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Introduction

1.1 Form and function: complex functional materials

Spatial organization of components can enhance and exceed properties of mate-
rials beyond what would be achievable by simply the sum-of-their-parts ™. As
such, patterned materials are key for the next generation of advanced functional
materials®®. From cooling applications (Figure 1.1A) 10 to data- (Figure 1.1B) 1
and energy storage (Figure 1.1C) 12, careful shaping of materials into well-defined
architectures provides functionalities beyond those of their components. Take for
instance this example of structural color: by creating well-defined shapes, specific
wavelengths of light are preferentially reflected back, resulting in vibrant colors
made from colorless materials (Figure 1.1D)!3. Another example of patterns pro-
viding functionality is found in diffraction gratings, optical devices where a nano-
or microscopic periodic structure splits and disperses light (Figure 1.1E) 4. These
diffraction gratings are currently found in many high-tech applications, such as 3D
displays'®, biomedical monitoring devices'®, and laser systems”.

Currently, complex nanomaterials are almost exclusively made using lithogra-
phy techniques. In such processes, shapes are drawn either by etching with an
electron beam or produced photo-chemically with ultraviolet light. These precise
patterning techniques manufacture the most advanced chips currently in circula-
tion, but are incredibly high-tech and thus expensive. Additionally, because every
feature has to be drawn by either an e-beam or UV light, these processes are in-
herently poorly scalable: producing a nanoscale diffraction grating of centimeter
size requires drawing tens of thousands individual stripes. Therefore, alternative
routes towards complex functional materials are highly sought after.
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FIGURE 1.1: Complex functional materials. (A) Microcylinder array for cooling applica-

tions, reprinted from Akkerboom et al. ' (B) Nanocapacitor for data storage, reprinted from

Lee et al.!! (C) Nanocapacitor for high-efficiency energy storage, reprinted from Banerjee et

al.12 (D) Heat-sensitive structural color from 3D-printed photonic crystals. SEM scale bars

represent 100 nm and micrograph scale bars represent 5 um, reprinted from Liu et al.!3 (E)
Optical diffraction grating, reprinted from Gu et al. 14

1.2 Natural Patterns and Self-Organization

Nature possesses the remarkable ability to produce functional complex shapes and
patterns seemingly out of thin air. Examples of such patterns are found on the
skin or fur of animals (Figure 1.2A-C), but also on much smaller scales, such as
the structures giving Morpho butterflies their bright blue wings (Figure 1.2D, E)
or the iridescent nacreous shell of oysters (Figure 1.2F, G). For this, nature relies
on self-organization: autonomous processes where building blocks spontaneously
arrange into complex shapes and patterns, driven by local physical and chemical
interactions. In the following sections we will describe how local interactions can
lead to pattern formation, and how such processes can potentially be used to gen-
erate functional materials. Specifically, we will introduce a fundamental class of
processes that can result in self-organization: reaction-diffusion systems.
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FIGURE 1.2: Natural shapes and patterns. (A) A jaguar with dot patterned fur. (B) A
pufferfish with a distinct Turing pattern on its skin, image by Tiia Monto 18 (C) Zebra
stripes. (D) Structural colored morpho butterfly, image by Didier Descouens !, with (E) an
SEM micrograph of the complex nanostructures giving color to the wing. (F) Iridescence of a
mother-of-pearl oyster shell, with (G) an SEM micrograph of the nanoscale CaCO3 platelets

that generate structural color, micrograph by Fabian Heinemann 2.

1.3 Reaction-Diffusion Processes

In 1952, the British mathematician Alan Turing published The Chemical Basis of Mor-
phogenesis, an article in which he describes how “a good knowledge of mathemat-
ics, some biology, and some elementary chemistry” can actually describe many
of the patterns found in the natural world?!. Turing demonstrates that systems
where there exists some form of short-range promotion and long-range inhibi-
tion, can spontaneously generate spatial inhomogeneities, even from perfectly ho-
mogeneous starting conditions. In particular, Turing discusses so-called reaction-
diffusion (RD) systems, where the combination of chemical reactivity and diffusion
provides complex chemical feedback loops to generate patterns. To understand
how RD systems generate patterns, we investigate their main components. All RD
systems can be described by the following differential equation, here shown for a

one dimensional system (Equation 1.1)%2:
u _ pou + R(u) (1.1)
ot ox2 ' ’

1
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This equation describes the change in concentration of a certain species u, as
a result of two components: 1. a diffusion term in the form of Fick’s second law,
where D is the diffusion coefficient of species u, and 2. a reaction term that de-
scribes any reactivity of species u. Here we will briefly expand on these two com-
ponents.

1.3.1 Diffusion

Diffusion describes the movement of a species as a result of a concentration gra-
dient. Specifically, a species will spontaneously move from high concentration
regions to low concentration regions. Here we show a numerical example of dif-
fusion (Figure 1.3A), where we initially have introduced a high concentration of a
species in the center of the system (¢ = 0). Because there exists a sharp concentra-
tion gradient, the species will diffuse away from the center, spreading the species
throughout the system (f = 2). As time continues, the species will spread even
further towards the edges (¢ = 10), until eventually the concentration equilibrates
(t = 500) and is evenly distributed throughout the system. In short, diffusion
causes spatial concentration gradients to slowly equilibrate.

1.3.2 Chemical Reactions and Autocatalysis

Besides diffusion, RD systems require some transformation of species, described
by the reaction term in the equation above (Equation 1.1). Such a transformation
can for instance be gene expression in cells??, or even a fox getting infected with
rabies?*. In this thesis we focus on chemical RD systems, where this transforma-
tion is the result of one or more chemical reactions. A simple chemical reaction can
be described as follows (Equation 1.2):

A+BH ¢ (12)

where A and B are two reactants and C is some product. The rate at which product
C is formed by such a reaction can be described by a second-order rate equation
(Equation 1.3):

9[C]

2 ka8 (1.9

where k is a rate constant and [A] and [B] are the concentrations of A and B respec-
tively. Second-order reactions alone will not result in Turing patterns, or any other
complex behavior, because for that some feedback mechanism is required. One
example of such a feedback mechanism is an autocatalytic reaction, where a reac-

tion product actually works as a catalyst to accelerate the reaction rate (Equation
1.4)2>:26:
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A+B+CE (1.4)

Including the autocatalytic reaction, the rate equation then becomes (Equation 1.5):

% = [A][B] (k1 + kcat[C]). (1.5)

This rate equation shows that the reaction speeds up in the presence of its prod-
uct, and therefore is self-amplifying and non-linear, especially when kg >> k.
Such self-amplification provides the short-range activation required for RD. Be-
sides autocatalytic reactions, many more self-amplifying mechanisms exist, from
crystallization, where growth rates are related to the crystal surface, to self-
amplifying mRNA vaccines? .

As described by Turing, RD systems need both short-range activation and long-
range inhibition and it is precisely the unique combination of chemical reactivity
and diffusion that provides both. Here we show a concept reaction-diffusion sys-
tem (Figure 1.3B), based on an autocatalytic process: from homogeneous starting
conditions a stochastic reaction occurs, locally creating an inhomogeneity. Here,
this inhomogeneity is self-amplifying, and thus rapidly converts the neighboring
material. However, in order to convert material, reactant is required. This reactant
is thus rapidly consumed near the inhomogeneity, creating a concentration gradi-
ent, causing diffusion to transport the reactant from the surrounding area to the
inhomogeneity. This transport depletes the surrounding area of reactant, which
prevents formation of any new reactive site, effectively inhibiting all areas dis-
tant from the initial inhomogeneity. The end result then becomes areas with high
product concentration (shown in green) and areas without product (shown in red),
spatially separated by an initial stochastic event.

Numerical modeling reveals that a wide variety of spatial patterns can be cre-
ated with such autocatalysis-depletion RD systems, from jaguar spots and zebra
stripes to the complex Turing patterns found on a pufferfish (Figure 1.2B). In some
cases, the spatial inhomogeneities generated by RD are not permanent, as is the
case in the famous Belousov-Zhabotinsky (BZ) reaction, where many complex cou-
pled autocatalytic reactions provide mesmerizing colored oscillations.

Comparing the RD patterns shown (Figure 1.3C, D) to functional nanomate-
rials (Figure 1.1) shows that RD patterns are much more disordered, with many
misaligned patches as opposed to well-defined and well-aligned features. This is
a result of the homogeneous starting conditions used to create these patterns: be-
cause there is no directionality in the system, there is no preferential orientation for
any region to adhere to and thus patches form with random orientation, resulting
in disordered patterns. For the production of functional materials, patterns require
a high degree of ordering and thus require directionality to be imparted onto the
system.

1
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FIGURE 1.3: Reaction-diffusion systems. (A) Modeled development of a concentration pro-

file by diffusion over time. (B) Schematic representation of an autocatalytic-depletion RD

system. (C) Schematic turing patterns. (D) Snapshot of the Belousov-Zhabotinsky reaction
performed in a petri-dish, image by Wiktor28.
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1.4 Liesegang Patterning

One type of reaction-diffusion system that shows such directionality is called
Liesegang patterning?®. In such a system, a simple precipitation is performed by
mixing two solutions that produce an insoluble product. For instance, mixing a
solution of silver nitrate with a solution of potassium dichromate will induce pre-
cipitation of the insoluble silver dichromate (Figure 1.4A). In a typical high school
experiment, such a precipitation reaction is performed in water, and subsequently
a cloud of precipitate is formed, which sediments over time. The trick in Liesegang
patterning is to perform the same precipitation reaction, but now inside of a hy-
drogel. Initially, the reactants are spatially separated by dissolving one reactant in
the gel, called the gel reagent (GR) and dissolving the second reactant in a solution
that is placed on top of the gel, called the immersion or infiltrating reagent (IR).
This spatial separation creates a strong concentration gradient, inducing diffusion
of the IR into the gel network, where it reacts with the GR to form an insoluble
product. Remarkably, this insoluble product is not dispersed evenly throughout
the gel, but instead produces distinct precipitation bands perpendicular to the di-
rection of diffusion (Figure 1.4B, C). In such processes, the gel plays a critical role: it
prevents sedimentation of the precipitate, ensuring that any pattern formed stays
in place, and prevents convective flow, allowing only diffusive transport to oc-
cur. Having diffusion as the only means of transport is critical to produce highly
ordered precipitation bands with uniform directionality.

To understand why diffusion controlled transport is so important, we need
to look into the mechanisms underlying Liesegang pattern formation. Although
tremendous research has been conducted into these processes, the key steps lead-
ing to pattern formation are still not well understood. Nevertheless, multiple con-
vincing theories exist that can describe many of the experimentally observed pat-
terns. These theories can be divided into two main classes: pre-nucleation or post-
nucleation. In this thesis, we work exclusively with Liesegang processes that are
accurately described by pre-nucleation models and therefore that is where our fo-
cus lies. For a more detailed discussion on the complexities of Liesegang pattern-
ing, including descriptions of both pre- and post-nucleation models, see®’. In a
typical Liesegang process, the following reaction and crystallization steps are key
(Equations 1.6 - 1.8):
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FIGURE 1.4: Liesegang patterning. (A) Precipitation induced by adding drops of silver

nitrate to a solution of potassium dichromate. (B) Schematic representation of Liesegang

patterning. (C) Liesegang pattern obtained with silver nitrate as IR and potassium dichro-

mate as GR inside a gelatin hydrogel. (D) Propagation of concentration gradients of all
species during the Liesegang process, following pre-nucleation theory.

Reaction : A(aq) + B(ag) — C(aq) (1.6)
Nucleation : C(aq) — P(s), if [C] > c* (1.7)
Growth : C(aq) + P(s) — 2P(s) (1.8)

Where A is the IR, B is the GR, C is the poorly soluble product, P is the final
precipitate and c¢* is the nucleation threshold.



1.5. Liesegang Materials

Typically, Liesegang patterning is initiated by placing a solution of A in contact
with a gel containing B. From this initial interface, A will diffuse into the gel ma-
trix and react with B to form the poorly soluble product C (Figure 1.4D 1). As the
concentration of C gradually increases due to the influx of A and subsequent re-
action with B, the supersaturation of C in the gel increases. If this supersaturation
becomes high enough ([C] > ¢*), a nucleus of solid precipitate P will form (Figure
1.4D 2). Growth onto this nucleus is autocatalytic, and extremely fast, depleting the
surrounding area of C (Figure 1.4D 3). Because of this depletion, the concentration
of C quickly falls below the nucleation threshold, and therefore no new nuclei will
form. Whilst all this is happening, A is still diffusing further into the gel, where it
continues to react with B to form new C (Figure 1.4D 1). Only far enough from the
previously formed nucleus, the concentration of C can increase again to become
supersaturated, after which nucleation can again occur. This reaction-diffusion
feedback loop thus autonomously produces spatially separated regions with and
without precipitation. By having a directional diffusion gradient, these regions are
aligned, creating well-defined precipitation bands perpendicular to the diffusion
direction.

1.5 Liesegang Materials

Even though the pre-nucleation model appears general for any precipitation reac-
tion, relatively few materials in specific gel matrices demonstrate Liesegang pat-
terning. Apparently, a delicate balance between diffusion of all species, nucle-
ation and subsequent growth, and chemical reactivity is required to produce a
pattern. However, the precise requirements of Liesegang patterning are poorly
understood, mainly because nucleation is a sub-nanometer process, and therefore
extremely difficult to observe in situ. Nonetheless, through trial-and-error, as well
as serendipity, several robust Liesegang patterning systems have been developed.

1
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FIGURE 1.5: Liesegang patterns made of different materials (A) The original Liesegang

pattern of silver dichromate. (B) Lead fluoride pattern produced by diffusion lead acetate

into agarose containing potassium fluoride. (C) Lead iodide pattern produced by diffusing

lead acetate into an agarose gel containing potassium iodide. (D) Cobalt hydroxide spiral

grown by diffusing cobalt ions into an agarose gel containing ammonium hydroxide. (E)

Optical microscopy image of a Liesegang pattern consisting of silver nanoparticles arranged
in microscopic stripes.

