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Microgels adsorb to air/water and oil/water interfaces — a process driven by a significant reduction in
interfacial tension. Depending on the available interface area per microgel, strong lateral deformation
can be observed. Typically, hexagonally ordered structures appear spontaneously upon contact of the
microgel shells. Transfer from the interface to solid substrates gives access to macroscopically sized
microgel monolayers that are interesting for photonic and plasmonic studies as well as colloid-based
lithography, for example. Significant efforts have been made to understand the phase behavior of
microgels at different interfaces and to explore the available parameter space for achieving complex
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tessellations. In this review, we will discuss the most recent developments in the realization of microgel
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monolayers with structures beyond hexagonal packing.

1. Introduction

Thermoresponsive microgels were first prepared from N-iso-
propylacrylamide (NIPAM) in 1986 by Pelton and Chibante.
The authors used free-radical polymerizations performed above
the lower critical solution temperature (LCST) of poly-NIPAM
(PNIPAM), i.e. approximately 32 °C,>? to obtain monodisperse,
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submicrometer-sized microgels that varied in crosslinker and/
or comonomer concentration. Later, in 1999 Zhang and Pelton
demonstrated that PNIPAM microgels spontaneously adsorb to
air/water interfaces leading to a significant reduction in inter-
facial tension.” They found that, rather independent of the
crosslinker density, the interfacial tension is reduced to
approximately 43 mN m ™. Because of this property, microgels
could be used to successfully stabilize emulsions.””® However,
recently Mehrabian et al. have shown by molecular dynamics
simulations that the stabilization of emulsions by soft colloids
may not have significant advantages compared to hard
colloids.’ In 2005, Ngai et al studied the stabilization of
octanol-in-water emulsions by poly-(NIPAM-co-methacrylic acid)
copolymer microgels.” Very stable emulsions were obtained at
room temperature and pH > 6, where the microgels were highly
swollen and negatively charged. At low enough pH, where the net
charge of the microgels was significantly reduced due to protona-
tion of the carboxyl groups, destabilization and accumulation of
the microgels in the oil phase was observed. Raising the tempera-
ture above the volume phase transition temperature (VPTT)
resulted also in destabilized emulsions at pH < 8. Using cryo-
scanning electron microscopy (cryo-SEM) Brugger et al. have
investigated the microgel packing at oil/water interfaces. They
observed pronounced differences compared to the behavior of
solid particles in classical Pickering emulsions, i.e., intercon-
nections between individual microgels at the interface were
visualized. In 2012, Geisel et al. have gained first insights into
the 3-dimensional structure of microgels adsorbed at oil/water
interfaces.'® Using freeze-fracture shadow casting cryo-SEM
(FresCa)'! the authors showed that microgels laterally stretch
at the interface with a particle diameter, dj, that is significantly
larger than the swollen-state hydrodynamic particle diameter in
bulk, dj,. Furthermore, the authors found that the majority of
the particle volume is immersed in the water phase. Inspired by
these works, moving to flat interfaces and altering the area
fraction of microgels turned out to be an exciting strategy to (1)
study the phase behavior of soft, thermoresponsive microgels
in 2-dimensional confinement, and (2) to get access to large
area monolayer assemblies that can be transferred to solid
substrates.”* > The thereby achievable substrate-supported
microgel arrays were used for functional nanopatterning by
(soft) nanosphere lithography.'*'® Employing microgels that
contained plasmonic, noble metal nanoparticles gave access to
plasmonic surface coatings, where the optical response could
be adjusted through the nanoparticle size and composition'” or
the interparticle distance controlled by the interfacial dimen-
sions of the microgels.'® Such monolayers of plasmonic hybrid
microgels were used to study electromagnetic coupling in
dependence of interparticle distance, in particular collective
coupling scenarios due to plasmonic-diffractive coupling lead-
ing to surface lattice resonances.®*

In recent years, new strategies to achieve microgel arrange-
ments beyond hexagonal packing using fluid interface-assisted
assembly were investigated. An important step in this direction is
linking the molecular structure of microgels or soft particles in
general to their morphology and collective behavior at interfaces.*"
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In this review, we summarize recent experimental develop-
ments in fluid interface-assisted (self-)Jassembly of microgels
leading to monolayer structures beyond hexagonal packing.
We mostly focus on works that were published within the past
five years and that employ air/water or oil/water interfaces to
restrict microgel assembly to 2-dimensional arrangements.
This review is structured as follows: first, we introduce general
aspects of microgels and their soft interactions. Then, we
discuss the 2-dimensional arrangement and (self-)Jassembly of
microgels at different interfaces. This is followed by a discus-
sion on non-hexagonal structures that are obtained from single
microgel monolayers. Then, assemblies from binary mixtures
are introduced. As a last strategy we discuss structures achieved
by multiple depositions onto the same substrate. We close
this review with general conclusions and thoughts on future
perspectives.

2. Microgels and soft interactions

Microgels are soft and deformable objects with dimensions in
the colloidal regime, that is most commonly in the micron and
submicron range.””>* They feature an internal gel-like struc-
ture consisting of chemically and/or physically crosslinked
polymer chains.*® Fig. 1a shows a schematic depiction of a
microgel.

