0.04 -

-500 0 500

Magnetic moment, M ( emu/g)

-0.08 ; :

-2x10"  -1x10* 0 1x10®  2x10°
Magnetic field, H (Oe)

Figure S5. Magnetic hysteresis loop of aqueous suspension with 1 wt% of MDS.
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y-z plane

x-y plane

Figure S6. (a) Schematic showing the alignments of MDSs in the hydrogel prepared in the absence
of magnetic fields. (b,c) POM images of the hydrogel observed from different directions: (b) y-z
plane; (¢) x-y plane. The sample was gradually rotated and then observed under POM with and
without tint plate. The angle between the hydrogel and the analyzer is given in the POM image. Scale
bar: I mm.
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a) T e S \ y-z plane

x-y plane

b) y-zplane

Figure S7. (a) Schematic showing the alignments of MDSs in the hydrogel prepared with static
magnetic fields applied. (b,c) POM images of the hydrogel observed from different directions: (b) y-
z plane; (c) x-y plane. The sample was gradually rotated and then observed under POM with and
without tint plate. The angle between the hydrogel and the analyzer is given in the POM image. Scale
bar: 1 mm.
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Figure S8. (a) Schematic showing the alignments of MDSs in the hydrogel prepared with rotating
magnetic fields. (b,c) POM images of the hydrogel observed from different directions: (b) y-z plane;
(c) x-y plane. The sample was gradually rotated and then observed under POM with and without tint
plate. The angle between the hydrogel and the analyzer is given in the POM image. Scale bar: 1 mm.
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10 Hz i) 30 Hz iv) 60 Hz
1 min iili) 5 min iv) 10 min

iii) 110 mT iv) 260mT

Figure S9. Anisotropic nanocomposite gel prepared with rotating magnetic fields under different
experimental conditions. The experimental conditions were optimized by examining the birefringence
of the gel with varying rotating frequency (a), action time (b) and magnetic strength (c). The
experiments are designed by changing one parameter each time. The optimum was found with the
following parameter set: rotating frequency of 30 Hz, action time of 20 s, intensity of magnetization
of 260 mT. Scale bar: 2 mm.
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Figure S10. 2D SAXS patterns (a) and scattering intensity-azimuth plots (b) of the equilibrated
hydrogel prepared with rotating magnetic fields.
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Figure S11. Schematic of the tensile directions of the equilibrated hydrogel prepared with rotating

magnetic fields.

Figure S12. POM images of the MDS-containing isotropic hydrogel sheet observed from the top (a)
and two orthogonal cross-sections (b, c). Thickness of gel: 1 mm. For the synthesis of isotropic gel,
the reaction cell containing the precursor is oscillated with a speed of 60 rpm for 2 h at an elevated
temperature to accelerate the structural relaxation of the shear-induced alignment of MDSs, which is
followed by cooling to room temperature and then polymerizing under UV light irradiation.
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Figure S13. Absorption spectra of the hydrogel with 1 wt% of MDS prepared with rotating magnetic
fields.
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Figure S14. The maximum contraction difference in parallel (//) and perpendicular (L) direction
incubated in warm water (40 °C) or irradiated by a green laser.
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Figure S15. POM images (a), scattering intensity-azimuth plots (b), and orientation degree of MDSs
in the anisotropic hydrogel after incubation in water for 7 days and 6 months, as well as after 10
cycles of heating-cooling treatments. Thickness of gel: 1 mm.
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Figure S16. Additional POM images (ii) of patterned hydrogels with different alignment of MDSs at
specific regions by rotating the directions of analyzer, polarizer, and tint plate. The thickness of the
samples is 0.4 mm. Scale bar: 2 mm.
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Figure S17. (a) Digital photo of stripe-patterned hydrogel under daylight. The relatively bright and
dark stripes with orthogonal alignments of MDSs are synthesized multi-step photopolymerization. (b)
UV-vis absorption spectra of the bright and dark regions of the patterned gel.
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Figure S18. (a) Simulation result of the relationship between the exerted magnetic force and the
position and distance of the hydrogel placed above an elongated magnet. (b) Variation of the exerted
magnetic force as a function of the distance between the gel and the magnet.
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Figure S19. Magnetic hysteresis loops of gel in parallel (/) (a) and perpendicular (1) (b) direction.
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Table S1. Comparison of responsive anisotropic hydrogels containing nanofillers as soft actuators
and robots.

Material systems Strategies for Achievements Limitations Ref.
orientation of
nanofillers
PNIPAm hydrogel Magneto- Directional The gel cannot move in | S3
embedded with orientation by walking of gel with | the reverse direction; it
oriented titanate using a asymmetric shape | took time to switch the
nanosheets (TINSs) | superconducting by cyclic heating- heating and cooling.
magnet (10 T) cooling
PNIPAm hydrogel Magneto- Crawling of A confined space was | S4
embedded with orientation by cylinder gel in a needed for the motion;
oriented TiNSs and using a confined tube the AuNPs might be
randomly dispersed | superconducting | under scanning of a leaked out of the gel
AuNPs magnet (10 T) laser beam matrix.
PNIPAm hydrogel Magneto- Programmed Deformations were S5
embedded with orientation under a | deformation of the slow and limited by
oriented alumina rotating magnetic gel with a bilayer water diffusion; it was
platelets decorated | field using a rare- structure upon difficult to develop
with Fe3O4 earth magnet heating anisotropic gel with
nanoparticles sophisticated structures.
Photo-responsive Magneto- Locomotion by Precise manipulation of | S6
hydrogel embedded | orientation under cooperative dynamic magnetic field
with oriented static magnetic manipulation of was required; it was
nickel nanowires | field using NdFeB | light and magnetic difficult to develop
rare-earth magnet field. sophisticated
anisotropic structures.
PNIPAm hydrogel | Electro-orientation Programmed Deformation cannot be | S7
with oriented under an deformation of the locally and remotely
fluorohectorite alternating electric gel upon heating triggered; it took time
nanosheets field to switch the heating
and cooling.
PNIPAm hydrogel Electric field- Programmed The orientation degree | S8
with spatially directed deformation of the of nanosheets was
distributed MXene | electrophoresis of gel upon near- relatively low;
nanosheets nanosheets infrared light locomotion had not
irradiation been investigated.
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Legends for supplementary movies

Movie S1. Inefficient walking of the patterned hydrogel strip under scanning light without the
magnetic force. Gel dimensions: 15 mm x 5 mm x 0.6 mm; light intensity: 2.34 W/em?; scanning
speed: 1 mm/s. Movie speed, 5x.

Movie S2. Walking of the patterned hydrogel strip under scanning light with moderate magnetic force.
Gel dimensions: 15 mm * 5 mm x 0.6 mm; light intensity: 2.34 W/cm?; scanning speed: 1 mm/s.
Movie speed, 5x.