The very first Liesegang system was a serendipitous discovery, made in the
late 19th century by the German scientist and photographer after whom the pro-
cess is named: R. E. Liesegang. The story goes that Liesegang, being a photogra-
pher working with silver halide photographs, at some point accidentally dropped
a silver nitrate crystal onto a gelatin film, containing potassium dichromate. In-
stead of a simple stain, this accidental act created the first ever Liesegang pat-
terns, consisting of silver dichromate (Figure 1.5A). This silver dichromate sys-
tem is studied to this day and produces some of the most striking Liesegang pat-
terns. After this seminal work, Liesegang patterns were produced of magnesium
hydroxide®!, lead fluoride (Figure 1.5B), lead iodide (Figure 1.5C), cobalt hydrox-
ide (Figure 1.5D), cobalt phosphate and copper chromate. Currently, Liesegang
patterning is not as widely studied as it was in the early 20th century, however,
more recent work developed an exciting microscopic Liesegang system, where sil-
ver nanoparticles are formed inside a gelatin hydrogel in well-defined microscopic
stripes (Figure 1.5E)32. In short, while several Liesegang patterning systems ex-
ist, it is still poorly understood what makes a material show this type of pattern-
ing behavior. Nonetheless, exciting opportunities exist for Liesegang patterns and
reaction-diffusion processes as whole.

10
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1.6 Applications of Reaction-Diffusion Processes

In the past few decades, researchers have realized that Liesegang patterns are not
only an interesting curiosity, but actually hold the potential to autonomously create
functional materials. Most notably, the work of Grzybowski has demonstrated this
potential of Liesegang patterning to generate complex materials, with interesting
optical applications, such as the Fresnel lenses shown here (Figure 1.6A)33. Addi-
tionally, Liesegang patterning, and RD processes in general, can be used for sens-
ing. Because Liesegang patterns take time to develop, environmental changes dur-
ing the patterning process are imprinted and thus saved. Using such an approach,
researchers have developed a compression sensor, by performing Liesegang pat-
terning in a compressible gel matrix (Figure 1.6B)34, as well as a temperature sen-
sor (Figure 1.6C)%®. In different work, researchers have shown that performing a
RD nanoparticle synthesis provides spatial morphology control, where different
nanoparticle morphologies are obtained at different locations of the system, based
on the distance from an initial interface, highlighting the controlled and precise
reaction conditions generated by RD (Figure 1.6D)3¢. While these applications are
exciting, they are few in number, suggesting that fundamental limitations exist
that hinder successful applications of Liesegang patterning and reaction-diffusion
processes in general.

C 1.7 8
| i
T/°C
60
time/h 17 100&

FIGURE 1.6: Applications of reaction-diffusion. (A) Fresnel lenses produced by a Liesegang

patterning process called WETS, reprinted from Campbell et al.33 (B) Compression sens-

ing using Liesegang patterning, reprinted from Morsali et al.3* (C) Temperature sensing

using Liesegang patterning, reprinted from Khan et al.3> (D) Morphology control during
nanoparticle synthesis with RD, reprinted from Farkas et al.3®

11




Chapter 1. Introduction

1.7 Diffusion Limitations

Surprisingly, the main limitation hindering reaction-diffusion based fabrication of
functional materials lies in one of its two main constituents: diffusion. Diffusion
hampers applicability in three ways: 1. the total size of the system is severely
limited, because diffusion is slow over long distances, 2. the patterns generated
by RD are non-uniform, because reaction conditions near the initial interface are
not equal to those further along the system, and 3. the tunability and shaping of
patterns is difficult, because of the autonomy of the process. These limitations,
which are inherent to diffusion driven processes, render large-scale fabrication of
complex functional materials using RD practically impossible.

The reason diffusion imposes these limitations lies in the driving force of this
transport mechanism: diffusion moves species as a result of concentration gradi-
ents. Because of diffusion, concentration gradients spread out, and thus become
less steep over time, resulting in a lower driving force for diffusion. This self-
limiting effect makes diffusion slow down over time and ineffective for transport-
ing species over long distances. The distance a species travels over time as a result
of diffusion can be described as (Equation 1.9):

x; =2vDt, (1.9)

where x is the diffusion length scale, a descriptor for the distance traveled by
the diffusing species, D is the diffusion coefficient of that species, and ¢ is time.

I c(a.u.)

A | t=on] |=2n]| t=4n t=6hv‘| t=8h1 B
| | |
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FIGURE 1.7: Diffusion limi-
tations.  (A) Diffusive trans-
port of the dye fluorescein into
a gelatin hydrogel. (B) Nu-
merical simulation of diffusive
transport with a fixed reservoir
concentration, highlighting the
changing concentration gradi-
ent.

X (a.u.)

5 mm

12
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From this equation it becomes clear that as time progresses, diffusive trans-
port indeed slows down. This is experimentally demonstrated when a solution
of fluorescein is placed on top of a gelatin hydrogel and allowed to diffuse (Figure
1.7A). Evident from this experiment, and confirmed by numerical simulations (Fig-
ure 1.7B), diffusion causes concentration gradients to become less and less steep
over time, resulting in different reaction conditions at every position in the sys-
tem. Diffusion thus poses a strange conundrum: on the one hand it is crucial for
the functioning of RD processes, but on the other it drastically limits their scala-
bility and therefore applicability. Unlocking the full potential of RD processes for
the self-organization of functional materials thus requires the development of a
fundamentally different approach; one that overcomes the limitations inherent to
diffusion, whilst retaining the control and order of diffusion driven pattern forma-
tion.

13
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1.8 Aim of this Thesis

In this thesis, we aim to overcome the classical limitations of Liesegang pattern-
ing, to enable reaction-diffusion driven self-organization of large-scale complex
functional materials. To this end, we develop fundamentally new principles for
Liesegang patterning and introduce two strategies to overcome diffusive limita-
tions inherent to reaction-diffusion: mechanically responsive hydrogels and im-
mersion controlled patterning. Subsequently, we demonstrate that patterns can
be post-processed by applying photography inspired manipulation processes, to
contour and convert patterns into user-defined shape and chemical composition.
Lastly, we describe the numerical reaction-diffusion model used in chapters 2 and
3. Here follows a brief summary of each chapter in this thesis.

l 250 4m

FIGURE 1.8: Chapter 2: By embedding the Liesegang process in me-
chanically responsive hydrogels we overcome diffusion limitations to
generate highly uniform patterns on large scale.

Ag* Ag*
Ca2* Ca2+
Ag,Cr,0;

GA-IPN GA-IPN
Cr,0,%* Cr,0,*

In chapter 2, we introduce a strategy to overcome diffusive limitations of RD
by embedding the Liesegang process in mechanically responsive hydrogels (Fig-
ure 1.8). Here, coupling between a moving reaction front and hydrogel contraction
induces the formation of a self-regulated transport channel that ballistically carries
reactants towards the area where patterning occurs. This ensures rapid and uni-
form patterning. Specifically, large-scale (> 5cm) uniform banding patterns are
produced with tunable band distance. By overcoming the inherent limitations of
diffusion, this strategy unlocks the potential of reaction-diffusion processes for the
manufacturing of uniformly layered materials.

14
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In chapter 3, reaction-diffusion driven, immersion controlled patterning (R-
DIP) is introduced, a self-organization strategy using immersion controlled
reaction-diffusion for targeted line patterning in thin films (Figure 1.9). By modu-
lating immersion speeds, the movement of a reaction-diffusion front over gel films
is controlled, which induces precipitation of highly uniform lines at the reaction
front. A balance between the immersion speed and diffusion provides both hands-
on tunability of the line spacing (d = 10 — 300 pm) as well as error-correction
against defects. This immersion-driven patterning strategy is widely applicable,
which is demonstrated by producing line patterns of silver/silver oxide nanopar-
ticles, silver chromate, silver dichromate, and lead carbonate. Through combina-
torial stacking of different line patterns, hybrid materials with multi-dimensional
patterns such as square-, diamond-, rectangle- and triangle-shaped motifs are fab-
ricated. The functionality potential and scalability is demonstrated by producing
both wafer-scale diffraction gratings with user-defined features as well as an opto-
mechanical sensor based on Moiré patterning.

Reaction-Diffusion Driven Immersion Controlled Patterning (R-DIP)

Uniform patterning

reaction front

FIGURE 1.9: Chapter 3: We introduce reaction-diffusion driven, im-
mersion controlled patterning to generate complex motifs, wafer-scale
diffraction gratings, and a sensor based on Moiré patterning.

In chapter 4, we introduce a strategy to shape and convert self-organized mi-
cropatterned thin-films (MPF’s) into complex motifs using photography inspired
manipulation processes (Figure 1.10). By tapping into a century’s worth of photo-
graphic research, we contour and chemically convert patterns. Inspired by com-
posite photography, we design stacks of MPF layers, in which the shape and com-
position of each layer is controlled, to create complex tapestries.

15
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Contouring with Chemical conversion
UV-patterning with toning

i
i

- m
s

Complex tapestries via layer stacking

P

FIGURE 1.10: Chapter 4: We introduce photography inspired manipu-

lation of self-organized thin films. With this strategy, we expand the de-

sign space of patterns generated with reaction-diffusion processes and

demonstrate this by creating complex tapestries of micropatterned lay-

ers, where each layer has a tunable pattern, shape and chemical compo-
sition.

In chapter 5 we discuss the numerical model used throughout this work. First,
we explain the basics of reaction-diffusion modeling, and then we introduce the
different versions of the model used in this thesis. Lastly, we describe some key
lessons learned from these numerical models regarding reaction-diffusion pattern
formation, specifically looking at key parameters that define pattern spacing.

All scripts and movies described and used in this thesis are publicly available
for download via: https://github.com/cvcampenhout/Scripts_thesis.

16
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Reaction-Diffusion Processes
in Mechanically Responsive
Hydrogels

Straightforward manufacturing pathways towards large scale, uniformly
layered composites may enable the next generation of materials with ad-
vanced optical, thermal, and mechanical properties. Reaction-diffusion
systems are attractive candidates to this aim, but while layered composites
theoretically could spontaneously arise from reaction-diffusion, in prac-
tice randomly oriented patches separated by defects form, yielding non-
uniformly patterned materials. A propagating reaction front can prevent
such non-uniform patterning, with Liesegang processes in which a mov-
ing reaction front produces aligned layers of precipitate playing a key
role. However, while diffusion is crucial to control the patterning, it slows
down transport of reactants to the front and results in a steady increase
of the band spacing as the front advances. Here we circumvent these dif-
fusive limitations by embedding the Liesegang process in mechanically
responsive hydrogels. The coupling between a moving reaction front and
hydrogel contraction induces the formation of a self-regulated transport
channel that ballistically carries reactants towards the area where pat-
terning occurs. This ensures rapid and uniform patterning. Specifically,
large-scale (> 5cm) uniform banding patterns are produced with tun-
able band distance (d = 60 — 160 um) of silver dichromate crystals inside
responsive gelatin-alginate hydrogels. The generality and applicability
of our mechano-reaction-diffusion strategy is demonstrated by forming
patterns of precipitates in significantly smaller microscopic banding pat-
terns (d = 10 — 30 um) that act as self-organized diffraction gratings. By
circumventing the inherent limitations of diffusion, our strategy unlocks
the potential of reaction-diffusion processes for the manufacturing of uni-
formly layered materials.

The work described in this chapter is published in:

C. T. van Campenhout, D. N. ten Napel, M. van Hecke and W. L. Noor-
duin, Proc. Natl. Acad. Sci, 2022, 119 (39): €2123156119.
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Chapter 2. Reaction-Diffusion Processes in Mechanically Responsive Hydrogels

2.1 Introduction

Self-organization strategies offer powerful routes for the fabrication of the next
generation of complex structured materials with advanced functionalities®”-.
Such self-organization approaches may be particularly advantageous for the fabri-
cation of uniformly layered materials because of their desirable mechanical, op-
tical and electronic properties®*~°. Whilst such layered materials have gained
tremendous attention, their manufacturing remains challenging. Therefore, sim-
ple routes towards uniformly layered materials are of fundamental interest with
practical ramifications for new manufacturing approaches.

A potentially powerful self-organized manufacturing approach is offered by
reaction-diffusion (RD) systems, where a delicate balance between reaction and
diffusion rates induces the spontaneous formation of spatial patterns?!*847-49_ In
theory, such patterns could spontaneously arrange into uniform layers®. In prac-
tice, however, differently oriented patches separated by defects occur and experi-
mental inhomogeneities lead to additional deviations from uniform patterning.

In order to align patches and prevent defects, patterns can be produced
with a moving reaction front, generating the pattern layer-by-layer in a time-
ordered manner. The archetypical example of such a system is the Liesegang pro-
cess P14 In such a system, a well-defined chemical gradient is established by
placing a solution of an outer electrolyte (OE) on top of a gel matrix containing an
inner electrolyte (IE) (Figure 2.1A). The OE diffuses into the gel matrix, resulting
in an OE front that moves through the gel and reacts with the IE to form an insol-
uble product, which precipitates at the precipitation front (xs). This precipitate is
not evenly dispersed throughout the gel matrix, but rather in the form of a char-
acteristic banding pattern, with non-uniform band spacing and band width. The
non-uniform patterning behavior can be explained as follows: over time, as the
OE diffuses further into the gel matrix, the diffusive zone length (g) is increased,
resulting in decreasing OE concentrations at the precipitation front, causing bands
to appear progressively further apart.