Under good solvent conditions, microgels can host large
amounts of solvent which makes it difficult to classify them
physically. The physical properties of swollen microgels range
somewhere between macromolecules, surfactants and
colloids.”® Even when the solvent quality is reduced leading
to collapse of microgels, they can contain significant amounts
of solvent distinguishing them from classical rigid and non-
deformable systems such as silica-, polystyrene- (PS) or
polymethylmethacrylate-based (PMMA) colloids.>”*®* When
microgels are composed of polymers that feature a LCST, with
PNIPAM being the most widely known and studied example,?
their volume can be manipulated simply by changing
temperature.”® This volume phase transition (VPT) behavior
renders PNIPAM microgels as such an interesting system for
fundamental research, for example to study phase transitions
in dense packings, where the microgel volume fraction can be
altered by temperature,®® but also for applications in the field
of sensing, drug delivery and as cell culture media.*'**

PNIPAM microgels are typically synthesized via free-radical
precipitation polymerization leading to spherical microgels of
low polydispersity. The dimensions of the microgels can be
controlled in multiple ways, for example by using surfactants
that lower the interfacial tension®>™*” or by using sequential
polymerizations in a semi-batch fashion.*® While microgels are
typically synthesized in batch and semi-batch processes where
upscaling is limited, using flow reactors was demonstrated to
give access to larger quantities.® Typically, PNIPAM microgels
are chemically crosslinked with N,N’-methylenebis(acrylamide)
(BIS). Due to the higher reactivity of BIS compared to NIPAM,*°
the crosslinker density decreases from the center to the outside

This journal is © The Royal Society of Chemistry 2022
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Fig. 1

(a) Schematic depiction of a microgel. (b) The multi-Hertzian model, describing best experimental data, is compared to the Hertzian model. The

following length scales are considered in the model: below o for core—core interactions, below oy,4 for core—shell interactions and at o¢orona for the
heterogeneous nature of the outer shell. The y-axis is logarithmically scaled. Reproduced with permission from ref. 26. Copyright 2018 Nature
Communications. (c) Schematic depiction of a core—shell microgel with a rigid core.

of the microgel.*" In bulk dispersion this gradient leads to a

‘core-shell’ like structure, often described as fuzzy sphere. The
higher crosslinked core is stiffer than the loosely crosslinked
outer corona which directly influences the interaction between
microgels. A soft Hertzian model that is often used to describe
the interactions of microgels is not sufficient to describe such
inhomogeneous, fuzzy sphere-like microgels.”> Recently,
Bergman et al. presented a multi-Hertzian (MH) model to
describe the effective interactions between microgels in depen-
dence of temperature and volume fraction.>® In this model, the
inner structure of microgels can be understood as a series of
shells becoming less dense for greater distance to the center.
The combined potential can thereby also quantify the strong
core—corona and core-core interactions (Fig. 1b). Apart from
the intrinsic core-shell-like structure of typical PNIPAM micro-
gels, core-shell microgels with rigid organic or inorganic cores
(see Fig. 1c) resemble a more extreme case where the rigid and
non-deformable character of the core is combined with the soft,
deformable character of the microgel shell.**> One example are
polystyrene-PNIPAM (PS-PNIPAM) core-shell-microgels that
can be prepared in single-step or two-step polymerizations.**™*
In contrast to the PNIPAM shell, the volume of the rigid PS
cores cannot be changed by temperature - at least in aqueous
environment. Furthermore, different inorganic nanoparticles
such as silica or gold (Au), can be incorporated by seeded
precipitation polymerization.*®" Interactions in core-shell
microgel systems strongly depend on the shell-to-core size
ratio. For example, microgels with rigid nanoparticle cores that
are small with respect to the overall microgel size, behave
basically identical as compared to microgels that do not feature
a rigid core.”® For small shell-to-core ratios, core-core inter-
actions will become relevant, at least at high packing fractions.
In any case, when it comes to interparticle interactions one
needs to distinguish between mechanical stiffness, i.e. rigid as

This journal is © The Royal Society of Chemistry 2022

in case of inorganic nanoparticles and soft as in case of (most)
microgels® and interactions related to steric and/or electro-
static interactions. Electrostatic interactions are relevant to
(most) rigid nanoparticles in aqueous environments and result
in soft repulsive interactions at distances larger than the
particle diameter - despite the particles themselves being rigid.
Whether or not such repulsive interactions also impact the
interaction in core-shell microgels has not been elucidated, yet.

When changing from bulk to interfaces, microgel-microgel
interactions at fluid interfaces were successfully described by a
simple Hertzian-like potential.>*>> Nonetheless, this potential
is not suitable to describe the formation of complex interfacial
patterns that have been experimentally observed upon com-
pression of microgel monolayers. Thus, a more complex
potential has to be elaborated in the future. Furthermore,
interactions become more complex when transferring micro-
gels from the interface to a solid substrate. In this scenario, for
example, capillary forces can become relevant during the
transfer and will affect the interaction between microgels
and consequently influence the assembly microstructure.>®
Here the Hertzian-like potential is not sufficient to explain
the interactions between microgels.