Movie S3. Walking of the patterned hydrogel strip under light scanning with large magnetic force.

Gel dimensions: 15 mm x 5 mm x 0.6 mm; light intensity: 2.34 W/cm?; scanning speed: 1 mm/s.
Movie speed, 5x.
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Fabricating defogging metasurfaces via a water-based colloidal
route
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Metamaterials possess exotic properties that do not occur in nature and have attracted significant attention in research and
DOI: 10.1039/40xx00000 engineering. Two decades ago, the field of metamaterials emerged from linear electromagnetism, and today it encompasses
a wide range of aspects related to solid matter, including electromagnetic and optical, mechanical and acoustic, as well as
unusual thermal or mass transport phenomena. Combining different material properties can lead to emergent synergistic
functions applicable in everyday life. Nevertheless, making such metamaterials in a robust, facile, and scalable manner is
still challenging. This paper presents an effective protocol allowing for metasurfaces offering a synergy between optical and
thermal properties. It utilizes liquid crystalline suspensions of nanosheets comprising two transparent silicate monolayers
in a double stack, where gold nanoparticles are sandwiched between the two silicate monolayers. The colloidally stable
suspension of nanosheets was applied in nanometre-thick coatings onto various substrates. The transparent coatings serve
as absorbers in the infrared spectrum allowing for efficient conversion of sunlight into heat. The peculiar metasurface
couples plasmon-enhanced adsorption with anisotropic heat conduction in the plane of the coating, both at the nanoscale.
Processing of the coating is based on scalable and affordable wet colloidal processing instead of having to apply physical
deposition in high vacuum or lithographic techniques. Upon solar irradiation, the colloidal metasurface is quickly (60% faster
compared to the non-coated glass) heated to the level where complete defogging is assured without sacrificing transparency
in the visible range. The protocol is generally applicable allowing for intercalation of any nanoparticles covering a range of
physical properties that are then inherited to colloidal nanosheets. Because of their large aspect ratio the nanosheets will
inevitably orient parallel to any surface. This will allow for a toolbox capable of mimicking metamaterial properties while
assuring facile processing via dip coating or spray coating.

their building blocks: plasmonic metasurfaces and dielectric
Introduction metasurfaces 7. Combining both categories for a synergistic per-
formance in a facile and robust fashion imposes significant chal-
lenges ©. Usually, this challenge is met by applying high vacuum
technics like PVD, CVD, ALD, etc. 811, Faster, better scalable, and
more affordable protocols need to be established to allow for a
widespread application of metasurfaces in everyday life. Such
protocols will aim at wafer-scale growth and they might imply
transfer of high-quality 2D materials to realize fabrication of
metasurfaces in an industrially benign process & 2. Involving as-
semblies of colloidal particles as building blocks in colloid-as-
sisted lithography 13-1%, represents a significant step in that di-
rection but it still requires sophisticated conditions for nanopar-

Over the last decade metamaterials have received ever increas-
ing attention 1. Metamaterials are structures intentionally cre-
ated applying nanoscopic building blocks at the mesoscale re-
sulting in extraordinary properties not found in nature 2 3.

The latest metamaterials referred to as 4.0 generation, increas-
ingly amend physical methods by chemical concepts into their
design to achieve functions beyond what can be achieved
through traditional nanofabrication and engineering methods 4.
The metamaterials 4.0 benefit from surface modification, chem-
ical tunability, and materials chemistry to trigger or enhance
their response to external stimuli. They aim to overcome the
limits set by conventional high precision, but difficult to scale,
fabrication and should be compatible with more robust and af-
fordable manufacturing approaches 56,

Traditionally metamaterials focused on high-precision optical
materials that can be subdivided into two categories based on

ticle assembly. The direct usage of colloidal suspensions re-
quires a patterned substrate, whereupon deposition of the so-
lution, particles are trapped in the pre-designed mold 6. 17, This
in turn limits the range of substrate types. More accessible
methods rely on the direct assembly of metal nanoparticles,
where the packaging density and particle concentration are
controlled by polymer chains or ligands applied as placeholders
keeping particles at distance 1820,

@ Department of Chemistry and Bavarian Polymer Institute, University of Bayreuth, We believe that sandwiching of nanoparticles (NP) between
Universitétsstr. 30, 95440 Bayreuth, Germany . .
* Corresponding author. two large aspect ratio nanosheets (double stack, DS; Fig. 1g)

could replace these placeholders while offering additional ben-
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PP " (ESI) [ ¥ supp Y efits: The large aspect ratio imparts an anisotropic nature and
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liquid crystals (LC) of these DS are responsive to external mag-
netic or electric fields allowing for lasting orientation 21. Merg-
ing functional nanoparticles with the liquid crystalline state
opens new avenues for fabricating metamaterials based on a
combination of the two features 22, Suspensions of spherical NP
will be isotropic but once being sandwiched, the LC feature of
the encapsulating host will transduce its anisotropy to the
metastructure 23 24, Moreover, the sandwich will improve the
stability of nanoparticles, e.g. hamper Ostwald ripening and due
to the large aspect ratio of the DS wet coating is straightforward
25-27_0n planar substrates the DS will moreover arrange copla-
nar to the surface and the anisotropy of the LC will thus be in-
herited by the coating.

Previously, we have shown that the collective magnetic re-
sponse of the nanoparticles sandwiched between two hectorite
nanosheets can be easily tuned by varying the ratio between
components 24, This in turn allows to modify the response times
of the ferronematic suspension to magnetic fields. Those func-
tionalized LC further were used for producing multi-response
anisotropic hydrogels 28,

Recently Haechler and al.2? have presented an antifogging
metasurface based on a percolating ultrathin gold nanolayer
placed between two dielectric layers of TiO,. The three-layer
laminate totalled to a thickness of 10 nm. Sputtering was ap-
plied for layer deposition. The layer of gold acts as a near-infra-
red (NIR) absorber transforming the NIR radiation into efficient
anisotropic electric and phonic heat conduction, while preserv-
ing transparency in the visible range.

Here we present a wet colloid chemistry-based mimic to fabri-
cate such a thin laminate coating. For this we prepare a liquid
crystalline, electrostatically stabilized suspension of DS (Fig. 1f).
DS are comprised by spherical gold nanoparticles (= 6 nm diam-
eter) sandwiched between two dielectric 1 nm thick silicate
nanosheets (Fig. 1g). The DS can then be self-assembled on a
planar substrate in a defined orientation yielding anisotropic
heat conductivity without the need of a patterned surface. The
absorbance of the metasurface is tuneable by modulating the
plasmonic coupling via a variation of NP loading. Thin and trans-
parent coatings allow for a fast defogging and defrosting under
NIR irradiation.