The non-uniform bands produced by such Liesegang processes are undesir-
able for most applications. On small scales (< 0.1 cm), this non-uniform behavior
is less severe and reaction-diffusion has been applied successfully for the micro-
fabrication of optical and electronic components, as well as composite-like mate-
rials335556  On larger scales (> 0.1 cm), however, the increased diffusive zone
inherently limits practical applicability of reaction-diffusion processes: diffusion
renders pattern formation slow and produces non-uniform layers??. Unlocking
the full potential of the Liesegang process for the self-organization of functional
materials thus requires the development of a fundamentally different approach;
one that overcomes the limitations inherent to diffusion, whilst retaining the con-
trol and order of diffusion driven pattern formation.
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2.1. Introduction

A RD in static gels B RD in mechanically responsive gels

Increasing diffusive distance (g): Constant diffusive distance (9):

- Non-uniform patterning - Uniform patterning
- Slow over long distances - Rapid pattern formation
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FIGURE 2.1: Schematic representation of the here-introduced concept of reaction diffusion

in mechanically responsive gels (MRG). (A) Classical Liesegang-type pattern formation.

Note the increasing diffusive distance g and subsequent non-uniform patterning. (B) Pat-

tern formation in MRGs. Note the constant diffusive distance ¢ and subsequent uniform
patterning.

In this work, we present a strategy to overcome these limitations by embedding
the RD process in a mechanically responsive gel (MRG), instead of a conventional
static gel (SG) (Figure 2.1B). The central idea is that contraction of the gel in re-
sponse to a mechanically actuating chemical that is added to the OE induces the
self-regulated formation of a transport channel that follows the precipitation front
at a constant distance. This transport channel effectively divides the system into
two zones: a mixing zone (b) and a diffusive zone (). In the mixing zone, convec-
tive mixing renders chemical transport nearly instantaneous, whereas in the diffu-
sive zone chemical transport is diffusion limited. This combination of a constant
supply of OE through a transport channel and diffusive transport at the precipi-
tation front ensures spatiotemporally uniform and fast patterning of layered ma-
terials. In particular, the reaction front then moves ballistically (i.e. with constant
speed) and not diffusively (i.e. slowing down). Hence, this strategy overcomes
the inherent diffusive limitations of RD processes, whilst retaining their desired
simplicity, to yield highly uniform multilayered materials with precise tunability.
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2.2 Results and Discussion

To probe the mechanism where chemically induced gel contraction causes the for-
mation of a channel, which in turn transports reactants ballistically to the front of
the channel, we develop a system where transport rates and channel formation can
easily be visualized. Specifically, we follow the transport rate of the dye fluores-
cein in a mechanically responsive gel. We cast a gelatin-alginate interpenetrating
network (GA-IPN) in a cylindrical tube and place a solution (10 mL) of fluores-
cein (1.5 mM) and the mechanical actuator calcium nitrate (2.4 M) on top; calcium
ions shrink the gel by crosslinking alginate (Figure 2.2A)%. Consistent with our
proposed scenario, in MRGs a clearly visible channel (gap between gel and tube)
opens, directly connecting the OE reservoir with the reaction zone (Figure 2.2B).
In contrast to the diffusive transport observed in SGs, in MRGs we observe that
the rate of transport is constant over time, indicative of ballistic transport (Fig-
ure 2.2C). Moreover, in a SG chemical transport over 4 cm takes over 99.4 hours,
whereas in MGS this same distance is reached more than 10 times faster in merely
8.4 hours, showing that MRGs allow for rapid transport over long distances.

A
t=0h|jt=2h

Xo

|
FIGURE 2.2: (A) Time-lapse series showing transport of fluorescein in an MRG. (B) Close
up photograph of MRG showing the formation of a channel that enables ballistic transport

towards the front. (C) x¢-t plot showing slow diffusive transport in SG (blue line) and rapid
ballistic transport in MRG (red line).
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2.2. Results and Discussion

To explicitly show that channel formation induces flow through the channel,
from the dye reservoir towards the transport front, we monitor the experiment
with Schlieren microscopy. This optical technique visualizes flow by revealing dif-
ferences in refractive index and thus differences in density. Using this technique,
we observe convective flow only in the presence of the gap (see supporting Movie
C2-51). Additionally, closer inspection of the transport front shows that gap for-
mation is preceded by a diffusive zone with a constant length (g) (Figure 2.2B).
Channel formation in MRGs thus induces ballistic transport towards a diffusion
zone of constant width.

A
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GA-IPN GA-IPN
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FIGURE 2.3: Periodic precipitation in MRG. (A) Equidistant pattern formation of Ag,Cr,0O,
in an GA-IPN. (B) The band distance increases for SG (p = 1.07 = 0.03) and remains constant
for MRG (d = 120 pm, p = 1.001 4 0.002). (C) x-t plot shows diffusive precipitation in SG
(blue line) and rapid ballistic transport in MRG (red line). Note that the curved appearance
of the banding pattern is an optical effect caused by the cylindrical shape of the gel and its
container. Cross sectioning of a gel reveals a flat, non-curved pattern (Figure S2.3)
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The constant transport rate in MRGs suggests that new types of pattern for-
mation may be achieved by coupling traditional reaction-diffusion processes with
mechanically responsive gels. To exploit this potential, we embed Liesegang peri-
odic precipitation in an MRG. We allow a combination of OE (0.8M AgNOj3) and
a mechanical actuator (2.4M Ca(NO3),) to diffuse into an GA-IPN containing the
IE (17mM K,Cr,0;) which react form a precipitation pattern of Ag,Cr,0O; (Figure
2.3A, see supporting Movie C2-52 for a time-lapse of this pattern forming and sup-
porting figure S2.1 for a larger-scale image). We note that in this example we use
a large volume of outer electrolyte (20 mL) compared to the total gel volume (1.5
mL). This is because we want to limit the effect of concentration losses in the outer
electrolyte due to dilution and consumption by precipitation. We have investi-
gated the effects of such concentration losses on patterning behavior and found
that for sufficiently large yet realistic volumes of outer electrolyte these effects are
negligible (See Figure S2.2). Indeed, for the experiment performed here, the pat-
terns appear equidistant under visual inspection (Figure 2.3A, B).

To quantify the equidistant nature of the pattern, we follow the standard ap-
proach where we define the spacing fraction as the fraction of subsequent band
locations, p; = x;“ and then determine p := lim, o pu. In SGs, p > 1 is ob-
served, which Corresponds to a banding pattern where the distance between sub-
sequent bands (d) increases over time. In contrast, in MRGs we observe highly reg-
ular equidistantly spaced periodic precipitation with a constant band distance (d =
126 um £ 4.6pum) (Figure 2.3B) and uniform band width (w = 67 pm =+ 4.6pm). For
large n, p, tends to converge to its asymptotic value as 1/#n; hence, a very accurate
determination for p, as well as its error bar, is obtained by plotting p, as function
or 1/n and extrapolating the data to n — oo (see the supplementary information
for a detailed explanation on determining the band spacing, the band width and
estimating p, Figures 52.1 and 52.3). For our MRG, we find that p = 1.001 & 0.002;
hence for large n and x, our pattern is equidistant within our error bar, confirm-
ing the visual observation of constant band spacing (Figure 2.3B and Figure S2.4).
Simultaneously, a clearly visible channel is formed, which closely follows the pre-
cipitation front which propagates at a constant and high rate (5 mm/h, Figure
2.3C). Hence, MRGs allow periodic precipitation reactions to rapidly form asymp-
totically equidistant patterns.
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FIGURE 2.4: Numerical modeling accurately reproduces uniform pattern formation in

MRGs. (A) Modeling of periodic precipitation shows Liesegang patterns in SG and (B)

uniform patterning in MRG. (C) Modeling reproduces different p values found in SGs and

MRGs. (D) Modeling confirms diffusive transport observed in SGs and ballistic transport
observed in MRGs.

To further verify our channel formation - ballistic transport scenario, and to
quantitatively understand the role of the additional parameters introduced, we
develop a numerical model. Inspired by previous RD models, we compute the
reaction of the inner and outer electrolyte using first- and second-order reaction
kinetics (see chapter 5). To describe MRGs, we model the mechanical response via
first-order reactivity between calcium and alginate and assume that a transport
channel opens once this reaction exceeds a specified threshold, allowing ballistic
transport of the outer electrolyte (Figure 2.4). As expected, modeling of periodic
precipitation in SGs shows diffusive transport and subsequently non-equidistant
Liesegang patterns (Figure 2.4A, C, D), whereas modeling of periodic precipitation
in MRGs shows ballistic transport and equidistant patterning (Figure 2.4B, C, D).

Our model allows efficient screening of the increased parameter space of RD
processes in MRGs and directly assess its effect on patterning behavior. Crucially,
our model shows that increasing the calcium concentration speeds up the front
rate v (Figure 2.5A) and lowers the band distance d (Figure 2.5B). We propose that
this is caused by the following mechanism: at higher calcium concentrations the
shrinkage rate increases and leads to a shorter diffusive zone (Figure 2.5C), which
at the precipitation front causes a higher outer electrolyte concentration, in turn
resulting in shorter band distances.
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FIGURE 2.5: Model-guided tunability of periodic precipitation in MRG. (A) Modeled re-

lation between the Ca(INOj3), concentration and transport rate (v). (B) Model predicts that

the band distance decreases for increasing Ca(NO3), concentrations. (C) Model predicts a

decreased diffusive zone (g) for higher Ca(NOj3), concentrations (D, E, F) Experimental re-

lation between Ca(NOj), concentration and (D) transport rate (v), (E) band distance (d), (F)

diffusive zone length (g). (G) Experimental tuning of the precipitation pattern by modula-
tion of the Ca(NOj), concentration.
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Guided by the modeling insights, we explore how the band distance in MRGs
can be controlled by modulating the calcium ion concentration in the reservoir so-
lution. Consistent with modeling, we observe that higher calcium concentrations
indeed result in shorter diffusive zone lengths (Figure 2.5D) and subsequently
shorter band distances (Figure 2.5E) as well as increased transport rates (Figure
2.5F). We find that varying the concentration of calcium between 0.47 M and 4.7
M enables tuning of the band distance between d = 160 pm and d = 60 pm,
respectively (Figure 2.5G). Hence, coupling of MRGs with periodic precipitation
reactions enables equidistant patterns with unique mechanical-mediated tunabil-

ity.

A B C
Ag* Ag* it
Caz+ Ca?*
—_— FIGURE 2.6: Generality, scalability and func-
e tionality potential of mechanically-coupled
| — | periodic precipitation. (A) Schematic rep-
— = resentation of the experimental setup used
(B) Macroscopic image of a GA-IPN MRG
containing a microscopic pattern of silver
nanoparticles. (C) A cross-section of the MRG
g:‘”oj':‘ g:j’g: {reveals the equidistant microscopic banding
pattern (d = 17 pm) (D) Irradiation of a dif-
ferent microscopic pattern (d = 26 pm) with
D a green laser (532 nm) yields diffraction pat-

terns.

j92 mm

Our strategy of enhancing periodic pattern formation processes via ballistic
transport in MRGs can readily be extended to other pattern formation processes
employing responsive gels. This versatility and tunability opens exciting oppor-
tunities for fabricating functional self-organized periodic composites. We explore
this potential by embedding a reaction-diffusion system that yields patterned sil-
ver nanocrystals into our MRGs to form a self-organized optical diffraction grating
(Figure 2.6A)%2.
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To this aim, we infiltrate a gelatin-alginate MRG containing NH,;OH (5.9 uM)
with a solution of AgNOj5 (0.8 M) and Ca(NO3), (0.5M - 2.4M, Figure 2.6B), induc-
ing tunable precipitation of equidistant, narrowly spaced bands (d = 15 — 30 pm)
of silver nanoparticles (150 — 200 nm diameter) (Figure 2.6C). Irradiating the peri-
odic composite with a green laser (A = 532 nm) shows a diffraction pattern that is
in good agreement with the band spacing of the silver nanoparticles (d = ﬁ?‘g),
calculated: d = 25.2 pm, observed: d = 25.8 um), Figure 2.6D), illustrating poten-
tial for self-organized functional materials.

2.3 Conclusion

In summary, we introduce here a versatile strategy to overcome diffusive limita-
tions of the Liesegang process by exploiting mechanically responsive hydrogels.
We show that the self-regulated formation of a transport channel ballistically car-
ries reactants towards a reaction-diffusion zone, where diffusion controlled pattern
formation occurs. This combination of long-range ballistic transport and short-
range diffusive control allows rapid formation of uniform patterns. Furthermore,
we demonstrate straightforward pattern tunability and show that our strategy can
readily be applied to other reaction-diffusion systems. Although our method is
limited by the compatibility of the mechanically responsive materials, their actu-
ators and the reaction-diffusion systems, we believe that as more and more re-
sponsive materials are developed for applications such as drug delivery and sens-
ing, exciting new opportunities will arise>. Collectively, by circumventing the
inherent limitations of diffusion, our strategy unlocks the full potential of reaction-
diffusion processes for the manufacturing of high-performance, uniformly layered
materials.

As chemical transport plays essential roles in artificial and natural processes,
we envisage that using mechanically active materials to bypass diffusion limita-
tions will enhance our understanding of, and control over, chemical transport in
complex artificial and living matter®®. Additionally, we foresee that embedding
reaction-diffusion processes in mechanically responsive meta-materials offers a
general strategy to realize complex self-organized materials that are otherwise dif-
ficult to make>”. Finally, we envisage that embedding reaction-diffusion processes
in mechanically responsive meta-materials will lead to exciting opportunities for
the generation of complex patterns with advanced functionalities.
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2.4 Materials and Methods

All chemicals were used without additional purification. Gelatin was purchased
from Sigma-Aldrich and was type A from porcine skin, roughly 300g Bloom.
Sodium alginate was purchased from PanReac AppliChem and was of medium
viscosity (350 - 550 mPas at 1%), with a molecular weight of 10000 - 600000 g/mol.