Like many colloids, microgels and core-shell microgels
strongly adsorb at air/water and oil/water interfaces. The signi-
ficant reduction in interfacial tension upon adsorption does
not only trap microgels at such interfaces but also causes a
significant lateral deformation.>” At the interface, soft micro-
gels deform laterally to further decrease the free-energy of the
interface. Thus, microgels occupy a larger area at the interface
when compared to their bulk dimensions.>" The degree of this
stretching is limited by the bulk elasticity’® and can be used as
a measure for the softness.>® With increasing crosslinker
density, microgels become more rigid and stretching is
less pronounced. Thus, the diameter at the fluid interfaces
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approaches the diameter in bulk. The degree of deformation
and the structural appearance are also influenced by the
internal morphology, e.g. the fuzzy sphere structure of typical
PNIPAM microgels. In that case, the shape of microgels at the
interface is often referred to as fried-egg like.”*®° The structure
originates from the lower deformability of the highly cross-
linked core compared to the loose shell.*>*" This fried-egg like
morphology is even more pronounced for core-shell microgels
with rigid cores.” These structural aspects are not only relevant
at fluid interfaces but also when these are used, for example, to
coat solid substrates via transfer of microgel monolayers from
the fluid interface. In the following, we will discuss some
general aspects of interface-assisted self-assembly using liquid
interfaces.

3. Liquid interface-assisted
self-assembly

Drop casting of a dilute dispersion and subsequent drying is
probably the easiest way to transfer microgels from dispersion
to a solid substrate. While - at a first glance - it may be not
intuitive, this process often involves assembly at the air/water
interface of the droplet. Horigome and Suzuki studied the
drying mechanism of PNIPAM microgel dispersions on poly-
styrene substrates.’’ The authors were able to monitor the
assembly of their rather large microgels in situ using optical
video microscopy. It has been shown that, irrespective of the
concentration in the range between 0.0005 and 0.01 wt%,
microgels adsorb at the air/water interface of the aqueous
droplet within a few minutes. During evaporation of the
droplet, interparticle distances decreased and such the area
fractions of microgels increased. Then, ordered structures were
observed upon drying on the solid substrate. Importantly for
concentrations of 0.0006 and 0.001 wt% homogeneous thin
films with strong iridescent colors were obtained in contrast to
the classical coffee ring effect often observed upon drop casting
of dispersions of rigid particles. Later, Takizawa et al. investi-
gated the drying process in dependence of the size, chemical
structure and softness of the microgels.®” The size of the
microgels did not influence the adsorption at the air/water
interface. In contrast, the softness and the surface activity of
the microgels played an important role in the adsorption
kinetics. The authors were able to optimize the conditions with
respect to microgel architecture and drying conditions to
achieve homogeneous thin films in very short time - much
faster compared to conventional drying.

Similarly the group of Satapathy studied the self-assembly of
PNIPAM microgels in the evaporation of sessile droplets.®*
By controlling the humidity, the authors were able to decelerate
the evaporation.®* Thus, the microgels had sufficient time to
rearrange at the air/water interface. This led to highly ordered
structures upon complete evaporation on solid substrates.
Furthermore, the influence of the microgel softness on the
obtained structures was investigated.®® By increasing the soft-
ness and controlling the humidity, the coffee ring effect could
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be minimized. Additionally, the authors managed to arrange
binary mixtures of PNIPAM microgels into hexagonally ordered
structures via evaporation self-assembly.®® The deformability of
the different sized microgels enabled the formation of a homo-
genous monolayer. Nevertheless, the local order was found to
depend on the position at the interface of the drop, meaning
that the order in the middle of the drop could differ from
positions more on the outside. While these examples nicely
illustrate how adsorption at liquid interfaces and softness of
microgels influence deposition on substrates, it remains diffi-
cult to control the interface of the drop in terms of surface
pressure and available area for the microgels. Furthermore, the
size of the area on the solid substrate to be coated by microgels
is limited by the dimensions of the sessile drop. Thus, it
remains challenging to prepare cm?® to m” thin films with high
degrees of order and homogeneity independent of the position
on the substrate.

Similar limitations are given for spin-coating. In this process
potentially the adsorption to liquid interfaces prior to the final
deposition step on the substrate also plays a crucial role for the
final assembly structure. Nevertheless, for example, Schmidt
et al. were able to prepare homogeneous thermoresponsive
surface coatings by spin-coating of poly(NIPAM-co-acrylic acid)
microgels.®” Densely packed monolayers were obtained as
studied by atomic force microscopy (AFM). Following this,
Burmistrova et al. analyzed the packing density of poly-
(NIPAM-co-acrylic acid) microgels in dependence of rotation
speed, concentration and pH of the microgel dispersion.®®
Particle densities on the substrate increased with decreasing
rotation speed, decreasing concentration and increasing pH.
Thus, it is possible to adjust the amount of adsorbed microgels
at the solid surface by controlling these three parameters. Jaber
et al. used spin-coating to produce substrate-supported mono-
layers of Au-PNIPAM core-shell microgels. Upon removal of the
PNIPAM shells by heat treatment monolayers of non-close
packed gold nanopatrticles (initial cores) were achieved.®

The limitations in accessible assembly dimensions and
control over microgel packing fractions can be overcome by
changing to flat liquid interfaces as exemplarily shown in Fig. 2.
Probably the most common way to assemble molecules,
colloids and microgels at flat liquid interfaces is by using a
Langmuir trough. Fig. 2a-c show photographs of a monolayer
of Au-PNIPAM core-shell microgels at the air/water interface in
a Langmuir trough. The barriers of the trough are open in (a)
and more closed in (b). Due to the decrease of the available
space, interparticle distances are reduced, resulting in a color
change of the monolayer at the interface from light pink to light
blue. In this example, the interparticle spacing is on the order
of the visible wavelength causing the iridescent colors of the
monolayer. When looking from a different angle at the inter-
face, the iridescence can be observed more clearly (Fig. 2c).