Results and discussion

Synthesis of a IR-absorbing nanosheet suspension

Synthetic sodium fluorohectorite (Na-hectorite, [Nags]™
ter[Mg; sLio 5] °¢[Sia]tetO10F2) belongs to a handful of layered com-
pounds that show the rare phenomenon of thermodynamically
driven, spontaneous delamination via 1D dissolution 3°. The
highly-charged anionic nanosheets with a huge aspect ratio (=
20000 nm diameter, 1 nm thickness) 3! are separated to a uni-
form distance when immersed into deionized water 3233, Even
very dilute suspensions of such high aspect ratio nanosheets are
not isotropic but represent nematic phases. For instance, at 0.3
wt% the separation of adjacent nanosheets amounts to a huge
gap of = 200 nm 3%, which nevertheless is orders of magnitude
smaller than the diameter and therefore rotation of individual
nanosheets is hindered.

2| J. Name., 2012, 00, 1-3

At this state, the dilute nematic phases of Na-hectorite can be
loaded with nanoparticles like maghemite (y-Fe,03) 3° or palla-
dium 3¢ carrying a positive surface charge in a quasi-ion ex-
change. Upon intercalation of the polycationic nanoparticles,
the nematic structure collapses leading to an encapsulation of
the nanoparticles.

1D dissolution critically depends on various entropic and enthal-
pic factors like ionic strength, hydration enthalpy of the inter-
layer cation or the distribution of them into inner and outer
Helmholtz layers 3°. Therefore, by the choice of interlayer cat-
ion, it can be selectively activated or deactivated. Moreover, for
synthetic hectorites characterized by a homogeneous charge
density, partial ion exchange can be directed towards hetero-
structures, where in a strictly alternating periodicity ordered in-
terstratifications are produced of interlayers that are activated
and deactivated towards 1D dissolution (Fig. 1b) 31, 37-40,

The heterostructures can still be delaminated by immersing
them into water. As every other interlayer is blocked from 1D
dissolution, instead of monolayers, however, DS are obtained,
where two silicate monolayers are glued together by a cation
deactivating 1D dissolution (Fig. 1c). As the diameter of the DS
still is huge compared to the separation even in dilute suspen-
sions, the suspensions of DS also represent nematic liquid crys-
talline phases.

Here we partially ion exchange Na* for NH4*. As the latter is less
hydrated, the two cations segregate into interlayers of different
gallery height. As a 1D periodic arrangement of the two types of
interlayers is favoured by the Madelung factor over a random
arrangement, the segregation occurs in a strictly alternating
fashion (Fig. 1b, and S4) 37. During ion exchange, the ionic
strength is at a level, where 1D dissolution of all types of inter-
layers is impeded. Once the ionic strength is lowered by re-
peated washing, eventually 1D dissolution sets in but it is re-
stricted to the Na* interlayers producing the a nematic phase of
DS with NH4* acting as glue for two silicate layers (Fig. 1c). De-
pending on concentration adjacent DS are separated to tens of
nanometers in the nematic suspension allowing for incorpora-
tion of nanoparticles with positive surface potential via a quasi-
ion exchange (Fig. 1e). Upon incorporation of the polycationic
nanoparticles, the nematic phases collapse by electrostatic at-
traction. As the individual nanosheets in the nematic suspen-
sion had been held in coplanar orientation, the collapse again
produces heterostructures, where interlayers of nanoparticles
and NH4* alternate.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Synthesis of double stacks with Au

monolayer

hectorite monolayers (AuDS): a Pristine sodium hectorite with only sodium as

the interlayer cation. b Partial ion exchange yields an ordered heterostructure of Na*- and NH,*- occupied interlayers. Spontaneous delamination of the hetero-
structure by 1D dissolution yielding a nematic liquid crystalline suspension of NH,*-DS. d Monodisperse aqueous dispersion of positively charged DMAP capped Au
NPs. e Intercalation of Au NPs between NH,*-DS separated to > 100 nm in the nematic phase. By hetero-coagulation ordered heterostructures of AuNP- and NH.-
occupied interlayers are obtained. f Cleavage of the heterostructure along the NH,"-occupied interlayers. Replacement of NH,* by Li* activates the NH," interlayers
for delamination by 1D dissolution producing a nematic suspension of AuDS. g Schematic representation of the nano/micro-metamaterial building block consisting

of insulating hectorite monolayers sandwiching a light-absorbing layer of Au NPs.

The majority of established synthetic procedures yield nega-
tively charged Au NPs. The capping ligand 4-dimethylamino-
pyridine (DMAP) was previously identified to yield Pd NPs 4
with positive Z-potential. Direct synthesis of Au NPs applying
this capping ligand, however, failed. Therefore, first negatively
charged, citrate-capped Au NPs were synthesised (Fig. S1a) 42.
Spherical particles of 5.9 +1.1 nm in diameter as indicated by
transmission electron microscopy (TEM) (Fig. S2a) were ob-
tained. Because of the shell of solvated capping ligands, they
appear slightly larger in dynamic light scattering measurement
(DLS; 6.5+1 nm). Due to the anionic capping ligand, at pH 7 a {-
potential of -31 mV was obtained (Fig. S2c and d, respectively).
As a direct reversion of the sign of the Z-potential from negative
to positive values by replacement of the capping ligand is im-
possible in suspensions with high NP concentration, a two-step
phase transfer was applied (Fig. S1b). The Au-citrate particles
were transferred into a toluene phase using tetraoctylammo-
nium bromide (TOAB) and back into water via 4-dimethylamino-
pyridine (DMAP) 43 44 This phase transfer reversed the value of

This journal is © The Royal Society of Chemistry 20xx

the {-potential to +28 mV at pH 12.5 (Fig. S2d) without signifi-
cantly affecting the size (6.5+0.9 nm by TEM and 7.9+ 1.3 nm by
DLS) (Fig. S2b and c, respectively) or polydispersity.