2.4.1 Rate Analysis

In order to analyze precipitation rates, time-lapses were made of all samples. To
prevent imaging complications caused by the curvature of the used glass cylin-
ders, all samples were placed in a custom-built glass container with immersion
oil. These time-lapses were analyzed using a Python3 script, which follows the
position of the precipitation front over time.

2.4.2 Fluorescein Dye Experiments

In a typical experiment 50 g of gel stock was prepared by dissolving gelatin (2.5 g,
5w%) in hot water (47.5 mL, 65 °C). Aliquots (roughly 1.2 mL) of this hot solution
were then transferred to cylindrical glass tubes (60x0.6 mm) and allowed to cool
down to RT, by which the gels had solidified. The mechanically responsive coun-
terparts were produced by simply dissolving sodium alginate (0.25 g, 0.5w%) in
water prior to the addition of gelatin.

The experiment was started by mounting a syringe (10 mL) without stopper
onto these glass tubes, which was subsequently filled with 10 mL of either just flu-
orescein (1.5 mM) for SGs, or a combination of fluorescein (1.5 mM) and Ca(NO3),
(2.4 M) for MRGs.

2.4.3 Potassium Dichromate Gel Preparation

In a typical experiment 50 g of gel stock was prepared by dissolving gelatin (2.5
g, 5w%) in hot water (47.5 mL, 65 °C) and adding K,Cr,O7 (250 mg). Aliquots
(roughly 1.5 mL) of this hot solution were then transferred to cylindrical glass
tubes (60x0.6 mm) and allowed to cool down to RT, by which the gels had so-
lidified. The mechanically responsive counterparts were produced by simply dis-
solving sodium alginate (0.25 g, 0.5w%) in water prior to the addition of gelatin.

Precipitation was induced by mounting a syringe without stopper onto these
glass tubes, which was subsequently filled with 20 mL of either AgNOj3 (0.2 - 0.8M)
for SGs, or a combination of AgNO3 (0.2 - 0.8M) and Ca(NO3)> (0.5 - 4.9M) for
MRGs.
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2.4.4 Ammonia Gel Preparation

In a typical experiment 50 g of gel stock was prepared by dissolving gelatin (2.5 g,
5w%) in hot water (47.5 mL, 65 °C) and adding NH4OH (25%,22 pL). Aliquots
(roughly 1.5 mL) of this hot solution were then transferred to cylindrical glass
tubes (60x0.6 mm) and allowed to cool down to RT, by which the gels had so-
lidified. The mechanically responsive counterparts were produced by simply dis-
solving sodium alginate (0.25 g, 0.5w%) in water prior to the addition of gelatin.
Precipitation was induced by mounting a syringe without stopper onto these glass
tubes, which was subsequently filled with 20 mL of either AgNO3 (0.2 - 0.8M) for
SGs or a combination of AgNO3 (0.2 - 0.8M) and Ca(NO3)2 (0.5 - 4.9M) for MRGs.
After precipitation in the entire gel column was complete, gels were cut into thin
slices. These slices were analyzed under a Leica DMRX microscope (Figure 52.5).

2.4.5 Schlieren Imaging

Schlieren imaging highlights differences in density and is used to visualize flow.
High turbulence indicates convective flow, whereas static areas indicate diffusion
limited regions. Since the curved surface of the typically used containers pre-
vented effective Schlieren microscopy, different samples were prepared. Instead
of cylindrical glass tubes, an MRG was now cast in-between two glass microscopy
slides separated by a rubber spacer (1 mm), which allowed us to observe a flat
surface. The aforementioned transport channel now forms in-between these glass
slides and the hydrogel surface. The result of this measurements can be seen in
Movie C2-S1.
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2.5 Supporting Information

2.5.1 Large scale patterning analysis of periodic precipitation in
SGs and MRGs
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SUPPLEMENTARY FIGURE S2.1: Determining the scaling factor in mechanically responsive

gels (MRGs) and static gels (SGs). (A) Large scale patterning in an MRG and an SG. (B)

Band distance d versus the location x. (C) Band width w versus the location x. (D) p-

value determination of the pattern produced in the MRG, indicating equidistant patterning.

(E) p-value determination of the pattern produced in the SG, indicating classical Liesegang
patterning.
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2.5.2 Influence of volume ratios on patterning behavior

Over the course of an experiment, there are two processes that reduce the concen-
tration of the outer electrolyte. Firstly, the outer electrolyte is consumed by the
reaction with the inner electrolyte. Secondly, the outer electrolyte is diluted by
transport from the reservoir into the gel, because the total volume which contains
the outer electrolyte increases, lowering its concentration. We study the effect of
these two processes on the spacing of the pattern, by preparing patterns with vary-
ing outer electrolyte to inner electrolyte (OE:IE) ratios (Figure S2). For small OE:IE
ratios the decrease in concentration will be large, whereas for large OE:IE ratios
the decrease in concentration will be small.

First, with our numerical model we screen a range of outer to inner electrolyte
volume ratios (Figure S2.2A). We find that as the relative volume of outer elec-
trolyte increases, the band distance d becomes constant over a large range of x and
subsequently the scaling factor p approaches 1 (Figure S2.2 B, C). Repeating these

1 _ V:gel
Viatio Vouter

simulations for a range of volume ratios, we find that p — 1 scales as
(Figure 52.2 C).

Second, we perform a new series of experiments where we compare exper-
imental patterns for MRG and SG and the effect of increasing the volume of
outer electrolyte. We produce patterns of silver dichromate with varying vol-
umes of outer electrolyte and include a pattern produced in an SG (Figure 52.2
D), to show that even with large volumes pattern formation in SGs produces
typical non-uniform Liesegang type patterns. This experiment shows that even
with low volumes of outer electrolyte, relatively uniform patterns can be obtained
with p — 1 = 0.0073 (Figure S2.2 E). Simultaneously these results show that with
a large enough reservoir of outer electrolyte, dilution and consumption effects
can be negated to produce equidistant banding patterns at larger spatial scales
p —1=0.0017 (Figure S2.2 F).

Together, these simulations and experiments clarify the importance of large vol-
ume ratios for equidistant pattern formation, and show that, for each target pre-
cision in p, one can choose an appropriately large volume of the outer electrolyte.
Moreover, these experiments show that for practical length and time scales, it is
possible to produce highly uniform, asymptotically equidistant, patterns by using
large yet realistic outer electrolyte volumes.
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SUPPLEMENTARY FIGURE $2.2: Pattern formation with varying outer electrolyte volumes
(Vouter) to gel volume (Vger) ratios (Vigtio). (A) Numerical model results for two volume ra-
tios, with the pattern depicted in orange and the outer electrolyte concentration in gray. (B)
p-value determination for V,;, = 10 by plotting p vs n~1 (See Figure S2.4 for a detailed ex-
planation on the determination of p). (C) Modeled volume ratios versus p — 1 showing that
for higher volume ratios p approaches unity, indicative of equidistant pattern formation.
(D) Silver dichromate pattern in an SG with a OE:IE ratio of 13:1, showing Liesegang type
patterning. (E) Silver dichromate pattern in an MRG with a OE:IE ratio of 0.75:1, showing
weakly non-equidistant patterning. (F) Silver dichromate pattern in an MRG with a OE:IE
ratio of 13:1, showing equidistant patterning.
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2.5.3 Cross sectioned gel reveals flat, non-curved pattern
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SUPPLEMENTARY FIGURE S2.3: Cross-section of a patterned gel shows

non-curved patterning over the entire diameter. Note that the gel is

slightly wider than the microscope field of view, such that the figure is
a composite of two pictures to show the entire diameter of the gel.
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2.5.4 Band spacing, band width and p value determination

In all cases, we use a Python3 script to convert and an image of the pattern (Figure
S2.4A) into a cropped grayscale image (Figure 52.4B). Subsequently, the intensity
of that image is summed over the horizontal axis to yield an intensity profile (Fig-
ure S52.4C). Using the Scipy signal package find peaks we find the peaks in this in-
tensity profile, which correspond to the location of the bands in the pattern. These
peak locations give the locations x;,, from which the locations x,,; are derived. For
every nth band p is then calculated with p, = x(n +1)/x, . We then plot p,, over

n~! (Figure S2.4D) and estimate p for lim(n — o) (Figure S2.4D). Band widths
were determined by thresholding an image of the pattern using the opencv pack-
age adaptiveThreshold, followed by the scipy packages find peaks and subsequently
peak widths to determine band locations and band widths.

A B C

SUPPLEMENTARY FIGURE $2.4: Method used to determine p values. (A) Photograph of a

silver dichromate pattern in an GA-MRG. (B) Cropped grayscale image used to determine

the intensity profile (C) Corresponding intensity profile, obtained by summing over the

horizontal axis, of which the peaks correspond to bands in the pattern (highlighted in blue).
(D) p-value estimation by plotting p over n~! and estimating p for limn — co.
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2.5.5 Microscopic banding pattern analysis
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SUPPLEMENTARY FIGURE S2.5: Microscopic banding pattern of silver nanoparticles. (A)
MRG containing a pattern of silver nanoparticles. (B) Microscopy images of a longitudinal
cross-section, revealing the microscopic pattern. Note that near the interface no banding is
observed; only after 10 mm from the initial gel interface patterning begins. (C) Analyzing
2 mm intervals of the microscopic pattern shows highly uniform, equidistant patterning.
Near the bottom of the system, spacing is seen to slightly decrease, which is likely due to
boundary effects. (D) p-value determination, note that in our fit, we excluded the data from
X =26 —26.5mm.
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2.5.6 Movies

All movies are publicly available via: https://github.com/cvcampenhout/
Scripts-and-Movies-Thesis.

C2-S1 Schlieren imaging of chemical transport in MRG comp.mp4

In this movie a timelapse is shown, where 1 second of video time corresponds to
720 seconds real-time. This movie was recorded using a Schlieren setup, which
highlights differences in density and visualizes flow. In view is a sample holder
which consists of two glass slides spaced with a rubber spacer. Between the slides
we have casted a GA-MRG. At the start of this movie an outer electrolyte contain-
ing both calcium and silver ions is placed on top of this gel. In the outer electrolyte
reservoir a lot of convective flow is occurring and as the precipitation front moves
through the gel this region increases in size. During the freeze-frame the precipita-
tion front has moved roughly halfway through the gel and a clear contrast between
a convective region and the unreacted gel is visible. The top two-thirds of the gel
shows chaotic movement, whereas the bottom third is completely static.

C2-S2 Periodic Precipitation in MRG.mp4

In this movie a timelapse is shown, where 1 second of video time corresponds to
720 seconds real-time. Out of view, on top of the hydrogel, is a large outer elec-
trolyte reservoir containing both calcium and silver ions. As these diffuse into
the gel, orange bands of silver dichromate precipitate. At the same time, gel con-
traction, which closely follows the precipitation front, is observed on both the left
and right sides of the tube. About halfway through the video the field of view is
adjusted to move the precipitation front back into view.

35



https://github.com/cvcampenhout/Scripts-and-Movies-Thesis
https://github.com/cvcampenhout/Scripts-and-Movies-Thesis




Patterning Complex Line
Motifs in Thin-Films Using
Immersion-Controlled
Reaction-Diffusion

The discovery of self-organization principles that enable scalable routes
towards complex functional materials has proven to be a persistent chal-
lenge. Here reaction-diffusion driven, immersion controlled patterning
(R-DIP) is introduced, a self-organization strategy using immersion con-
trolled reaction-diffusion for targeted line patterning in thin films. By
modulating immersion speeds, the movement of a reaction-diffusion front
over gel films is controlled, which induces precipitation of highly uniform
lines at the reaction front. A balance between the immersion speed and
diffusion provides both hands-on tunability of the line spacing (d = 10 —
300 pm) as well as error-correction against defects. This immersion-driven
patterning strategy is widely applicable, which is demonstrated by pro-
ducing line patterns of silver/silver oxide nanoparticles, silver chromate,
silver dichromate, and lead carbonate. Through combinatorial stacking of
different line patterns, hybrid materials with multi-dimensional patterns
such as square-, diamond-, rectangle- and triangle-shaped motifs are fab-
ricated. The functionality potential and scalability is demonstrated by pro-
ducing both wafer-scale diffraction gratings with user-defined features as
well as an opto-mechanical sensor based on Moiré patterning.

The work described in this chapter is published in:
C. T. van Campenhout, H. Schoenmaker, M. van Hecke, and W. L, Noor-
duin. Adv. Mater., 2023, 5(39): 2305191.
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Chapter 3. Patterning Complex Line Motifs in Thin-Films Using
Immersion-Controlled Reaction-Diffusion

3.1 Introduction

Nature’s extraordinary diversity of complex patterns holds fascination to lay peo-
ple and scientists alike, and provides an endless source of inspiration for devel-
oping new materials with advanced functionalities 066, Specifically, thins films
with complex motifs are of great interest as these can be integral to the next gener-
ation of optical, electronic, and mechanical devices 6767 However, manufacturing
of such motifs has remained challenging, with costly lithography techniques being
the leading method to produce nanoscale complexity %870, From this perspective,
bio inspired self-organization can be an attractive starting point, as the inherent au-
tonomous nature of such processes holds the potential to offer simple and scalable
production of uniform complex patterns with user-defined control and automatic
error correction for tolerance against defects”!74. Already, many self-organization
strategies have been developed, such as evaporative assembly and dip-pen nano-
lithography 7>, but whilst such processes are able to produce highly uniform
patterns, delicate and extremely precise setups are often required and scalability
can be difficult or practically impossible.