Alternatively to using a Langmuir trough, floating mono-
layers of microgels can be prepared in simple vessels like a
crystallization dish.'® Using different volumes of microgel
dispersion that are injected to the interface or changing the
concentration of the microgels from the spreading dispersion

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Monolayers formed by Au—PNIPAM core-shell microgels at the
air/water interface in (a—c) a Langmuir trough and in (d—e) a crystallization
dish. (a) and (b) show the same monolayer at different compressions. The
color of the monolayer changes from light pink to light blue. (c) shows the
same monolayer as in the state of (b) but the photograph was taken from a
different perspective. The iridescence of the arranged particles can be
seen. (d)-(f) are photographs of the same monolayer in a crystallization
dish taken from different angles, showing the angle-dependent irides-
cence of a monolayer at the air/water interface.

that typically involves a volatile, polar solvent like ethanol, allow
control over the packing fraction - at least to some extent."® This
is exemplarily demonstrated in Fig. 2d-f. The angle-dependent
coloration of the monolayer at the air/water interface, from red to
yellowish green to blueish violet, is the result of the hexagonal
arrangement of the microgels with rather large domain sizes and
interparticle spacings on the order of the visible wavelength.”®”*

Studying microgels and their assemblies at fluid interfaces
in situ is challenging due to the movement and often sub-
micron size of microgels and is therefore not yet fully explored.
Recently, two groups managed to investigate the 3-dimensional
shape of microgels at the interface with different experimental
techniques. Vialetto et al. investigated PNIPAM microgels at the
oil/water interface by in situ AFM.””> The authors could recon-
struct the 3-dimensional shape of the microgels at the interface
by recording AFM images, both, from the oil and the water side.
They also studied the effects of the oil phase, the inner
structure of the microgel and temperature on the conformation
of the microgels. The authors could clearly see a change in
microgel shape depending on the aforementioned parameters.
Similarly, Bochenek et al. investigated the influence of tem-
perature and inner morphology on the structural appearance of
microgels at air/water interfaces using neutron reflectrometry.”
The authors compared monolayers of microgels with 5 mol%
crosslinker and ultra-low crosslinked (ULC) microgels. For both
systems, an increase in temperature only affected the part of the

This journal is © The Royal Society of Chemistry 2022
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microgel dispersed in the water phase, but not the part in the air
phase. The higher crosslinked core of “standard” microgels was
found to be located in the air phase resulting in a contact angle of
a few degrees. By contrast, the ULC microgels formed only a flat
polymer layer comparable to linear polymer chains.

These findings in combination with earlier results from
Zielinska et al. who used neutron reflectivity measurements
to study the absorption kinetics, amount of absorbed material
and resulting structure of microgels at air/water interfaces
provide important insights into the behavior of microgels at
fluid interfaces - studied in situ.”*’> These insights will also
become relevant when control of the microgel microstructure is
desired.

Most often such microstructures are studied ex-situ upon
transfer to solid substrates. Transfer of the monolayers from
the liquid interface onto a solid substrate can be performed in
different ways, mostly depending on the hydrophobicity of the
substrate of interest. For example, Volk et al. used a hydrophilic
glass substrate immersed in the bulk phase (water), moved the
substrate under a freely floating monolayer and then used
withdrawal of the substrate at a shallow angle through the
monolayer for microgel deposition."® By this, it was possible to
obtain hexagonally ordered monolayers with long-range order
and excellent homogeneity. When assembled in a Langmuir
trough depositions onto solid substrates are often realized in a
more controlled fashion by a dip coater (Langmuir-Blodgett,
Langmuir-Schifer deposition). Here, it is also possible to
transfer the monolayers from the liquid interface to a solid
substrate during continuous compression. This will be further
discussed in the next section.

3.1 Structural control via surface pressure

A simple, yet powerful way to alter the microstructural arrange-
ment and interparticle distances in monolayers of microgels at
fluid interfaces is via changing the accessible interface area
using a Langmuir trough setup.”® Typically, the trough area is
defined by the position of two movable barriers. Through these
barriers the interfacial area is uniaxially manipulated. With
more specialized setups also radially symmetric manipulations
of the interfacial area become possible.””

Already a simple compression experiment on microgels
(poly(NIPAM-co-methacrylic acid) in a standard Langmuir
trough reveals a complex phase behavior.'” At low compression
at water/n-hexane interfaces, such purely polymeric microgels
spread to a maximum with large interparticle distances form-
ing a gas-like phase for sufficiently low packing fractions.
By increasing the compression, microgels arranged into a
crystalline phase with hexagonal order and shell-shell contacts.
From this point on the response to further compression
strongly depends on the softness of the objects. The softer
the shell, the more the microgels can be compressed until a
phase transition occurs.”® An isostructural phase transition
with two defined length scales was observed upon further
reduction of the available surface. Here a fraction of the
microgels remained in shell-shell contact while another frac-
tion was in “core-core” contact where ‘“core” corresponds to