The now positively charged Au NPs could readily be intercalated
between DS at the state of the nematic suspension (Fig. 1c). To
achieve the incorporation of Au NPs, first, the pH of a 1 wt%
aqueous dispersion of DS was adjusted to 12 with NaOH, and
then it was quickly injected into a vigorously stirred Au NPs sus-
pension (0.03 wt%). The volume of the Au NPs dispersion was
varied to obtain the desired weight compositions. The large sep-
aration between individual DS (= 200 nm at 1 wt%) 3¢ allows for
fast diffusion and incorporation of the positively charged Au NPs
while triggering hetero-coagulation into dense heterostructures
where NH4* and Au NPs interlayers strictly alternate (Fig. 1e).
In the next step, we convert these hetero-coagulated aggre-
gates into dispersed DS, where the Au NPs are sandwiched be-
tween two silicate layers. This is accomplished by slicing along
the NHj4* interlayers, which requires the activation of these in-
terlayers for 1D dissolution. This activation is achieved by ion

J. Name., 2013, 00, 1-3 | 3
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exchange of NHz* for Li*. As the selectivity of NH;* for the inter-
layer site is higher than the one of Li*, NHs* needs to be depro-
tonated by LiOH (pH > 10.5 and slightly elevated temperatures
(60 °C), moreover, help to remove NH; from the equilibrium by
evaporation. At this point, Li* is exchanged into the former NH4*
interlayers but given the high ionic strength the Li* interlayers
do not delaminate instantaneously. After repeated centrifuga-
tion and redispersion reducing the ionic strength, the ordered
Li*/Au NPs heterostructure eventually delaminates into a ne-
matic suspension of gold intercalated DS (AuDS) where Au NPs
are sandwiched between two silicate layers (Fig. 1f). The outer
basal surfaces of individual AuDS nanosheets carry a diffuse
double layer of Li* and are therefore electrostatically stabilized.
The nematic suspensions of AuDS are therefore stable over
months (Fig. 2a).

In the AuDS an IR absorbing NP layer is sandwiched between
two dielectric insulating layers, similar to the physically depos-
ited three layer laminate of Haechler et al. 2° of an ultrathin gold
nanolayer placed between two dielectric layers of TiO, as men-
tioned in the introduction. One of the major differences to this
published structure is the observation of plasmonic coupling.
The loading of Au NPs is high enough to reduce the separation
of the electrostatically repelling positive colloids to distances
small enough to allow such coupling.

The composition of AuDS was determined using inductively cou-
pled plasma atomic absorption spectroscopy (ICP-OES). We
have prepared 3 sets of samples with low, moderate, and high
wt% of Au NPs. The chemical compositions as indicated by ICP-
OES were (Au)o.12Li0.31(Mg2.5LiosSiaO10F2),
(Au)o.esLio31(Mg2.sLio.sSisO10F2), and
(Au)2.5Lio31(Mga.sLio.sSisO10F2) for the samples with a nominal
loading of 5 wt%, 30 wt%, and 60 wt% of Au NPs, respectively
(referred to as AuDS 5, AuDS 30 and AuDS 60). Experimentally
determined and nominal compositions are in close agreement
indicating complete incorporation of all Au NPs offered in the
quasi ion exchange (Table S1). This is further corroborated by
clear supernatants obtained after centrifugation.

Impact of NPs distribution on localized surface plasmonic reso-
nance

The variation in Au NPs loading influences the optical properties
of the resulting nematic LC phases. The color changes from red
to purple and finally to violet with increasing NPs content (Fig
2a, top) indicating a localized surface plasmonic resonance
(LSPR) that varies with average Au NPs distance at different
loading levels. Moreover, the intensity of the color changes sub-
stantially. Under cross-polarized light (Fig. 2a, bottom), all sus-
pensions show the characteristic birefringence of a liquid crys-
talline state.

The absorption maxima of the UV-vis spectra (Fig.2b), at-
tributed to the LSPR peak, show a red shift with increasing Au
NPs loading (521, 531, 550 nm for AuDS 5, AuDS 30, and AuDS
60, respectively), which is a clear sign of changing electronic
states of NP 45, With the shifting of LSPR position, also the width
of the peak changes. The original data was deconvoluted into
two peaks (Fig.2c) attributed to different states of Au NPs in
AuDS: isolated, when the distance between two neighbouring

4| J. Name., 2012, 00, 1-3

particles is too large so that interparticle interactions are negli-
gible, and coupled, when NPs have a strong interparticle inter-
action 46, For AuDS 5, isolated particles dominate the spectrum,
with 95% of the total number of particles, while for AuDS 60,
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Figure 2. Plasmonic absorption of AuDS. a Aqueous liquid crystalline AuDS sus-
pensions in daylight (top) and cross-polarised light (bottom) showing the bire-
fringent nature. b UV-vis spectra of AuDS with different Au loadings showing a
gradual red shift. ¢ Deconvoluted UV-vis spectra of AuDS 5, AuDS 30 and AuDS
60. d Nearest neighbor distance as determined by TEM micrographs in AuDS 5,
AuDS 30 and AuDS 60. e Shift of the plasmonic band by coupling in the AuDS 5,
AuDS 30 and AuDS 60 as a function of nearest neighbour distance and plas-
monic ruler in red.47 4

95% of the nanoparticle population is in the coupled state. In
this line, we can control the number of coupled particles (from
5% to 95% of the total number of NPs) and "freeze" an energet-
ically unfavourable coupled state for intercalated particles.

To confirm this observation, we took top-view TEM micrographs
of AuDS 5, AuDS 30, and AuDS 60 (Fig. S5) and extracted the
average nearest neighbour distance between the NPs within the
nanosheet. As the content of Au NPs within the nanosheet in-
creases, the nearest neighbor distance decreases from roughly
14.2+2.5 nm for AuDS 5 to 8.4+1.5 nm for AuDS 30, and finally
to 7.1+1.2 nm for AuDS 60 (Fig. 2d). The LSPR peak of Au NPs 46
was shown to depend on the interparticle spacing (i.e., the
nearest neighbor distance) and can be measured using a so-
called plasmonic ruler 47-48, This ruler was used to calculate the
expected LSPR shift for our nearest neighbor distance using the
formula (1).
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Where A, represents the LSPR peak position of a single Au NP
sphere, AA represents the shift in the LSPR peak positions of Au
NPs, x represents the particle gap distance per particle diame-
ter, a represents the particle coupling strength, and trepresents
the decay constant. We applied t=0.47 and a = 0.23, which as-
sumes an idealized hexagonal array of NPs and provides the
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Figure 3. Structural characterisation of liquid crystalline suspensions and
individual AuDS. a SAXS curves of AuDS 5, AuDS 30 and AuDS 60. b AFM of
a AuDS 60, showing a thickness of 9 nm. ¢ TEM image of a cross section of a
restacked multilayer film of AuDS 60 dried without precaution showing a flat-
tening of spherical Au NPs triggered by sample preparation. d TEM image of
a cross section of AuDS 60 prepared by converting the aqueous dispersion
into a hydrogel that then was freeze dried. This way the pristine spherical
shape of Au NPs in the sandwich is preserved.

best fit to the data #°. The plasmonic ruler accurately describes
the LSPR shift (Fig. 2e).

The distance between Au NPs in the hexagonal arrays as derived
applying the plasmonic ruler, is, however, substantially smaller
than the distance expected if the Au NPs concentration would
be uniform throughout the sandwich. This indicates that in the
AuDS domains with higher loadings coexist next to domains
with lower loading showing no LSPR. This heterogeneity was al-
ready indicated by the deconvolution of the LSPR peaks. By var-
iation of the total loading of AuDS the packaging density within
the LSPR-domains may nevertheless be systematically tuned
and by this the absorbance can be tuned.