Alternatively, self-organization of patterns is possible via reaction-diffusion
processes, in which the interplay between reaction kinetics and diffusion can in-
duce complex patterns spontaneously 22702, Since these processes rely on chem-
ical feedback loops, there is the potential to achieve inherent error-correction to-
wards robustness for large scale production of uniform patterns®®. Moreover,
reaction-diffusion processes such as Liesegang pattern formation induce rhythmic
precipitation of line or band patterns of many different chemical compositions,
and combinations with top-down fabrication techniques such as wet-stamping
can yield more complex patterns??3>8184  Unfortunately, because of the diffu-
sive nature of these processes, lines or bands form at increasing spacing, result-
ing in non-uniform patterning over larger scales, hence limiting scalability’. To
overcome such drawbacks, we recently have shown highly uniform banding pat-
terns in bulk gels by employing a mechano-chemical feedback loop that transports
reagents non-diffusively through opening channels®. However, because mechan-
ical opening of a transport channel is integral to the approach, this strategy only
works for three-dimensional materials, highlighting that entirely new principles
need to be developed to achieve uniform large-scale patterning of complex motifs
in thin films.
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3.1. Introduction

Here we introduce reaction-diffusion driven immersion-controlled patterning
(R-DIP), a method for creating complex line motifs in thin films on wafer scale
with user-defined tunability (Figure 3.1A). First, R-DIP is used to pattern uniform
lines with user-defined spacing in thin gel films. Second, multiple thin films with
different line patterns and chemical compositions are superimposed in combina-
torial stacks to realize complex composites and hybrid motifs. Using this strategy,
we demonstrate that a large diversity of complex, yet well-defined motifs such as
squares, diamonds, rectangles and triangles can be realized, and exploit this con-
trol to develop tunable diffraction gratings and opto-mechanical sensors.

The key idea behind R-DIP is that a thin gel film, in which one reagent (the
gel reagent) is dissolved, is steadily immersed into a solution of a second reagent
(the immersion reagent), which react upon contact at the reaction front to induce
rhythmic precipitation of an insoluble reaction product (Figure 3.1B). This reaction
product forms highly uniform equidistant line patterns because of a balance be-
tween the immersion speed (v) and upwards diffusion of the immersion reagent
into the gel film. Consequently, a constant concentration gradient of immersion
reagent is maintained at the reaction front, which induces uniform pattern forma-
tion. Additionally, because the process relies on chemical feedback loops, it pos-
sesses inherent error-correction, enabling large scale production of user-defined
line motifs.
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Chapter 3. Patterning Complex Line Motifs in Thin-Films Using
Immersion-Controlled Reaction-Diffusion

Reaction-Diffusion Driven Immersion Controlled Patterning (R-DIP)

A
Hydrogel thin film Tunable large-scale Hybrid combinatorial
uniform patterns motifs through stacking
B D t=2500 t=5000 t=7500

[IR]

0.01
) .
1.0I

FIGURE 3.1: (A) Overview of the R-DIP process: first a hydrogel thin film is cast, in which
an immersion controlled reaction-diffusion process generates large-scale uniform stripe pat-
terns. Multiple of these user-defined patterns can be stacked to produce a large diversity of
higher-order composites and hybrid motifs. (B) Concept image depicting the experimental
setup: a gel film containing gel reagent is placed in an empty container, into which im-
mersion reagent (IR) is pumped with a syringe pump, steadily immersing the thin film.
Preceding the liquid-gel contact line (depicted in blue) at the reaction front (depicted in red)
the reaction between the immersion and gel reagent produces a line pattern of precipitate
perpendicular to the immersion direction. At constant immersion speed a balance between
the immersion speed v and upward diffusion is reached, resulting in highly uniform line
distances (d). (C) A close-up during the patterning process reveals the formation of a highly
uniform line pattern of silver dichromate precipitate at the reaction front (see Movie C3-
S1). (D) Numerical modeling accurately reproduces the experimental pattern and provides
mechanistic insights. During the process, the concentration gradient of silver ions at the
liquid-gel interface remains constant and therefore patterning is uniform (see chapter 5 for
details on the numerical model).

reaction front

Immersion solution

40



3.2. Results and Discussion

3.2 Results and Discussion

Figure 3.1B shows the general method of inducing pattern formation with
immersion-controlled reaction-diffusion. We demonstrate the proof of principle
for the well-studied periodic precipitation of silver dichromate (Ag>Cr,0O7) using
silver nitrate as immersion reagent and potassium dichromate as gel reagent fol-
lowing: 2Ag ™ (aq) + Cry07%~ (aq) — AgaCraO7(s) 0.

Typically, we cast thin hydrogel films consisting of gelatin (10 wt%), agarose
(0.5 wt%), potassium dichromate (KxCr,O7, 0.2 wt%), acetic acid (0.9 %v/v)
and the surfactant 3-[hydroxy(polyethyleneoxy) propyl] heptamethyltrisiloxane
(HPEO-HMTS, 0.15 %v/v) onto glass slides (75x50 mm, see the Materials and
Methods for details). These components have the following functions: gelatin
promotes pattern formation®”; agarose offers additional mechanical gel stabil-
ity; potassium dichromate acts as the gel reagent; acetic acid ensures that the
dichromate-chromate equilibrium is shifted towards the desired dichromate an-
ion®; and the surfactant prevents pinning of the immersion solution on the gel
surface. Note that gel films are thin (<0.6 mm) to ensure that patterning is consis-
tent throughout the depth of the film. To start the process, the gel film is mounted
vertically in an empty container. Then, patterning is induced by filling the con-
tainer at user-defined speeds with the immersion reagent silver nitrate (AgNOs3,
0.4 M in water). The filling results in a moving liquid-gel contact line with speed
v and in precipitation of separate Ag,Cr,O7 particles that arrange in lines perpen-
dicular to the immersion direction. We monitor this pattern formation over long
distances by tracking the moving contact line with a custom motorized horizontal
microscope (see Figure S3.1 for details). We observe the formation of a line pattern
with highly uniform spacing (4 = 200 £ 6 um) throughout the entirety of the thin
film (Figure 3.1C, Movie C3-51).

To explain this uniform pattern formation, we numerically model the 2D
reaction-diffusion process. In this model, we replicate gel immersion by calcu-
lating the location of the contact line at every time-step and setting the concentra-
tion of immersion reagent equal to the starting concentration up to this location.
All reactants diffuse following a forward-in-time-central-in-space scheme, and the
reaction of the gel and immersion reagent is computed using first- and second-
order reaction kinetics (see chapter 5 for further details). This model accurately
reproduces the observed uniformity and immersion speed dependent line spac-
ing. Monitoring concentration gradients in the model reveals the formation of a
steady-state which balances the upwards diffusion of immersion reagent into the
gel and the immersion speed v (Figure 3.1D). Because of this steady-state, the con-
centration gradient of immersion reagent at the reaction front remains constant,
thereby inducing uniform pattern formation.
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Chapter 3. Patterning Complex Line Motifs in Thin-Films Using
Immersion-Controlled Reaction-Diffusion
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FIGURE 3.2: Patterning tunability (A) Experimentally obtained patterns for a range of im-
mersion speeds v (B, C) Plotting the line distance d versus the immersion speed v for both
the model and the experiments shows a trend of decreasing d for increasing v. (D, E) Large
scale pattern obtained at constant v with highly uniform line spacing (d = 200 £ 6 pm).
(F, G) Dynamic tunability in a silver dichromate pattern by changing v during pattern for-
mation showing that modulating v directly translates to a change in line distance d. (H, I)
Patterning is self-correcting and recovers to the original line pattern swiftly after encoun-
tering a defect in the thin film. Note that the figures D, F, and H are stacks composed of
multiple images.

The intricate interplay between diffusion of silver ions and immersion speed
suggests that by modulating v we can tune the line distance d. Indeed, we find
that increasing v results in decreasing line widths (Figure 3.2A), both in experi-
ments (Figure 3.2B) and in our model (Figure 3.2C). This allows us to precisely tune
the line pattern by controlling the immersion speed. At constant v, patterning is
uniform over long distances (Figure 3.2D, E). Because pattern formation is directly
dependent on the user-defined speed of the contact line, we can dynamically tune
patterning within a thin film (Figure 3.2F, G). We demonstrate this dynamic tun-
ability by modulating v from fast to slow (v = 1.75 — 0.87 um/s), which increases
the line distance (d = 172 — 290 pum). After going back to the initial immersion
speed (v = 1.75 um/s), the patterning restores to the initial spacing (d = 172 um).
Thus, v is directly tied to a specific line distance 4 and can be tuned during the
process, enabling rational and precise steering of the self-organization process.
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3.2. Results and Discussion

The uniformity of the pattern formation across large distances suggests that
R-DIP has an inherent error-correction mechanism. To study this error-correction
mechanism, we deliberately puncture the gel film and subsequently follow how
pattern formation is influenced by this defect (Figure 3.2H, I). As soon as the re-
action front reaches the defect, the reaction front and pattern become disturbed.
However, already after fewer than 10 lines the reaction front is smoothened out
by diffusion and subsequently deposited lines are straight again, demonstrating
that R-DIP indeed offers error-correction for sustaining uniform micro-scale or-
dering over decimeter distances. The steady-state conditions at the reaction front
thus offer both swift responsiveness to changes in the immersion speed and error-
correction for defect tolerance.

Because R-DIP produces large-scale gel films containing uniform patterns of
precipitate, where the gel matrix provides mechanical stability and thus transfer-
ability to the patterned thin films, we can produce higher-order complexity by
stacking multiple user-defined line patterns. Here we provide some exemplary
cases to illustrate this combinatorial approach (Figure 3.3). For example, by align-
ing and stacking two identical line patterns at 90°or 42°, we create highly regular
square- or diamond motifs (Figure 3.3A, B). Because our strategy yields tunable
line patterns, the line spacing of each layer can be selected independently, for in-
stance allowing the formation of rectangle motifs by stacking two non-identical
line patterns (Figure 3.3C).

Moreover, R-DIP can be readily applied to many other reaction-diffusion pro-
cesses, enabling patterning of different chemical compositions and the manu-
facturing of multi-material hybrid motifs. To demonstrate this versatility we
produce patterns of three additional materials: lead carbonate, silver chromate,
and silver/silver oxide nanoparticles. For lead carbonate patterns, we modify a
Liesegang patterning process developed by Isemura in 1936%’, using lead acetate
as immersion reagent and sodium carbonate as gel reagent to produce diamond
patterns of lead carbonate (Figure 3.3D, see the Materials and Methods for more
details). Since each thin film pattern is formed independently, we can produce
hybrid motifs by superimposing thin films with patterns of different materials,
which we illustrate by producing a rectangular pattern of lead carbonate on silver
dichromate (Figure 3.3E).
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FIGURE 3.3: Aligning and stacking thin films generates higher-order patterning. All images
are taken with a light microscope in transmission mode. (A, B) Stacking of identical silver
dichromate patterns (d; = dp = 285 um) at 90 and 42 angles yields square and diamond
motifs respectively. (C) Stacking two patterns with non-identical line spacing (d; = 206 um,
dy = 300 um) results in a rectangular motif. (D) Diamond motif produced by superimpos-
ing two identical line patterns of lead carbonate. (E) Rectangular hybrid motif produced
by superimposing a line pattern of silver dichromate (orange-brown) with a line pattern of
lead carbonate (black). (F, G) Diamond and square motifs produced by stacking identical
line patterns d = 31 pm of silver chromate. Irradiating these microscopic patterns with a
green laser (A = 532 nm) produces a diffraction pattern that is in good agreement with the
microscopic spacing (d = 25;”7%), diffraction: d = 32 um, directly observed: d = 31 um). (H)
Triangular pattern produced by stacking three identical microscopic line patterns d = 15 um
of silver/silver oxide nanoparticles, and the diffraction pattern obtained upon irradiation
of this pattern with a green laser (A = 532 nm).
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To display the application potential of R-DIP, we assemble tunable optical
diffraction gratings with microscopic line patterns of both silver chromate and of
silver nanoparticles. First, we react silver nitrate (AgNO3) as immersion reagent
with potassium chromate (KoCrOy) as gel reagent to precipitate microscopic lines
of silver chromate (d = 31 um). Then, by stacking these microscopic line patterns,
we manufacture square and diamond motifs (Figure 3.3F, G), which upon irradia-
tion with a green laser (A = 532 nm) show distinct diffraction patterns that are in
good agreement with the microscopic structure (diffraction: d = 32 um, directly
observed: d = 31 um).

To produce microscopic line patterns of silver/silver oxide nanoparticles, we
adapt a previously developed precipitation system, where patterning is induced
by the reduction of silver nitrate in a gelatin film containing a small amount of am-
monia®2. Stacking three of these patterns at 60 angles yields a triangular diffraction
grating (Figure 3.3H), where again the spacing is in good agreement with the mi-
croscopic structure (diffraction: d = 15.5 um, directly observed: 4 = 15 um), hence
illustrating that such self-organized patterns can serve as diffraction gratings with
user-defined tunability.