Soft Matter, 2022,18, 6301-6312 | 6305
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the inner, more densely crosslinked volume of the microgels.
The appearance of this phase transition between two crystalline
structures is strongly influenced by the inner structure and the
size of the microgels.’®’® Further compression increased the
fraction of hexagonally ordered microgels in ‘“‘core-core” con-
tact until a dense monolayer remained. In this dense state,
interparticle distances were smaller than the microgel size in
bulk. According to Rey et al., the isostructural phase transition
could not be detected for microgels with low crosslinking.”®
These microgels strongly deformed at fluid interfaces and
defects of five- and seven-fold symmetries were observed.
Similarly, Ciarella et al studied the influence of microgel
softness and architecture on the assembly behavior at fluid
interfaces using experimental and theoretical results.”’ With a
new coarse-grained simulation using augmented potentials the
authors could account for the interfacial architecture and the
phase behavior during reduction of the available surface area.
Through this the authors could determine different multibody
interactions occurring during the phase transitions. They
achieved to differentiate between continuous, isostructural
and heterostructural phase transitions. The continuous transi-
tion occured mostly for loosely crosslinked microgels as these
exhibit a convex interaction potential. In contrast, core-shell
microgels with a uniformly crosslinked shell, exhibited two
internal length scales and mostly isostructural transitions were
found. The shells of these microgels collapsed simultaneously
and isotropically upon compression. The heterostructural tran-
sition was found for core-shell microgels with a non-uniformly
crosslinked shell exhibiting two internal length scales. Here,
phases like chains disturb the transition from non-close packed
to close-packed hexagonal phases. The anisotropical collapsing
of the shell causes this transition.

Such examples show that the softness and inner architecture
strongly affects the phase behavior of microgels at interfaces.
This becomes evident when further increasing the stiffness of
the “core” of microgels, for example. This was studied by Rauh
et al. using silica-PNIPAM core-shell microgels with different
shell thicknesses.>® Compression isotherms were recorded at
water/n-hexane interfaces and the microstructure of the mono-
layer was linked to the respective surface pressure (see Fig. 3a).
Similar to the work of Rey et al.'*> microstructural analysis was
performed by continuously transferring the monolayer from
the liquid interface to a solid substrate during the compression
followed by ex situ analysis. At very high compressions above
25 mN m™", clustering of the microgels with “core-core”
contact could be observed as shown in Fig. 3a-(i). At low
compressions (in the range of a few mN m™ '), however, a
distinct difference to the behavior of purely polymeric micro-
gels was observed. Here, non-close packed hexagonal arrange-
ments of the microgels with shell-shell contact were found as
shown in Fig. 3a-(ii). The incorporation of a rigid, non-
deformable core in the microgels lead to local deformations
of the fluid interface. Such deformations influenced the
arrangement already at low packing fractions due to attractive
capillary interactions.>>® Thus, for these core-shell microgels
clusters were already found at low area fractions and the
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microgels did not form a homogenous monolayer."**" This
clustering depends on the shell-to-core size ratio but also on
the shell architecture.”” The thinner the shell for a given
core size, the earlier the microgels will cluster during the
compression.>®

More recently Fernandez-Rodriguez et al. focused on the
regime of low surface pressures in more detail.’® The authors
studied PNIPAM microgels with different crosslinker densities
and different hydrodynamic diameters in bulk. The internal
morphology of these microgels, ie. the crosslinking and its
distribution was varied through the monomer feeding in the
respective polymerizations. At surface pressures close to
0 mN m™ ', rectangular arrangements were found for all sys-
tems as shown in Fig. 3b. The corresponding FFTs of the
presented real space images exhibit each a clear four-fold
symmetry and higher order peaks confirming the long-range
order of the monolayers. The observed rectangular arrangements
were discussed to be the result of an equilibrium between steric
repulsion from the microgels and the attractive quadrupolar
capillary interactions at the interface. The structures changed to
the conventional hexagonal arrangement when the surface pres-
sure was increased during the compression, starting at approxi-
mately 1 mN m~'. Furthermore, the authors have applied the
rectangularly arranged microgel monolayers for soft colloidal
lithography applications. The monolayers were used as soft masks
to prepare vertically aligned silicon nanowires via metal-assisted
chemical wet etching and dry etching based on conventional deep
reactive ion exchange.

Since PNIPAM microgels are temperature sensitive which
allows for tuning of the microgel volume fraction in bulk
aqueous dispersion by simply changing temperature, the ques-
tion arises whether similar effects occur at fluid interfaces.
Interestingly, Bochenek et al. could show that the temperature
sensitivity is mostly lost at such interfaces and changes are only
observed in microgel dimensions perpendicular to the inter-
face.®>®! In this example the lateral stretching in the interface
driven by interfacial tension was the dominating effect influen-
cing the arrangement and interaction of microgels.

Compressing monolayers of soft and deformable microgels
and thereby controlling the surface pressure is a powerful way
to study the phase behavior and interactions at liquid interfaces
and to manipulate the spatial arrangement. In the following
section we will address how the structural complexity can be
even further increased by using binary assemblies.