Characterization of AuDS

AuDS are composed of the Au nanoparticles sandwiched be-
tween the two silicate monolayers; consequently, the SAXS pat-
tern of AuDS LC will have form factors contribution from both
lamellar DS nanosheets and spherical gold nanoparticles. Gold
has, however, a substantially higher scattering length density

This journal is © The Royal Society of Chemistry 20xx

(8.34x105 1/A?) than hectorite (2.22x10°5 1/A?) and therefore
contributes more to the scattering even at low loading, which
increases further at higher loading. To account for this different
weighting, we fit the data applying a sum that reflects the ap-
propriate weighting factors for the contribution of spherical and
lamellar form factors.

AuDS 5 has the highest contribution of the lamellar form factor
yielding very weak 00/ peaks (marked in Fig. 3a) due to a de-
cently defined separation of AuDS in suspension. The 001 peak
is observed at q = 0.012 AL and indicates a separation of 54+3
nm between adjacent AuDS nanosheets at 4 wt%. As expected
for nanosheets, in the range of intermediate g values (0.01 to
0.07 A-1) the intensity I(q) is proportional to q-2, where q is the
magnitude of the scattering vector and -2 is the exponent value
characteristic of 2D scattering objects. At higher ¢ values rang-
ing from 0.07 to 0.11 A1 the intensity, however, decreases with
the slope close to -4 as expected for a spherical scatterer.

SAXS patterns of AuDS 30 and AuDS 60 have a much higher con-
tribution from scattering of spherical Au NPs. Unlike AuDS 5, for
AuDS 30 and AuDS 60 the oscillations of the 00/ series are there-
fore no longer visible, while at intermediate g-values still a -2
scaling is observed. For AuDS 30 and AuDS 60 with the much
increased weighting of the contribution of Au NPs to scattering,
the slope at higher g-values (-3.1, -3.6 and -3.7 for AuDS 5, AuDS
30 and AuDS 60, respectively; Table S2) approaches the -4 value.
In summary, the SAXS data thus confirm both the 2D nature of
AuDS and the lamellar liquid crystalline nature of the suspen-
sions with a higher contribution of the spherical form factor of
Au NPs to the total scattering upon increasing loading of Au NPs.
AFM images (Fig. 3b) of individual AuDS 60 DS nanosheets gave
a thickness of 9 nm, which is in good agreement with the sum
of Au NP diameters (7 nm) and the thickness of 2 silicate mon-
olayers (2 x 1 nm). Casting multilayer films of AuDS 60 and dry-
ing them allows for preparation of cross sections of self-stand-
ing films of restacked DS. TEM images of such cross sections (Fig.
3c) suggest that upon drying the spherical nanoparticles are
strongly deformed to a more elliptical shape. Interestingly, con-
comitantly the color changes from red to blue (movie S1) during
suspension drying. This LSPR is in line with elongated gold na-
noparticles with an aspect ratio of 2 5951, This is indeed a typical
aspect ratio observed in TEM images (Fig. 3c). As to the reason
of this deformation we can only speculate. The elastic modulus
of Au NPs of that size has been reported to be 1.3 GPa 52 as com-
pared to 78 GPa 53 for bulk gold. We hypothesise that the pres-
sure exerted by the electrostatic attraction of negatively
charged hectorite layers and positively charged Au NPs in a dry,
restacked film is sufficient to trigger the deformation.

In order to visualize the pristine AuDS, we therefore first mixed
the suspension with acrylamide monomer followed by photo-
polymerisation. The hydrogels were then frozen and TEM sam-
ples were cut with a microtome before being freeze-dried. In
this way, we minimize capillary stress, which might be another
contribution to particle deformation. Comparing TEM images
(Fig. 3d) of the AuDS 60 embedded in a gel corroborate that the
elongation described above is clearly an artefact due to the
sample preparation by drying without any precaution. In ac-
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cordance with the optical spectra (Fig. 2b), the pristine AuDS in-
deed contain undeformed, spherical Au NPs. The deformation
triggered by careless drying of films of AuDS is corroborated by
a significant difference of thickness of AuDS observed in TEM
images. For the gel embedded drying, we observed 9 nm (Fig.
3d, insert), which is in a good agreement with the AFM results
(Fig. 3b). Upon deformation of the spherical Au NPs this shrinks
substantially to 6 nm (Fig. 3¢, insert).

Defogging metasurface

The enormous aspect ratio of AuDS will inevitably orient indi-
vidual nanosheets parallel to a planar substrate of low rough-
ness as for instance glass surfaces 54 5%, Given the huge aspect
ratio, preferred orientation is therefore given for free in a self-
assembly. As most physical properties of AuDS will intrinsically

(a)

~~
(2]

Journal Name

be of 2D character, coatings fabricated from AuDS suspensions
will thus be inherently anisotropic. Moreover, as the AuDS are
only 9 nm, fabrication of thin coatings is straightforward, and
the thickness may be controlled by the concentration and vol-
ume of the suspension applied and the processing method cho-
sen. Finally, the AuDS carry a negative surface charge -44 mV
(Fig. S2d) that facilitates robust bonding to substrates by elec-
trostatic attraction.

Given the above features monolayer coatings of AuDS were pre-
pared on glass substrates simply by dip coating into AuDS sus-
pensions (0.01 wt%). As glass surfaces as well as AuDS carry a
negative surface charge, the glass substrate was covered first
with a layer of positively charged polymer — polyethylenimin
(PEI, 0.1 wt %), followed by a monolayer of AuDS.
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Figure 4. 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 Spec-
tra). 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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SEM images of the coated glass suggest partial coverage of the
substrate surface with a mostly monolayer coverage of AuDS
(Fig.4a).

The thin coatings showed characteristic absorbance spectra re-
sembling that of AuDS suspensions (Fig. 4b) but with signifi-
cantly lower absorptivity. Because of the nanometre thickness
of the coating, with naked eye the coated glass appears trans-
parent despite some absorbance in the visible range (Fig. S7).
The substantial absorption in the IR and NIR range of the solar
spectrum, nevertheless, warrants efficient heating by sunlight.
The heat is, moreover, transferred to the encompassing hec-
torite layers, which homogeneously spreads it over its large sur-
face area due to its relatively high and anisotropic thermal con-
ductivity 5658, allowing the whole glass surface to heat up uni-
formly and efficiently.