We demonstrate the scalability potential of R-DIP by taking advantage of the
simplicity, inherent autonomous nature, and error-correction of our pattern for-
mation process to produce a wafer-scale diffraction grating. For this demonstra-
tion, we precipitate silver/silver oxide nanoparticles in a gelatin film to demon-
strate large scale patterning using only non-toxic materials. We achieve this by
first casting a gelatin film containing a small amount of ammonia onto an A4-sized
flexible acetate support sheet (21x29.7 cm), and subsequently inducing pattern for-
mation by slowly immersing the film into a solution of silver nitrate (0.4M) (Fig-
ure 3.4A). After drying, this gel film is easily removed from the acetate support
sheet to obtain a wafer-scale flexible thin-film (Figure 3.4B) containing a highly
uniform pattern consisting of more than 20000 microscopic lines of silver/silver
oxide nanoparticles that each have a well-defined and uniform spacing (Figure
3.4C), and which act as a diffraction grating throughout the entire film (Movie C3-
S3).
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To further explore the functionality potential of R-DIP and specifically demon-
strate the large-scale uniformity of our approach, we manufacture an opto-
mechanical sensor based on Moiré patterning. When two identical line-patterns
are separated by a flexible spacer and aligned parallel, a compression sensor is
made. Because deformation of such a sensor induces a misalignment of the two
line patterns, higher-order Moiré patterns emerge, with a wavelength dependent
on the amount of compression. In this example, we superimpose two identical line
patterns of silver dichromate (d = 200um), which upon compression reveal macro-
scopic Moiré patterns (Figure 3.4D, Movie C3-54). The Moiré patterning wave-
length (A) is directly correlated to the amount of compression (c) with ¢ « A~!
(Figure 3.4E), and can thus be used as a readout for compression, demonstrat-
ing the functionality potential of uniform patterning with microscopic precision in
flexible films.
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FIGURE 3.4: Scalability and applicability of R-DIP. (A) Snapshots at various times dur-
ing the wafer-scale patterning of silver/silver oxide micropatterns (see Movie C3-52). (B)
Macroscopic image of the dried A4-sized thin-film after patterning. Note that the pre-
cipitated material intensifies during light exposure, which causes a slight color gradient
throughout the film. (C) Post-patterning analysis of the wafer-scale pattern, revealing a
highly uniform microscopic pattern throughout the entirety of the film. Inset shows the
diffraction pattern obtained by irradiating the dried film with a 532 nm laser (see Movie
C3-53, scale-bar = 1 cm). (D) Optomechanical sensor composed of two parallel aligned
identical stripe patterns that are separated by a spacer, such that compression results in the
emergence of Moiré patterns (see Movie C3-54). (E) Plot showing the amount of compres-
sion (c) versus the inverse of the observed Moiré pattern wavelength (A1), with in black a
linear fit to this relationship
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3.3 Conclusion

Here we introduce reaction-diffusion driven immersion-controlled patterning (R-
DIP) as method for creating complex user-defined line motifs in thin films. The
power of this patterning strategy is that we exploit autonomous self-organization
to create tunable equidistantly spaced microscale lines at wafer-scale that can com-
binatorially be superimposed into complex hybrid motifs. To demonstrate the
functionality potential, we leverage our control over patterning and create tun-
able diffraction gratings and a sensitive mechanical sensor. An intriguing next
step will be downscaling of the pattern spacing to sub-micrometer dimensions, to
achieve for instance functionalities such as structural color or optical polarizers.
In chapter 5 we investigate the key parameters for downscaling patterns using
our immersion-reaction-diffusion model. We find that a challenge in downscaling
patterning is that the minimal line spacing is mainly controlled by the rate of nu-
cleation?’ and mobility of species in the gel, which may for instance be optimized
by incorporating nucleation promoters in the gel matrix, by changing gel solvent,
or by inducing pattern formation at different temperatures.

To demonstrate the proof-of-principle, we apply R-DIP for four different pre-
cipitation systems, but we anticipate that extension of this method is straightfor-
wardly possible to many other chemical compositions. For this, the main require-
ment is that the combination of inner and out reagent results in abrupt self-limiting
precipitation of a product. For many nanoparticle or metal-organic-framework
syntheses this requirement is met, and recent work shows that combining such
syntheses with reaction-diffusion provides control over morphology and size3¢°!.
Combining these methods with R-DIP could therefore introduce an additional
level of control and provide uniformity to the sizes and morphologies obtained.
As such, we foresee that R-DIP can open routes to a large library of material com-
positions with interesting chemical, electronic or optical properties that can find
applications in for instance optical gratings for spectrometers 2, capacitors for elec-
tronic devices®® or electromagnetic shielding?*. Moreover, we foresee that R-DIP
can be extended to entirely different systems based on for instance polymeriza-
tion or phase-separation, thus opening many directions for self-organizing a large
diversity of chemical compositions.
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3.3. Conclusion

Additionally, the simplicity, autonomous nature and inherent error-correction
of R-DIP offers opportunities for robust manufacturing and practical scale-up.
Specifically, we recognize that the immersion step and flexibility of the films can
be exploited to translate R-DIP into a roll-to-roll process, in which a film is pulled
through a solution with immersion reagent to achieve continuous pattern produc-
tion. Intriguingly, faster immersion results in smaller patterns, such that, almost
counter intuitively, faster production yields smaller patterns. Overall, R-DIP offers
a versatile and scalable approach for creating complex user-defined line motifs in
thin films, enabling a wide range of applications in materials science and manu-
facturing.
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3.4 Materials and Methods

In this section we first state all patterning recipes used, after which we describe the
gel casting procedure and the patterning process. All chemicals were used without
additional purification. Gelatin was purchased from Sigma-Aldrich and was type
A from porcine skin (roughly 300 g Bloom). Agarose was purchased from Sigma-
Aldrich and was of type I, with low EEO. 3-[hydroxy(polyethyleneoxy)propyl]
heptamethyltrisiloxane (CAS: 67674-67-3) was purchased from Gelest.

3.41 Wetting Agent

To mitigate detrimental effects of uneven wetting, we modify the gel by adding
a wetting agent. Specifically, we add 3-[hydroxy(polyethyleneoxy)propyl] hep-
tamethyltrisiloxane (HPEO-HMTS), which ensures complete wetting of the gelatin
surface, completely negating any surface effects, without affecting pattern forma-
tion inside of the gel.

3.4.2 Ag,Cr,07 patterning gel recipe

Gelatin (2.0 g), potassium dichromate (40 mg), HPEO-HMTS (30 L) and glacial
acetic acid (180 nL) are added to DI water (13 mL). This mixture is heated to 65
°C to dissolve gelatin. Simultaneously, a solution of agarose (0.1 g) in water (5
mL) is prepared by microwave heating. These two solutions are combined at 65
°C to yield a liquid gel solution, which sets after cooling to room temperature.
Patterning is then induced with an immersion reagent solution of silver nitrate
(0.4 M) and acetic acid (0.9 v/v %).

3.4.3 AgyCrO4 patterning gel recipe

Gelatin (2.0 g), potassium chromate (40 mg), HPEO-HMTS (30 pL) and ammonia
(25% in water, 240 pL) are added to DI water (13 mL). This mixture is heated to
65 °C to dissolve gelatin. Simultaneously, a solution of agarose (0.1 g) in water
(b mL) is prepared by microwave heating. These two solutions are combined at
65 °C to yield a liquid gel solution, which sets after cooling to room temperature.
Patterning is then induced with an immersion reagent solution of silver nitrate (0.4
M in water).
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3.4.4 PbCOj; patterning gel recipe

Gelatin (0.5 g) and potassium carbonate (166 mg) are added to DI water (13 mL).
This mixture is heated to 65 °C to dissolve gelatin. Simultaneously, a solution of
agarose (0.1 g) in water (5 mL) is prepared by microwave heating. These two solu-
tions are combined at 65 °C to yield a liquid gel solution, which sets after cooling to
room temperature. Patterning is then induced with an immersion reagent solution
of lead acetate (1.0 M in water).

3.4.5 Gel Casting Procedure

Gels are typically cast onto large microscopy glass slides (75x50 mm). First, we
preheat these slides to > 65 °C to ensure that gels do not instantly solidify on the
glass surface. Then we place a glass slide in a custom holder with edges 0.5 mm
taller than the thickness of the glass slide. Roughly 2 mL of hot gel solution is then
added onto the glass slide and spread out evenly with a polyoxymethylene (non-
stick) block, resulting in a 0.5 mm layer of gel covering one side of the glass slide.
After cooling to room temperature, the gel sheets have solidified and are ready for
use.

3.4.6 Inducing pattern formation

After the gel films have solidified, they are mounted vertically in an empty cham-
ber. Using a syringe pump, the immersion reagent solution is then added to the
bottom of this chamber through PTFE tubing, filling the chamber. Note that the gel
film is stationary, but by introducing immersion reagent we are effectively immers-
ing the film (See Figure 3.1A for a schematic of this setup and supporting Figure
S3.1 for a detailed explanation on the pattern formation setup).

3.4.7 Wafer-scale patterning of silver nanoparticles

First, gelatin (4.0 g), HPEO-HMTS (60 pL) and ammonia (25% in water, 180 uL)
are added to DI water (36 mL)). This mixture is heated to 60°C to dissolve the
gelatin. In a special holder, an A4 sized acetate support film is mounted, with a
0.5 mm frame on top. The hot gelatin solution is then poured onto the acetate film
and spread evenly with a plastic fondant smoother. This yields a roughly 0.5 mm
thick A4 gel sheet on an acetate support. Similarly to previous experiments, albeit
scaled up to accommodate the large-scale sheet, the sheet is mounted vertically in
an empty chamber, into which silver nitrate (0.4M in water) is slowly pump by a
peristaltic pump.
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3.5 Supporting Information

3.5.1 Patterning process

The patterning process described in this work uses only a few components, some
of which are for inducing pattern formation and others are for live imaging (Figure
S3.1).

Pattern formation
¢ New Era NE-1000 Syringe pump.

® Custom sample holder: two glass windows separated by 6 mm thick, u-
shaped Viton rubber, tightened with a stainless steel frame. This effectively
makes a big cuvette, in which we can mount glass slides containing gel films.

* 20 mL syringe, connected to PTFE tubing.

The patterning process starts by mounting a gel film supported on a glass slide
(75x50 mm) inside an empty sample holder, such that the gel film faces the empty
chamber. Then, PTFE tubing connected to a 20 mL syringe introduced to the bot-
tom of this chamber. This syringe is then placed on a syringe pump, with the
appropriate rate and volume settings. Starting the syringe pump now starts the
patterning process.

Live imaging
* Halogen light source.
e Canon EOS 850D camera with Laowa 25mm F/2.8 2.5-5X Ultra-Macro lens

* xyz stage, with motorized y component.

The entire sample cell can be monitored by a camera equipped with an ultra-
macro lens. In order to keep patterning in view, the entire sample holder is
mounted on an xyz stage, of which the y component is motorized. As immer-
sion reagent is pumped into the sample holder, the liquid-gel contact line starts
moving upwards. By moving the entire sample holder down at the same speed we
ensure that patterning occurs in view.

After patterning is complete, gel films are removed from the sample holder,
rinsed with DI water and soaked twice in 200 mL DI water for 10 minutes to re-
move any unreacted reagent.
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PTFE tubing, connects to
syringe pump
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SUPPLEMENTARY FIGURE S3.1: Overview image showing the exper-
imental setup, with the sample chamber containing a gel sheet in the
middle connected to a motorized stage that moves the sample down as
the liquid-gel contact line moves up. Note that a syringe pump is just
out of view on the left, which pumps the immersion reagent through
PTFE tubing into the bottom of the sample chamber. The stage, syringe
pump and camera are all connected to a PC, which allows for remote
monitoring and tuning.

3.5.2 Movies

All movies are publicly available via: https://github.com/cvcampenhout/
Scripts-and-Movies-Thesis.

C3-S1 Silver Dichromate Patterning using R-DIP.mp4

This movie shows a timelapse of the R-DIP process, where 1 second of movie cor-
responds to 240 seconds in real time. Out of view, immersion reagent is injected
into the empty chamber, which causes the contact line to move upwards. Simulta-
neously, the chamber is moved downwards at the same speed to keep the contact
line and pattern formation in view.
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C3-S2 Wafer-scale patterning of silver nanoparticles.mp4

This movie shows a timelapse of the wafer-scale R-DIP process, where the total
movie time corresponds to 60 hours real-time. Because the patterns produced in
this example are too small to see by naked-eye, we include three zoom-ins of the
microscopic pattern taken at the location corresponding to the contact line position
at that time in the video.

C3-S3 Large-scale diffraction grating.mp4
In this movie we shine a green (532 nm) laser light at the dried A4-sized diffraction
grating, to demonstrate the uniformity of the pattern throughout.

C3-S4 Mechanical Sensing using Moire Patterns.mp4

In this movie we show an opto-mechanical sensor based on Moiré patterns, made
by superimposing two identical line patterns of silver dichromate parallel, sepa-
rated by a flexible spacer. We then slowly compress and decompress the sensor
and observe the emerging Moiré pattern.
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Photography Inspired
Customization of
Micropatterned Thin-Films

Thin-films patterned with complex motifs are of fundamental interest
because of their advanced optical, mechanical and electronic properties,
but fabrication of these materials remains challenging. Self-organization
strategies, such as immersion controlled reaction-diffusion patterning,
have shown great potential for production of patterned thin-films. How-
ever, the autonomous nature of such processes limits controllable pattern
customizability and complexity. Here, we demonstrate that photogra-
phy inspired manipulation processes can overcome this limitation to cre-
ate highly-complex tapestries of micropatterned films (MPF’s). Inspired
by classical photographic processes, we develop, bleach, expose, fix, and
contour MPF’s into user-defined shapes and apply photographic toning
reactions to convert the chemical composition MPF’s, while preserving
the original stripe patterns. By applying principles of composite photog-
raphy, we design highly complex tapestries composed of multiple MPF
layers, where each layer can individually be manipulated into a specific
shape and composition. By overcoming fundamental limitations, our syn-
ergistic approach broadens the design possibilities of reaction-diffusion
processes, furthering the potential of self-organization strategies for the
development of complex materials.