3.2 Structural control via surface pressure: binary assemblies

A relatively simple way to extend structural complexity in
colloidal monolayers is the combination of colloids of different
sizes and/or different mechanical properties. In 2017, Rey et al.
analyzed the anisotropic assembly of a mixture of isotropic
hard and soft particles at the air/water interface during
compression.®” The authors mixed large PS particles (d = 1.5 pm)
with an excess of small PNIPAM microgels (d = 145 nm) prior to the
assembly at the interface in a Langmuir trough (see Fig. 4a).
Due to attractive interactions between the microgels and the PS
particles, the surface of the PS particles was covered by the soft

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Compression isotherm for silica—PNIPAM core-shell microgels with two representative AFM images recorded from samples transferred to a
solid substrate at different surface pressures. Adapted with permission from ref. 59. Copyright 2017 Royal Society of Chemistry. (b) Microscopy images of
different microgels arranged in rectangular patterns on a silicon wafer and their corresponding FFTs. The FFTs are magnified three times and the scale bar
corresponds to 5 um. Reproduced with permission from ref. 56. Copyright 2021 Royal Society of Chemistry.

and deformable microgels. This deposition of the microgels square like arrangements, as shown in Fig. 4a top row. Upon
resulted in effectively higher repulsion between the PS particles further increase in packing fraction, a close packed hexagonally
and prevented clustering due to capillary forces in the following ordered structure with full overlap of microgel shells and PS
assembly step. After deposition of the binary mixture at the particles in contact was obtained. The authors supported their
air/water interface, a non-close packed hexagonally ordered experimental findings by Monte Carlo simulations of hard-
structure could be observed at low compression. Here, the core/soft-shell particles at different area fractions (Fig. 4a bot-
microgels covering the PS particles were just in contact without tom row) and by minimum energy calculations. Interestingly,
significant overlapping. During the increase in surface pressure such structures were already theoretically predicted by the Jagla
upon reduction of the interfacial area by the barriers of the in 1998/99.%>®* The calculations have shown that in order to
trough, the microgel shells started to overlap. Here, the obtain such complex structures, it is mandatory that the
observed microstructures changed to chain like and then to interaction potential of the particles displays two distinct
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Fig. 4 (a) Schematic depiction of the binary assembly procedure. Mixtures of large PS particles and small PNIPAM microgels are applied to the air/water
interface in a Langmuir trough. Depending on surface pressure, different phases can be observed experimentally (top row, microscopy images) and by
Monte Carlo simulations (bottom row, images). Adapted with permission from ref. 82. Copyright 2017 American Chemical Society. (b) Schematic
illustration of the assembly experiment in a Langmuir trough. By varying the type of the particles depicted as grey circles and the surface pressure,
different structures are observed as schematically illustrated (top row) and experimentally evidenced by electron microscopy (bottom row). Adapted with
permission from ref. 87. Copyright 2021 Royal Society of Chemistry. (c) Sketch of multiple deposition of large and small microgels, respectively. First,
large microgels are transferred from the water/n-hexane interface to a silicon substrate. Second, small microgels are transferred onto the same silicon
substrate. By varying the packing fraction of the particles, different structures can be observed in the AFM images. Adapted with permission from ref. 16.
Copyright 2018 Royal Society of Chemistry.
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length scales. Therefore, the potential is best described by the
interplay of a hard sphere potential representing the core, here
PS particles and a longer ranged soft repulsion shoulder
representing the shell, here PNIPAM microgels. The anisotropic
arrangements then present the minimum energy structure for
the corresponding particle density. The group of Buzza com-
pleted the theoretical findings of Rey et al. by tuning different
parameters like the soft shoulder profile, the density of the
shell profile and the shell-to-core ratio.®® They found additional
structures such as honeycomb patterns and quasicrystals with
10- and 12-fold symmetry. The formation of quasicrystaline
structures was also already predicted by Dotera et al. based on
theoretical simulations using a simple core-shoulder profile.*®

Using microgels with different mechanical properties,
i.e. stiffness, Harrer et al. prepared non-hexagonal structures
by interface-mediated assembly and subsequent transfer to
solid substrates.’” The authors applied two different mixtures
of microgels at the air/water interface in a Langmuir trough and
analyzed the resulting arrangements upon compression (see
Fig. 4b). PNIPAM microgels with a crosslinker density of
2.5 mol% were present in both mixtures and only the second
type of microgels was varied. These microgels are referred to as
large microgels and are represented by red circles in Fig. 4b. For
the first mixture, silica-PNIPAM core-shell microgels (5 mol%
crosslinker density), represented by green circles, were added to
an excess of large microgels. In the expanded state, the micro-
gels and the core-shell microgels displayed similar interfacial
sizes. Thus, the mixture formed a non-closed packed hexagonal
structure at low compression (approximately 10 mN m™" sur-
face pressure). The core-shell microgels fitted perfectly in the
lattice of the larger microgels. During compression starting at a
surface pressure of approximately 15 mN m™ ' a first phase
transition was observed where neighboring core-shell micro-
gels collapsed. Interestingly, in this regime neither neighboring
microgels nor neighboring pairs of microgels and core-shell
microgels collapsed (Fig. 4b left side). Mostly dimers and
trimers of collapsed core-shell microgels were formed due to
the excess of microgels and therefore the lower possibility of
neighboring core-shell particles. Flower-like arrangements
were observed, when the surface pressure was increased above
22 mN m ', Here, all the core-shell microgels and directly
neighboring microgels collapsed. Thus, a monolayer of flower-
like assemblies surrounded by a hexagonal lattice of non-
collapsed microgels was observed. When the surface pressure
is further increased (above approximately 27 mN m ), a third
phase transition was observed. Here, all remaining microgels
collapsed. Similar experiments were performed with another
binary mixture. The second mixture consisted of the large
microgels (as before) and PNIPAM microgels with a crosslinker
density of 5 mol%, referred to as small microgels and repre-
sented by blue circles in Fig. 4b (bottom right). For a mixing
ratio of 10 to 1, all microgels were in shell-shell contact at low
compressions. The microgels displayed different interfacial
diameters in this expanded state. When the surface pres-
sure was increased above 19 mN m™ ', the beginning of a
phase transition was observed. Neighboring small microgels
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started to collapse into core-core contacts. The small microgels
assembled to form a hexagonal close-packed arrangement.
Interestingly, small microgels that were only in contact with
large ones were not affected by the collapsing and still
remained swollen. While the compression was pursued above
a surface pressure of 25 mN m™ ", only large microgels in
contact with small microgels started to collapse into core-core
contacts. At this point, the aforementioned flower-like structure
could be observed again (see Fig. 4b bottom right). The authors
explained that the flower-like structure was stable and no
rearrangement of the microgels could be observed. A hexagon-
ally close-packed lattice was found, when the surface pressure
was increased above 28 mN m™". At this value, all microgels
collapsed to core-core contacts. This example nicely illustrates
the interplay between mechanical properties, surface pressure
and structural arrangements.