As the absorption spectrum of AuDS is substantially red shifted
with increasing Au NPs loading, higher loadings absorb stronger
in the IR and NIR spectral region and therefore will heat up
faster (Fig. 4b). The similarity of the spectra of coatings with the
spectra measured in suspensions of AuDS, moreover, suggests
that in monolayer coatings on glass slides deformation of spher-
ical Au NPs as observed for dried multilayer coatings (Fig. 3c)
does not occur.

The efficient and preferred absorption in the IR and NIR range
may be applied for defrosting and defogging (Fig. $S9). To
demonstrate this, coated and uncoated glass slides were first
immersed into liquid nitrogen to cool down to the temperature
of 77K. After taking it out, it quickly formed a frosted layer of
condensed water vapor on the surface. The glass slides were
then illuminated with simulated solar radiation and the time re-
quired for complete defrosting and eventually defogging were
recorded (Fig. 4d). The procedure was repeated 10 times for
each sample and the average time was calculated. After 1457
s, the uncoated glass surface started to defrost and defrosting
was completed after 18516 s. Water droplets of molten ice
stayed on the surface until it completely evaporated (defogged)
after 355+10s. Start, end of defrosting and complete defogging
were converted into a color code in Fig. 4d facilitating a visual
comparison with the coated samples.

All coated glass slides showed much faster defrosting and
defogging (Fig.4d and movies S2 and $3). As expected, AuDS 60
with the most red shifted absorption spectrum performed best.
Compared to the uncoated glass slide, the AuDS 60 coating sub-
stantially shortens the start of defrosting from 14547 s to 965
s, the end of defrosting from 1856 s to 120+4 s, and complete
defogging ends to 21018 instead of 355+10 s, representing an
overall 60% reduction in required time.

A control coating with NH4*-DS (Fid. 1c) showed no effect on
defogging time (Fig. S8a). The same applies to glass slides dip
coated with suspensions of free Au NPs (0.03 wt%) not sand-
wiched in DS (Fig. S8a). As non-sandwiched Au NPs tend to ag-
gregate on the glass surface, moreover, a patchy, non-uniform
defogging pattern was observed of Au NPs coated glass slides
(Fig. S6).

The type of coating technique seems to be irrelevant for the ef-
fect. Spray coating AuDS 60 suspensions on glass gave compa-
rable defrosting and defogging performances to dip coated
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samples (Fig. S8b). This suggests that the coplanar orientation
of AuDS on the substrate surface is achieved regardless of the
application technique.

Not surprisingly, defrosting and defogging times decrease with
photon flux. We tested power densities equivalent to 0.6, 0.75,
and 1 sun illumination (600, 750, and 1000 W/m?, respectively).
For AuDS 60, the time to complete defogging is shortened from
305+12 s for 0.6, to 275+10 s for 0.75, and to 210+10 s for 1 sun
(see Fig. 4d). A similar trend is observed for samples AuDS 30
and AuDS 5 (see Fig. S8c and d).

Experimental
Synthesis of sodium hectorite

Sodium hectorite ([Nags/™e[Mga.sLios]°c[Sis]*®*O10F2, Na-hec-
torite) was obtained by melt synthesis followed by long-term
annealing according to a published procedure 3!. The material
featured a cation exchange capacity (CEC) of 1.27 mmol/g and
a density of 2.73 g/cm3.

Synthesis of ordered heterostructures

Ordered heterostructures were synthesized according to a pub-
lished procedure 37. First, 1.5 g Na-hectorite was immersed in
250 ml of a water-ethanol mixture (75 vol% ethanol) for 12 h at
room temperature in an overhead shaker. Then, 70.3 mg of
NH4CI, corresponding to 69% of the CEC of Na-hectorite, were
dissolved in 100 ml of a water-ethanol mixture (75 vol% etha-
nol) and added to the Na-hectorite under vigorous stirring fol-
lowed by equilibration in the overhead shaker overnight at
room temperature. The heterostructures was then washed five
times with the same ethanol-water mixture and collected via
centrifugation at 8000 rpm for 10 min. The ordered heterostruc-
tures is indicated by a rational superstructure 00/ series with a
basal spacing of 23.0 A. at 43 % relative humidity (Fig. S4). When
immersed in deionized water the heterostructures delaminates
into NH,*-DS and a birefringent gel is formed (Fig. 1c).

Synthesis of gold nanoparticles

Au NPs were synthesized according to a slightly modified pub-
lished procedure #2. 1 ml of 0.1875 M HAuCl, solution was in-
jected into a 70 °C warm solution of 2.2 mM citric acid, 0.0125
mM tannic acid and 0.75 mM K,CO3in 150 ml water (Fig. S1a).
For phase transfer 0.5 g of tetraoctylammonium bromide
(TOAB) was dissolved in 50 ml of toluene. The citrate capped Au
NPs suspension was added at room temperature to the TOAB
solution and shacked intensively and then the aqueous phase
was separated in a funnel. Next, the TOAB capped Au NPs sus-
pended in toluene were washed several times with water and
the agueous phase was each time separated in a funnel.

For the phase transfer into water, 1.5 g of 4-dimethylamino-
pyridine (DMAP) was dissolved in 50 ml of deionized water and
the pH was adjusted to 12.5 with NaOH solution. This DMAP so-
lution was added to the TOAB capped Au NPs suspension in tol-
uene and then left overnight without stirring (Fig. S1b) while the
then DMAP capped Au NPs. Particles are transferred into the
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aqueous phase. This is then separated applying a funnel and fil-
tered through a polyester syringe filter with 0.2 pm pore size to
remove potential aggregates.

HAuCl, (49%) was purchased from Alfa Aesar. Sodium citrate tri-
basic dehydrate (= 99 %), tannic acid, 4-(Dimethylamino)pyri-
dine (2 99 %), tetraoctylammonium bromide (> 98 %), anhy-
drous toluene (= 99.8%) were purchased from Sigma-Aldrich.
The water used was of MilliQ quality (18.2 MQ).

Synthesis of Au double stacks

The delaminated suspensions (1 wt%) of NH4*-DS was adjusted
to pH 12.5 with NaOH. Then this nematic suspension of DS was
rapidly added to a dispersion of Au NPs (0.03 wt%) under stir-
ring. Three different volumes of AuNP dispersions were used to
vary the loadings (50 ml, 100 ml, and 150 ml for AuDS 5, AuDS
30 and AuDS 60, respectively). The flocculates were collected
via centrifugation and washed several times by redispersing it
into water. Then 400 ml of freshly prepared LiOH solution with
a pH 10.5 was added to the flocculate, and the dispersion was
mixed in an overhead shaker for 15 minutes. This procedure
was repeated twice with fresh LiOH solution. Finally, the floccu-
late was transferred into an Erlenmeyer flask with 600 ml of
LiOH (pH 10.5) and heated to 60°C over night under argon flow,
whereupon a heterostructure with alternating AuNP loaded and
Li* loaded interlayers is obtained. Reducing the ionic strength
via washing several times with water eventually triggers delam-
ination into nematic liquid crystalline suspensions of AuDS.