The work described in this chapter is published in:
C. T. van Campenhout, M. H. Bistervels, J. Rietveld, H. Schoenmaker, M.
Kamp, W. L. Noorduin, Adv. Sci., 2024, 2401625.
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4.1 Introduction

Spatial organization of materials in thin films can enhance and exceed the prop-
erties that would be achievable by simply the sum of their parts.!™ These pat-
terned materials possess many interesting properties and can for instance be used
as diffraction gratings for optical devices, anti-reflection coatings for radiative
cooling applications, or as nanoscopic capacitors for data storage.®'"1 To real-
ize such remarkable properties, it is essential to order the right material at the
right place. Already, top-down manufacturing can yield highly complex and user-
defined patterns, but the requirement of high precision equipment and specialty
chemicals, makes the process oftentimes costly and difficult to scale. From this per-
spective, bottom-up self-organization strategies are promising to produce complex
materials in economically and environmentally friendly ways.387195-101 Specifi-
cally, reaction-diffusion processes are interesting, because they use a delicate in-
terplay between reaction kinetics and diffusion to autonomously order materials
into patterns.2122°0,56 Recently, we have developed a self-organization strategy to
structure silver nanoparticles into well-defined micropatterned thin films (MPF’s,
Figure 4.1A).102 By steadily immersing a gel thin-film into a solution with silver
ions, we induce precipitation of silver nanoparticles in the gel. These nanoparticles
order in highly uniform stripes, regulated by a reaction-diffusion process. Here,
a balance between the rates of immersion and diffusion provides both hands-on
tunability of the line spacing as well as error-correction against defects for scalable
production of uniform patterns.

However, using reaction-diffusion patterning limits the customizability of pat-
terns that can be generated: 1. the interplay between long-range chemical trans-
port and short-range reaction-diffusion results in large-scale uniformity, restrict-
ing control in local shaping where patterning occurs;® 2. the necessary delicate
interplay between reaction and diffusion requires specific combinations of materi-
als, limiting the choice in chemical composition of patterns;3° 3. the autonomous
nature of reaction-diffusion induces specific types of patterns—typically stripes
and dots, thus preventing the formation of complex and user-defined patterns. 1%
Hence top-down and bottom-up methods offer complementary advantages and
limitations. This analysis highlights that the development of synergistic combina-
tions of such methods may offer the new routes for the synthesis of patterned thin
films using both hands off self-organization and hands on customization.
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A Micropatterning thin-films with immersion
controlled reaction-diffusion
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FIGURE 4.1: Photography inspired manipulation processes to customize micropatterned

films. (A) Immersion controlled reaction-diffusion patterning to yield MPF’s; by steadily

immersing a gel thin-film into a solution with silver ions, we induce periodic precipitation

of silver nanoparticles arranged in uniform stripes. (B) Contouring of MPF’s with photo-

sensitization and subsequent UV-masking. (C) Chemical conversion of MPF’s by applying

toning reactions. (D) Combinatorial complexity through stacking of multiple MPF layers
allows for complex tapestry design.

The key insight is that photographic manipulation processes have the poten-
tial to overcome the limitations of self-organized reaction-diffusion patterning.
For more than a century, research into classical silver halide photography has
enabled production of high-resolution images. %1% Specifically, darkroom tech-
niques such as development, bleaching and toning have been developed to change
the exposure, contrast and color of photographic images.!% Such photographic
manipulation processes enable fabrication of artificial images such as composites.
We hypothesize that these photographic techniques can be applied for top-down
customization of self-organized patterns. Both photographic plates and MPF’s
consist of silver particles embedded in thin gelatin films, suggesting that adap-
tation of photographic manipulation for MPF customization is feasible.
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However, there are also distinct differences between photographic plates and
MPF’s: for classical photography, microscopic silver particles are dispersed ran-
domly throughout the entire film, whereas for MPF’s nanoscopic silver particles
are ordered in distinct stripes (Figure S1).107108 So, despite the chemical similari-
ties, these structural differences render the adaptation of photographic manipula-
tion for MPF customization non-trivial.

In this work, we introduce photography inspired manipulation processes for
the customization of self-organized thin films. Analogous to classical photo-
graphic processes, we develop, bleach, expose, fix and contour MPF’s into user-
defined complex shapes (Figure 4.1B). We show that photographic toning pro-
cesses can convert MPF’s, thereby expanding the choice of chemical composition
for these patterns (Figure 4.1C). We demonstrate the versatility and customizabil-
ity of our strategy by applying principles of composition photography to produce
stacks of MPF layers, each with independently designed shape and chemical com-
position, to produce highly complex patterned tapestries (Figure 4.1D).
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4.2 Results and Discussion

To demonstrate the proof-of-principle, we first produce uniform MPF’s and ren-
der them compatible with photographic processes. To produce uniform MPF’s,
we steadily immerse a gelatin thin film (0.3 mm) into a solution of silver nitrate
(0.4 M), yielding silver chloride (AgCl) nanoparticles arranged in tunable uniform
microscopic (d = 10 — 30 um) stripe patterns (Figure 4.2A,B 1).32102 To make these
patterns compatible with subsequent photographic processes and to increase the
contrast of the pattern, we immerse the MPF into a photographic developer so-
lution that reduces and converts all (AgCl) particles to Ag/Ag>O. Analysis with
optical microscopy reveals a stark increase in contrast, and, importantly, shows
that the original stripe pattern and spacing are preserved (Figure 4.2A,B II).

Ag/Ag,0 AgBr AgBr + Ag/Ag,0 Ag/Ag,0
1 e — || Be— 1\"2

Development = i UV-p: ing Fixation

W

== HQO, Metol, KBr, in %
| e KBr, Na,CO;4 K[Fe(CN)g] hv, 365nm Na,S,0,
_ - _NaS0s
H,0, RT, 1 min = ,0, RT, 15 min 2 hours H,0, RT, 10 min

FIGURE 4.2: Photo-sensitization to customize MPF’s, (A) schematic, and (B) experimental.
The process starts with self-organized micropatterned silver film containing silver chloride,
which is poorly visible due to low contrast (I). These MPF’s are developed, which converts
silver chloride into silver/silver oxide, making the pattern visible by increasing contrast
and ensuring compatibility with subsequent processes (II). Then a photo-sensitization step
is performed, converting all silver/silver oxide particles into light sensitive silver bromide
(III). By illuminating a triangular section of this sensitized film with UV light (365 nm), a
part of the MPF is converted from silver bromide back to silver/silver oxide (IV). All silver
bromide is then solubilized using a fixation step, to yield an MPF with stripes only in the
illuminated area (V).
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We contour this MPF using ultraviolet (UV) light. For this, we first make the
MPF light sensitive by performing a bleaching procedure. In such a procedure,
silver/silver oxide (Ag/Ag,0O) particles convert into light sensitive silver bromide
(AgBr) by immersing the MPF in an aqueous solution of potassium bromide and
potassium ferricyanide (Kz[Fe(CN)e]) for 15 minutes at room temperature (Figure
4.2A,B1III). The AgBr MPF is locally illuminated with UV light (365 nm), 1% using
a triangular photo-mask (Figure 4.2A,B IV, see SI for experimental details). In the
illuminated region, AgBr is converted into Ag/Ag,O. Because the particles in an
MPF are at least an order of magnitude smaller than those found in photographic
films, the particles are much less light sensitive. To counteract this insensitivity, we
illuminate with a strong UV-LED (535 pW/ mm?) for much longer (> 2 hours) than
is common in traditional photography. Subsequently, we reveal the photo-pattern
by applying a fixation process that removes unreacted AgBr, which is present in
areas that have not been illuminated with UV-light. For this, the MPF is immersed
in an aqueous solution of sodium thiosulfate (Na;S,03) and washed with water,
which solubilizes and removes all unreacted AgBr (Figure 4.2A,B V). Although
slight blurring is observed around the edges—attributed to imperfect photomask-
ing, we find that the original stripe pattern is preserved and contoured precisely in
the shape of the applied photo-mask, demonstrating the concept of photography
inspired manipulation for customizing MPF shapes.

The success of the photo-sensitization process suggests that photographic ma-
nipulation processes may be applied to customize MPF's in different ways. Specif-
ically, many reactions have been developed to change the color or longevity of
photographs. These so-called toning reactions work by converting the chemical
composition of photographs, while retaining the original image. We realize that
these photographic toning reactions may enable the chemical conversion of MPF’s,
and thus hold the potential to disentangle the shape and composition of MPF’s.

We investigate this potential of photographic toning recipes by first forming an
MPEFE which we then develop and tone using various toning recipes. We character-
ize the pattern and chemical composition before and after each processing step us-
ing optical microscopy and energy dispersive x-ray spectroscopy analysis (EDXA).
We find that the insulating and flexible nature of the gelatin matrix hinders direct
EDXA of the chemical composition of the pattern. To overcome this limitation, we
analyze the chemical composition by first liquefying the gel, followed by centrifu-
gation to extract the particles. The extracted particles are then re-dispersed and
dropcasted for EDXA (see SI for experimental details and for SEM micrographs of
the measured particles).
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FIGURE 4.3: Chemical conversion through photographic toning reactions (A) Optical mi-
croscopy image of a non-processed MPF and EDXA, revealing that the pattern consists of
silver chloride particles. (B) Optical microscopy image of a developed MPF and EDXA
showing that additional silver is precipitated on top of existing silver chloride. Optical mi-
croscopy image and EDXA confirming conversion of developed MPF after different toning
reactions to (C) silver selenide, (D) silver sulfide, (E) gold-silver core-shell particles, and
(F) iron-silver core-shell particles. Note that all microscopy images were shot at identical
contrast and magnification, without additional color correction, to show color changes after
toning.
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EDXA reveals that initially the MPF indeed consists of AgCl particles, where
likely some metallic silver is present because of light exposure (atomic ratio Ag:Cl
= 1.24:1, Figure 4.3A). We realize that by using a development step, we can con-
vert these AgCl particles into Ag/Ag»>O, to ensure compatibility with toning pro-
cesses. For this, we immerse the MPF in a commonly used aqueous developer
solution containing sodium sulfite, hydroquinone, metol, potassium bromide and
sodium carbonate for one minute. EDXA shows that nearly all AgCl is converted
to Ag/AgyO (atomic ratio Ag:Cl = 22:1, Figure 4.3B), with preservation of the stripe
pattern.

We explore how these developed MPF’s can be converted into a range of differ-
ent chemical compositions. Specifically, to demonstrate the proof-of-principle, we
investigate both anionic and cationic toning conversions. For anionic conversions,
we apply two commonly used toning processes: selenium and sulfide toning. For
selenium toning, we immerse a developed MPF in an aqueous solution of sodium
selenite, ammonium thiosulfate and sodium sulfite (commercially available Ilford
Harman Selenium toner) for 10 minutes at room temperature to form silver se-
lenide (Ag»Se), as confirmed by EDXA (Figure 4.3C, atomic ratio Ag:Se = 1.68:1).
For sulfide toning, we immerse a developed MPF in an aqueous solution of poly-
sulfide and sodium carbonate at room temperature for 10 minutes to produce sil-
ver sulfide (AgpS) particles, again confirmed by EDXA (Figure 4.3D, atomic ratio
Ag:S = 1.75:1). Importantly, in both cases the original stripe pattern and microscale
spacing is preserved, showing pattern-preserving chemical conversion of MPF’s
using anionic toning processes.

To demonstrate cationic conversions, we apply two commonly used cationic
toning reactions: gold toning and Prussian blue (iron) toning. For gold toning, we
immerse a developed MPF in an aqueous solution of gold (III) chloride and ammo-
nium thiocyanate in water (commercially available Bergger Goldtoner). This ton-
ing solution causes the gelatin matrix to swell. We prevent this undesired swelling
by adding a small amount of the crosslinker glutaraldehyde (0.1%) to the toning so-
lution. During this toning process, gold grows on pre-existing Ag/Ag,O particles
and forms a coating, yielding gold-silver (Au@Ag) core-shell particles, ' consis-
tent with EDXA of the resulting MPF (atomic ratio Au:Ag = 0.42:1). With Prussian
blue toning, a similar coating of iron can be produced.!!! For this, a developed
MPF is immersed in an aqueous solution of potassium ferricyanide, oleic acid and
ferric ammonium citrate in water for 10 minutes at room temperature, yielding
iron-silver (Fe@Ag) core-shell particles, demonstrated by a vibrant blue color and
the appearance of a distinct iron peak at 6.4 keV in EDXA (molar ratio Fe:Ag =
0.51:1). These results demonstrate that both anionic and cationic conversions can
be realized using photographic toning reactions, to customize the chemical com-
position of MPF’s with preservation of the original stripe pattern.
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Thus, by combining self-organized pattern formation with photographic ma-
nipulation processes we gain three levels of control over MPF’s: 1. spacing of tun-
able stripe patterns through immersion controlled reaction-diffusion; 2. contour-
ing using photo-sensitization and UV-masks; 3. converting chemical composition
via toning reactions. These three levels of control can be combined into higher-
order complex motifs.

— Fe@Ag
Au@Ag

— Ag/Ag,0
\\ Ag/Ag,0

— Ag/Ag,0O
— — Ag,Se

FIGURE 4.4: Inspired by composite photography, stacking of MPF layers provides a com-
binatorial complex design space. (A) Stacking two spatially identical MPF’s of different
chemical composition produces a grid where horizontal stripes consist of Fe@Ag and verti-
cal lines consist of Au@Ag. (B) Stacking two UV-patterned MPF’s, where the first layer con-
tains stripes only in the positive image of a circle and the second layer only in the negative
image of a circle, generates a complex tapestry. (C) Stacking two MPF’s with non-identical
pattern spacing, varying chemical composition and different UV-patterns demonstrates the
full combinatorially complex design space.
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We realize that in traditional photographic manipulation processes, multiple
layers of photographic negatives can be stacked to create composite images. Akin
to such composite photographs, we can produce higher-order complex motifs by
stacking layers of MPF’s. This opens a combinatorial and versatile design space:
by manipulating each individual layer with UV-contouring and chemically con-
version, we can create highly complex user-defined tapestries.