While in the work of Harrer et al binary mixtures of
microgels were directly applied to the interface, Fernandez-
Rodriguez et al. prepared binary structures of differently sized
particles via multiple deposition.'® In Fig. 4c, the process of
this double deposition at water/n-hexane interfaces in a Lang-
muir trough is schematically shown. For the first deposition,
PNIPAM microgels (d}, = 940 nm) were compressed from 1 to 10
mN m ™' surface pressure. Simultaneously a silicon wafer was
continuously withdrawn to transfer the monolayer from the
interface to a solid substrate. Due to the increase of surface
pressure, the interparticle distance between the microgels
continuously decreased in the course of monolayer transfer.
Onto the first hexagonally ordered layer of large microgels,
a second layer of small PNIPAM microgels (d, = 426 nm)
was transferred during continuous compression from 1 to
22 mN m™'. Thus, a binary monolayer was prepared with
microgel gradients from low coverage to high coverage. At low
surface pressure and high interparticle distance between the
large microgels, five to six small microgels were found in the
interstices (Fig. 4c right). When the large microgels were
arranged with smaller interparticle distances at high compres-
sion, only two to three small microgels were found at the
interstices. Thus, depending on the surface pressure, the
authors could control the number of small microgels in
the interstices of hexagonally arranged large microgels. While
the examples of this section showed how assembly structures
can be manipulated by introducing a second particle species
that differs in size and/or stiffness, we will discuss structures
from multiple depositions using single types of isotropic micro-
gels in the next section.

3.3 Structural control via surface pressure: multiple
deposition

A simple, yet powerful procedure to achieve more complex array
structures from fluid interface-mediated self-assembly of
microgels is the sequential deposition of more than one
monolayer onto the same solid substrate. For example, Honold
et al. used the sequential double deposition of freely floating
microgel monolayers from air/water interfaces to solid substrates
to prepare honeycomb structures.®® In this work, two hexagonally
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ordered monolayers were transferred consecutively onto the
same glass substrate. Microgels in the monolayer transferred in
the second deposition step settle in the voids in between
neighboring microgels from the first deposited layer leading
to a honeycomb structure. Importantly, due to their soft and
deformable character and the significant reduction in size
during drying, the resulting honeycomb arrays were real
2-dimensional structures rather than AB-type multilayers that
would result from similar assemblies of hard spheres. The
authors have also demonstrated that this approach is suitable
to achieve binary plasmonic lattices by using core-shell micro-
gels with gold nanoparticle cores (Au-PNIPAM) for the first and
with silver nanoparticle cores (Ag-PNIPAM) for the second
deposition. Volk et al. have shown that the drying conditions
upon deposition on solid substrates play a crucial role in such

View Article Online
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self-tessellating assemblies.®>°° Followed by the deposition of
the first, hexagonally ordered monolayer to the solid substrate,
slow drying of the second monolayer resulted in honeycomb
lattices whereas fast drying lead to Moiré-type lattices (see
Fig. 5a). Supported by Brownian dynamics (BD) simulations,
it was shown that the mobility of the particles in the second on
top of the first monolayer (prior to complete drying) is crucial
for the structure formation.*

Recently, Grillo et al. extended the variety of structures made
from PNIPAM microgels by preparing non-regular tessellations
such as herringbone superlattices. They used a double deposi-
tion process from monolayers prepared in a Langmuir trough
at the water/n-hexane interface, as shown in Fig. 5b.>* A first
layer of microgels was transferred to a solid substrate during
compression to form a hexagonally ordered monolayer with a

(a)

dry hexagonal
monolayer

1st assembly

2nd assembly

honeycomb

(i)

drying

fast
\

-
Increasing ¢,

Fig. 5

(a) Schematic illustration of a multiple deposition process to form microgel monolayers with honeycomb and Moiré structures. From left to right:

First, core—shell microgels are self-assembled at the air/water interface. After the first transfer to a glass substrate and consecutive drying a hexagonally
ordered monolayer (immobile) is obtained (i). In the second assembly step another monolayer is transferred from the air/water interface onto the same
substrate carrying the first monolayer. Depending on the drying conditions, either honeycomb (ii) or Moiré (iii) structures are obtained. Adapted with
permission from ref. 89. Copyright 2019 Owner Societies. Adapted with permission from ref. 90. Copyright 2021 Wiley-VCH GmbH. (b) From top left to
top right: schematic depiction of a double deposition process with PNIPAM microgels assembled at water/n-hexane interfaces using a Langmuir trough.
The first monolayer is transferred to a silicon substrate during compression (1st deposition). In a second step, the substrate is turned by 90° and then a
second monolayer is transferred onto the substrate during compression (2nd deposition). Photograph of the resulting structures on the silicon substrate
with increasing packing fraction of the first monolayer from top to bottom and increasing packing fraction of the second monolayer from left to right
(scale bar corresponds to 0.5 cm). From bottom left to bottom right: AFM images of structures with different packing fractions of first and second
monolayer (scale bars correspond to 5 pm). Adapted with permission from ref. 54. Copyright 2020 Nature.
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gradient in packing fraction. The substrate was then rotated by
90° prior to the second deposition to get two orthogonal
gradients of packing fractions. The second monolayer was
applied on top of the first one which acts as a template.
Microgels from the first monolayer were immobile on the
substrate, while microgels from the second deposition were
mobile and could rearrange in the interstices of the first one.
Thus, rectangular and honeycomb lattices, as well as inter-
locking-S structures, hexagonal and herringbone superlattices
were prepared in this way. The authors confirmed that the
structures are thermodynamically stable ones using molecular
dynamics (MD) simulations. The observed structures were
related to short-range repulsive interactions.

4. Conclusion and perspectives

Soft microgels adsorb to oil/water and air/water interfaces
forming monolayers or submonolayers depending on the pack-
ing fraction. The cross-sectional area per microgel at such
interfaces depends on the degree of compression, ie. the
applied surface pressure. The maximum achievable compres-
sion however is linked to the elasticity of the microgels. In the
last years two distinct length scales were frequently observed
in microgel monolayers, one corresponding to microgels in
shell-shell contact and the other one corresponding to core-
core contact. At intermediate surface pressures, these two
length scales lead to clusters of microgels with different inter-
particle distances but the overall same hexagonal arrangement.
Using assemblies of binary mixtures of particles that differ in
size and/or softness is a powerful strategy to create unusual
surface patterns. These structures can be controlled by the
applied surface pressure capitalizing on the different response
of the different particles. Phase transition were found to be
linked to the softness of the microgels. This softness can be
synthetically tailored by the internal morphology of the micro-
gels by the degree of crosslinking and/or the introduction of
rigid, non-deformable cores. In the last years, combinations of
rather rigid homogeneous spheres, classical microgels with
different degrees of crosslinking as well as core-shell microgels
with rigid cores and soft microgel shells were used in interface-
mediated self-assembly at different interfaces. Another approach
to tailor microstructures in microgel monolayers is the repeated
deposition of monolayers from oil/water or air/water interfaces
onto the same solid substrate. This can lead to, for example,
honeycomb and Moiré type structures that cover macroscopic
areas with homogeneous packing fractions. Adding compression
during the simultaneous transfer onto solid substrates has been
demonstrated to lead to even more complex tessellations such as
interlocking-S and herringbone structures.

Although first experiments have demonstrated that microgel
softness plays a crucial role for the phase behavior at liquid
interfaces, the correlation between internal structure and com-
position with respect to softness relevant at liquid interfaces
has been barely studied. This gap is most likely related to the
different behavior at liquid interfaces as compared to bulk,
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where microgels are isotropic over a broad range of concen-
tration and the softness of microgels can be easily quantified
through rather standard experiments.® The role of shell archi-
tecture and the resulting interaction potential in complex
interfacial self-assembly has been recently demonstrated by
using core-shell particles with a linear, brush-like polymer
shell rather than crosslinked microgels.”® In the future, explor-
ing the role of electrostatic interactions, for example in core-
shell microgels with strongly charged cores, might be interest-
ing for exploring an even broader parameter space and getting
access to more complex interactions and potentially micro-
structures.

Another challenge in the field is related to the often exhaus-
tive microstructure analysis based on microscopic techniques
(mostly scanning electron and atomic force microscopy)
applied to monolayers after transfer onto a solid substrate,
i.e. ex situ. In situ studies on the monolayer behavior at liquid
interface are scarce and could booster the knowledge gain in
the field. Since the role of substrate hydrophobicity on the
deposition behavior on solid substrates has been studied on
the individual microgel level,”* changing the surface chemistry
of the substrate may provoke significant changes in micro-
structure. Quantifying this and understanding of drying effects
requires the direct comparison between in situ and ex situ
analysis of monolayer prior to and after transfer from liquid
interfaces. The investigation of the impact of chemical and/or
topological heterogeneities of substrates used for transfer is
another interesting direction that has barely been touched in
the field. Apart from generating a more general fundamental
understanding of how soft colloids or colloidal like objects
behave at liquid interfaces and upon transfer to a solid sub-
strate, exploring structural complexity in liquid interface-
assisted assembly will booster materials development, for
example in sensing, photonics and even plasmonics.
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