Powder X-ray diffraction measurements (PXRD)

Ordered interstratification were recorded on a Bragg-Brentano
type diffractometer (Empyrean, PANalytical) with nickel filter
and CuKa radiation (A = 1.54187 A).

Transmission electron microscopy (TEM)

TEM micrographs were taken with a JEOL JEM-2200FS field
emission energy filtering transmission electron microscope (FE-
EFTEM) at an acceleration voltage of 200kV. A bottom-
mounted CMOS camera system (OneView; Gatan) was used for
recording zero-loss filtered micrographs (AE~0 eV). Micro-
graphs were processed with DM 3.3 image processing software
(Gatan). Au NPs only samples were prepared by simple drop-
casting a dilute dispersion onto carbon-coated copper grids (Fig.
S2). Two types of sample preparations were done for AuDS: 1.
Dispersions were cast on glass slides and then dried ate 60 °C.
Flakes were then pealed of the substrate, embedded in a poly-
mer matrix before being cut with a Leica Ultramicrotome
UC7+FC7. This type of sample preparation turned out to trigger
a deformation of Au NPs. 2. To mitigate this drying artefact, the
nematic AuDS suspensions (0.1wt%) were first transformed into
a hydrogel by adding 10 wt% acrylamide monomer (AA) (Sigma-
Aldrich). After addition of 0.1 mol% N,N-Methylenebisacryla-
mide (Sigma-Aldrich, 146072) as crosslinker and 1% wt% of 2-
Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Sigma-
Aldrich 410896) as photoinitiator, the suspension was deoxy-
genated by purging it with argon and cast into a polydime-
thylsiloxane mold. Then photopolymerization was initiated with
UV-light (302 nm wavelength). After polymerization, the hydro-
gel was frozen by immersing it into liquid nitrogen before being
cut with the Leica Ultramikrotom UC7+FC7 equipped with a
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cryo-chamber. The slices were sandwiched between two cop-
per grids and then freeze dried to remove the water from hy-
drogel.

Scanning electron microscopy (SEM)

SEM images were recorded using a ZEISS LEO 1530 (Carl Zeiss
AG, Germany) operating at 3 kV.

Dynamic light scattering (DLS)

The particle size distribution of Au NPs was determined by DLS
applying a Zetasizer Nano ZS (Malvern Panalytical). The same
instrument was used to measure C-potentials.

Atomic force microscopy (AFM)

The surface topography was determined by atomic force mi-
croscopy. The images were acquired with a Dimension lcon
(Bruker Nano Inc.) in PeakForce tapping mode in air. A
ScanAsyst Air cantilever (Bruker Nano Inc.) with a typical spring
constant of 0.4 N/m and a resonant frequency of 70 kHz was
used. The PeakForce amplitude was 60 nm, and the PeakForce
frequency was 2 kHz. The AFM images were processed with a
NanoScope Analysis 1.80 (Bruker Nano Inc.). The topography
was flattened by subtracting the first-order polynomial back-
ground using a threshold to exclude platelets from flattening.
Platelet heights were determined using the "step tool" in Nano-
Scope Analysis software. The samples for AFM were prepared
by slow evaporation of a few drops of a diluted suspension (0.02
g/L) on a Si wafer under ambient conditions.

Inductively Couples Plasma Atomic Absorption Spectroscopy
(ICP-AAS)

To determine the elemental composition, = 20 mg of the sam-
ples were digested in an MLS 1200 Mega microwave digestion
apparatus for 6.5 min at 600 W (MLS GmbH) after adding a mix-
ture of 1.5 mL 30 wt% HCl (Merck), 0.5 mL of 85 wt% HsPO4
(Merck), 0.5 mL 65 wt% HNO3 (Merck), and 1 mL of 48 wt% HBF4
(Merck). The clear solution was then allowed to cool to room
temperature, before being diluted to 100 mL and analyzed with
a Varian Vista-Pro radial ICP-OES.

Small Angle X-ray Scattering (SAXS)

SAXS data were collected with a "Double Ganesha AIR"
(SAXSLAB, Denmark). In this laboratory-based system, a micro-
focused X-ray beam is provided by a rotating copper anode (Mi-
coMax 007HF, Rigaku Corporation, Japan). A position-sensitive
detector (PILATUS 300 K, Dectris) was used in different positions
to cover the full range of the scattering vectors g = 0.004-0.6 A-
1. Before the measurement, the nanosheet suspensions were
filled in 1 mm glass capillaries (Hilgenberg, code 4007610). The
circularly averaged data were normalized to the incident beam,
sample thickness, and measurement time.

UV-vis measurement

UV-Vis spectra were recorded by Cary 300 Scan spectrometer in
quartz cuvettes (1 cm). Diluted dispersion of AuDS with concen-
tration of 0.1 wt% (AuDS 5) or 0.01 wt% (AuDS 30 and AuDS 60)
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were measured from 250 to 800 nm. IR spectroscopy was per-
formed with a Cary 5000 spectrometer (Agilent Technologies,
Germany) for the wavelength range from 300-2000 nm.

Spectra deconvolution

The UV-vis spectra were deconvoluted into two components:
the contribution of individual nanoparticles and the contribu-
tion of plasmonically coupled nanoparticles. For the individual
nanoparticle contribution, we used the fixed parameters ex-
tracted from spectrum of DMAP capped Au NPs suspensions
(Fig. S3). The parameters of the plasmonically coupled compo-
nent were then determined by the best fit with the overlayed
spectrum using Fytik 1.3.1 59,

Fabrication of metasurface

PEI (0.1 wt %) was dissolved in deionized water over night. AuDS
dispersions were diluted to 0.01 wt%. Before deposition, glass
slides were carefully cleaned by corona treatment (Zepto from
Low-Pressure Plasma Systems). Then the substrates were rinsed
with deionized water and ethanol, followed by drying with fil-
tered air. The cleaned glass slides were then first dipped into
the PEI solution for 5 min, rinsed with deionized water, and
dried. Next the coatings were applied by an identical dipping,
rinsing, and drying procedure with the different AuDS suspen-
sions. For each coating, 10 individual samples were prepared.

Defrosting and defogging experiments

In a typical experiment the coated glass slide was placed on a
polystyrene form for thermal insulation and then immersed into
liquid nitrogen. After cooling equilibration at 77 K, the sample
resting on the foam was placed under lamp simulating a solar
spectrum (300-W Xenon arc lamp from LOT Quantum Design,
AM1.5 filter, 1000 W m~2) and the time count starts. The start
and the end of defrosting and defogging processes was deter-
mined by the visual observation. Relative humidity was kept at
43 % and the ambient temperature was 21 C°.
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Conclusions

Sandwiching nanoparticles between nanosheets gives access to
functional double stacks with an inherent anisotropic property
portfolio. The loading and thus the average in-plane separation
of nanoparticles may be varied to the limit where adjacent na-
noparticles start communicating. In this line, for instance with
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gold nanoparticles the degree of plasmonic coupling may be
tuned leading to a tuneable red shift of the absorbance spectra.
With appreciable aspect ratio, nanometre thin, but laterally mi-
cron-sized 2D colloidal building blocks are obtained. The double
stacks are consequently easy to be oriented on planar sub-
strates resulting in highly anisotropic coatings. This opens an al-
ternative avenue to nanometre thin coatings, which offers eco-
nomic and technical advantages over established physical and
chemical vapor deposition methods. The sandwiching host lay-
ers extend over large areas as compared to the nanoscopic
guests. This allows for a combination of the best of two worlds:
nanoscopic effects like plasmonic excitation and plasmonic cou-
pling and a uniformity at the micro- and macro-range assured
for instance by the thermal conductivity of the encompassing
layers.

As a proof of principle, we here present the fabrication of
metasurfaces via a water-based colloidal route applying gold
nanoparticles sandwiched between two silicate monolayers.
These metasurfaces allow for a fast and efficient defrosting and
defogging of glass substrates. Plasmonic coupling at high nano-
particles loadings leads to a red shift of the absorption spectrum
of double stacks that quickly and uniformly heats the glass sur-
face by an efficient absorbance of IR and NIR radiation. As a con-
sequence, defrosting and defogging can be substantially accel-
erated by a 9 nm coating of individual double stacks, which is
not affecting the transparency of the glass substrate.

The approach can be transferred to most other functional na-
noparticles that will benefit by the layered preorganization in
the sandwich and that then can be applied as nanometre thin
functional coatings on various substrates.
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RESULTS

Au NPs synthesis scheme
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Figure S1. Scheme of Au NPs synthesis. a Step by step scheme of citrate capped Au NPs
synthesis. b Two steps phase transfer of Au NPs into organic and back to aqueous phases

DMAP capped Au NPs.
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RESULTS

Size distribution and zeta potential measurments
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Figure S2. Size and charge characterization of nanomaterials. a TEM image of
citrate capped Au NPs. Inserted histogram of the diameter distribution of 150 particles. b TEM
image of DMAP capped AuNPs. Inserted histogram of the diameter distribution of 400
particles. ¢ Hydrodynamic diameter according to DLS measurement. d Zeta potential for citrate
capped Au NPs, for AuDS 60 at pH 7, and for DMAP capped Au NPs at pH 12.5.
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RESULTS

UV-Vis spectra of Au NPs
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Figure S3. Characteristic UV-Vis spectra for aqueous suspensions of citrate and DMAP capped
Au NPs and LSPR peaks positions.
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RESULTS

XRD pattern of NHs"/Na™ ordered heterostructures
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Figure S4. PXRD of the ordered interstratification of strictly alternating Na" and NHy4" layers
in synthetic hectorite. The sample was equilibrated in an atmosphere with 43% relative

humidity.
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RESULTS

ICP-OES
Table S1. Elemental composition according to ICP-OES.

Element Weight fraction of the element [%]

N{)thrzf 5 wi% 30 wi% 60 wit%

Au 6 » Y

Mg 153 12.3 7
Nominal P =
Formula® Lios1(Mgz.5Li0.sSisO10Fz) (Ao Lios1(MgzsLiosSisOuwFz)  Linai(MgzsLivsSi4OrFz)

4The nominal formula was calculated to be (Au)xLip 31(Mg2.5Li0.5Si4O10F2). Si was not detected
directly via ICP-AAS. The amount of Si was rather calculated assuming the atomic ratio of Mg

to Si of 2.5:4 as required by the hectorite-composition.
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RESULTS

SAXS modelling

To fit SAXS curves, a linear combination of a spherical model' (sphere) and lamellar stack?
with appropriate weighted factors accounting for the varying volume ratios of the constituents
(hectorite and Au NPs) was applied.

I(q)=scale*(A*sphere+B*lammelar) + background

Table S2. Model parameters of SAXS fitting

Parameter AuDS 5 AuDS 30 AuDS 60 Physical meaning
Scale 0.003 0.0011 0.000878 Source intensity
Background 0.015 0.0044 0.01 Source background
A 0.002 0.026 0.0544 Weighted factor of
nanoparticle

Scattering 83.4%10°A2  83.4*%10°A 83.4*10°A" nanoparticles scattering
2 2

length density length density
Radius 35.8A 35 385 Radius of nanoparticle
B 2.8 0.6933 1.1669 Weighted factor of
nanosheets
Scattering = 22.2*10°A  22.2%10%A- 22.2*10%A° nanosheets scattering length
length density : . density
Thickness 24.4 A 33 44.3 Thickness of nanosheet
Spacing 530 A None None Separation between
nanosheets

Please note that the contribution of the Au NPs to the total scattering increases due to the larger
weighting factor of the spherical scatterer concomitantly with the increasing loading of Au NPs
amounting to 0.7, 5.5 and 16.8 vol% for AuDS 5, AuDS 30 and AuDS 60 respectively.

Additionally, the apparent thickness of the double stacks increases.
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RESULTS

Top-view TEM images of AuDS

AuDS 5  AuD$30 " AuDS 60

Figure S5. TEM images of AuDS with different Au NPs loading used for determining the

interparticle distance. a Top-view TEM image of AuDS 5. b Top-view TEM image of AuDS
30. ¢ Top-view TEM image of AuDS 60

122



RESULTS

Patchy defogging pattern of glass coated with free Au NPs

L H b

Figure S6. Sequence of images following the defrosting of a glass slide coated with DMAP
capped Au NPs over time under 1 sun solar irradiation shows the patchy character of defogging
pattern.
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RESULTS

Photos of samples

r f'
¥ &7

Figure S7. Comparison of transparency of an uncoated glass slide (left) and samples with
applied metasurface (right) fabricated by dip coating showing the high transparency of the
coating. a AuDS 5. b AuDS 30. ¢ AuDS 60.
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RESULTS

Defogging and defrosting tests
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Figure S8. Defogging and defrosting tests. a Time dependency histogram of defogging for
uncoated glass, glass coated with NH4'-DS and glass coated with free DMAP capped Au NPs.
b Time dependency histogram comparing different coating methods of AuDS 60 coated glass
slides. ¢ Time dependency histogram of defogging measured under 0.75 sun irradiation. d Time
dependency histogram of defogging measured under 0.6 sun irradiation.
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