We demonstrate this design potential with three examples. First, by stack-
ing two MPF layers of different chemical composition at 90° we produce square
patterns, where the horizontal lines contain Fe@Ag and the vertical lines contain
Au@Ag (Figure 4.4A). Second, by stacking MPF layers contoured with different
UV-masks, we enable the formation of complex motifs with arbitrary selected pat-
terning directions. Here, we demonstrate this by contouring a negative circular
image into one MPF, and a positive circular image into another. By stacking these
opposite motifs, we obtain a tapestry where the orientation of the pattern is differ-
ent in and outside of the circle (Figure 4.4B). Third, to demonstrate an even more
refined level of complexity, we design a tapestry composed of two MPF layers,
each with different line spacing, different shape and different chemical composi-
tion. For the first layer, we produce a stripe pattern with line spacing 22 pm and
contour a negative circle. For the second layer, we produce a stripe pattern with
line spacing 10 um and contour a positive circle, followed by selenium toning.
Stacking these two layers yields a highly complex tapestry, with user-defined pat-
tern spacing, shape and chemical composition (Figure 4.4C).
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4.3 Conclusion

In summary, we introduce photography inspired manipulation processes to design
complex tapestries of self-organized thin-films. Intriguingly, there exists an histor-
ical connection between self-organized patterning and photography: in the late
19th century, the German scientist R. E. Liesegang pioneered photography tech-
niques, and serendipitously discovered self- organized patterns.?’ These so-called
Liesegang patterns are at the core of the immersion controlled reaction-diffusion
process used to create MPF’s. Now, 130 years later, we reunite Liesegang patterns
with their photographic roots, to design complex thin-film tapestries. We realize
that with immersion controlled reaction-diffusion we can create MPF’s that are
chemically very similar to classical silver halide photographs. Leveraging these
similarities unlocks the complete toolbox of darkroom techniques for user-defined
manipulation of MPF’s.1% Using photography inspired techniques we can inde-
pendently control the shape via photo-sensitization combined with UV-masking,
and alter the chemical composition through conversion with toning reactions.
Akin to composite photographs, we stack multiple individually manipulated MPF
layers to create complex tapestries.

The power of our approach is that it combines the strengths of self-organization
and photographic manipulation. By harnessing the autonomy of self-organization
and exploiting the automated mass-production of photographic materials, this
synergistic approach grants user-control across length-scales: from microscopic
control over shape and chemical composition to macroscopic scale-up.

The success of this strategy is surprising: darkroom techniques have been de-
veloped for photographs, not MPF’s. Nevertheless, we demonstrate that these
century old techniques can be readily adapted for recently developed pattern for-
mation processes. Building upon these results, we foresee that other interesting
photographic reactions and processes can be extended to fields outside of photog-
raphy. Specifically, we project exciting opportunities for the field of ion-exchange,
where insights from photographic toning processes could inspire the design of
new conversion reactions.

Additionally, we foresee new functionalities that exploit the unique combina-
tion of tunable long-range ordering with local customization. For instance, already
layer stacking allows the formation of Moiré patterns, > which combined with lo-
cal customization could now be designed for information processing, sensing, and
advanced optical devices. Furthermore, if self-organized patterns are scaled down
one order of magnitude, these structures could exhibit structural coloration. In
combination with the local customizability of photography inspired manipulation
processes, these structures would allow the fabrication of structurally colored im-
ages.

65




Chapter 4. Photography Inspired Customization of Micropatterned Thin-Films

To summarize, we have shown a synergistic approach combining hands-off
self-organization and hands-on manipulation for the synthesis of complex thin-
film tapestries. We envisage that top-down customization of self-organized pat-
terns using photography inspired manipulation processes will lead to exciting op-
portunities for the generation of complex patterns with advanced functionalities.

66



4.4. Supporting Information

4.4 Supporting Information

4.4.1 Materials

All chemicals were used without additional purification. Gelatin was purchased
from Sigma-Aldrich and was type A from porcine skin (roughly 300 g Bloom). 3-
[hydroxy(polyethyleneoxy)propyl] heptamethyltrisiloxane (CAS: 67674-67-3) was
purchased from Gelest.

4.4.2 Self-Organization Process

Micropatterned films are made using a previously developed reaction-diffusion
driven, immersion controlled patterning process (R-DIP). For details on this pro-
cess, see chapter 3. In short, a thin hydrogel film is cast onto a glass substrate. This
film is then slowly immersed in reagent, which diffuses into the hydrogel thereby
triggering a reaction-diffusion process that forms periodic precipitation stripes.
Here, we produce microscopic patterns of silver chloride. First, gelatin (1.0 g),
3-[hydroxy(polyethyleneoxy)propyl] heptamethyltrisiloxane (15 puL) and ammo-
nia (25% in water, 40 puL) are added to DI water (9 mL). This mixture is heated to
60° C to dissolve the gelatin, after which 0.3 mm thick gels are cast. These gels are
then immersed (1.5 um/s) in a silver nitrate solution (0.4M in water). Note that
chloride ions are already present in type A gelatin, and are not added separately.

4.4.3 Photographic Manipulation Recipes
Developer (Kodak D-19) 106

¢ Potassium bromide 50 mg

¢ Sodium Sulfite 0.90 g

¢ Hydroquinone 80 mg

* Metol 20 mg

* Sodium carbonate 0.45 g

e Water 8.5 mL

Dissolve at 52 °C, use at room temperature for 1 to 5 minutes.

Bleacher (Print Rehalogenating Bleach) 106
¢ Potassium bromide 80 mg

¢ Potassium ferricyanide 120 mg
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e Water 9.8 mL

Use at room temperature for 5 to 10 minutes.

Fixer (Plain Hypo) 106
¢ Sodium thiosulfate 4.8 g
e Water 20 mL

Fix at room temperature for 5 to 10 minutes.

Sulfide toner (Kodak T-8) 1%
¢ Polysulfide 75 mg
¢ Sodium carbonate 25 mg
e Water 10 mL

Use at room temperature for 5 to 10 minutes.

Selenium toner
Commercially available Ilford Harman Selenium Toner, contains:
* Sodium selenite
¢ Ammonium thiosulfate
¢ Sodium sulfite
e Water

Use at room temperature for 5 to 10 minutes.

Iron toner (Kodak T-12) 106
¢ Ferric ammonium citrate 20 mg
* Oxalic acid 20 mg

¢ Potassium ferricyanide 20 mg

Dissolve each separately in water (10 mL), mix equal portions and filter directly
prior to use. Use in the dark. Precipitation occurs in light exposed aqueous so-
lutions of ferric ammonium citrate, resulting in particles depositing on the film

surface during toning if the toner is exposed to light and/or not filtered properly.
Use at room temperature for 5 to 10 minutes.
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Gold toner!0

Commercially available Bergger Goldtoner, contains:
e Gold(IT)chloride
¢ Ammonium thiocyanate
¢ Water

To prevent MPF swelling, glutaraldehyde (0.1%) was added. Use at room temper-
ature for 5 to 10 minutes.

44.4 SEM and EDX analysis

To characterize the chemical composition of the MPF’s, we perform energy disper-
sive x-ray analysis (EDXA), using a FEI Verios 460 scanning electron microscope
equipped with an Oxford X-Maxn energy dispersive X-ray spectrometer. Because
the gelatin matrix is non-conductive, direct analysis of the particles is impossible.
Via critical point drying, collapse of the gel network can be prevented, and spatial
information of the particle distribution through the pattern can be obtained (Fig-
ure S54.1). However, because the matrix is flexible in this state, particles move away
from the e-beam, making high resolution imaging and high acceleration voltages
required for EDXA impractical. Therefore, we remove particles from the gelatin
matrix prior to SEM/EDXA.

To this aim, MPF sections are placed into a 10 mL Falcon tube, to which boiling
water (7 mL) is added. By vortexing directly, all gelatin is solubilized and partially
hydrolyzed, such that it no longer forms a gel. By centrifuging at 6500 rpm for 1
hour the particles are separated from the gelatin solution. The supernatant is dis-
carded and again boiling water (7 mL) is added, to remove any leftover gelatin.
After again centrifuging at 6500 rpm for 1 hour, the supernatant is removed. The
particles are then redispersed in 2-propanol (1 mL) and drop casted onto an alu-
minum substrate. Figure 54.2 shows the particles used for EDXA.
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8/3/2023 v . HRW | mag [] mode
1:07:09PM | 10.00kV | 6.3 mm | 82.9 uym | 5000 x

SUPPLEMENTARY FIGURE S4.1: SEM micrograph of an MPF using a Concentric Backscatter

(CBS) detector. This sample was prepared by first immersing the MPF in increasing amounts

of ethanol (25% EtOH in water -> 50% EtOH in water -> 100% EtOH), followed by critical

point drying using a Autosamdri 815 serie B super critical point dryer and sputter coating a

10 nm chromium layer using a Leica EM ACE600 Double sputter coater. The white dots in
this micrograph are silver chloride nanoparticles (150-200 nm).

4.4.5 UV patterning

UV patterning was performed using a custom-built microscopy setup. For more
details on this setup, see Bistervels et al.'%? This custom microscope contains three
main sections: an irradiation parts, a sample holder stage, and an imaging part. For
the UV LED irradiation, a lens (Edmund Optics 84-337, focal length (f) = 20.0 mm)
collects the light from a 365 nm mounted LED (Thorlabs M365L3, 1290 mW output
power). An UV anti-reflection coated plano-convex lenses (Thorlabs LA4148-UV, f
=50.0 mm) projects custom-made photomasks onto the sample through a 10X/0.30
magnification objective (Nikon Plan Fluor). The light intensities of the UV LED is
controlled by adjustments of the driving current of the drivers (Thorlabs LEDD1B).
The sample holder stage is attached to a Huber CC-K6 cooling bath thermostat.
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4.4. Supporting Information

Developed MPF’s were immersed in the bleaching solution for 10 minutes and
washed four times in a large excess of DI water for 10 minutes directly prior to
UV-patterning. This converts all silver particles to silver bromide, which are light
sensitive, and care was taken to keep samples out of direct light. Using the custom
microscopy setup described above, samples were photopatterned with 365 nm UV
light for > 12 hours, whilst cooled at 10 °C to prevent sample heating and gel
decomposition, after which the MPF was removed from the sample holder and
directly placed in a fixing bath. After 10 minutes the sample was washed four
times with a large excess of DI water.
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HQO, Metol, H,O, RT,
KBr, Na,CO4 1 min

Na,SeO,,  |H,0, RT p-S, H,0, RT AuCl;, GTA, |H,0, RT  K[Fe(CN)g, | H,0, RT
INH,1,S,05, |10 min Na,CO; [10min  NH,SCN  [15min  OA FAC 10 min
Na,SO,

SUPPLEMENTARY FIGURE S4.2: SEM micrographs of the particles used for the EDX anal-

ysis shown in Figure 3. (A) Silver chloride particles before any modification. (recorded at

20 kV, 100pA) (B) Silver/silver oxide particles obtained after development (recorded at 20

kV, 100pA). (C) Silver selenide particles obtained after selenium toning (recorded at 20 kV,

100pA). (D) Silver sulfide particles obtained after sulfide toning (recorded at 20 kV, 100pA).

(E) Gold-silver particles obtained after gold toning (recorded at 20 kV, 100pA). (F) Iron-silver
particles obtained after iron toning (recorded at 30 kV, 100pA).
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Reaction-Diffusion Modeling

Here, we provide an introduction into reaction-diffusion modeling and
provide an in-depth explanation of the numerical models used throughout
this theses. This chapter is divided into four sections: first, we explain the
basis of numerically approximating reaction-diffusion processes. Then,
building on existing reaction-diffusion models, we describe the changes
made to accurately capture both mechanical responsiveness as well as im-
mersion controlled patterning. Lastly, we provide an outlook for future
experimental Liesegang patterning, with a focus on producing smaller-
scale patterns towards the fabrication of advanced functional materials.

The numerical models described in this chapter have been created by
me and are used in the following publications:
C. T. van Campenhout, D. N. ten Napel, M. van Hecke, and W. L. Noor-
duin, Proc. Natl. Acad. Sci, 119(39):€2123156119, 2022.
C. T. van Campenhout, H. Schoenmaker, M. van Hecke, and W. L, Noor-
duin. Adv. Mater., 5(39): 2305191, 2023.
All scripts used in this chapter are publicly available via: https://
github.com/cvcampenhout/Scripts-and-Movies-Thesis.
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Chapter 5. Reaction-Diffusion Modeling

5.1 Reaction-diffusion modeling

In this chapter we will describe a model that predicts Liesegang patterning by
numerically solving the following one-dimensional reaction-diffusion equation
(Equation 5.1):

ou 0%u

= = D= + R(u). 5.1

5 = D32 T R(1) (5.1)

Inspired by several well-established Liesegang models“~*, we create a pre-

nucleation model. To this end, we first create discrete grid in which the reaction-
diffusion process will take place, then we approximate diffusion and introduce
reaction kinetics. Lastly, we combine reactivity and diffusion to form a set of
reaction-diffusion equations that accurately reproduce Liesegang patterning.

22,30

5.1.1 Discretization

We start by defining the one-dimensional space in which our reaction-diffusion
process will take place, x, and divide this into discrete boxes of size Ax. Similarly,
we define the total process time t and divide this into discrete time-steps At. This
discretization effectively creates a 2D-grid, where one axis denotes a specific loca-
tion and the other axis describes a specific moment in time. Every point on this
2D-grid can hold the concentration of one species.

5.1.2 Diffusion

With the framework of the model in place, we now start modeling diffusion. For
this, we use the forward in time, central in space (FTCS) scheme, which reads as
follows (Equation 5.2):

ul A =t — pour + Pin,
. DAt ,
wlth (Pout == _erzuxr (52)

and ¢in = ﬁ(ufox + u§6+Ax)'
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FIGURE 5.1: Approximating diffusion with the FTCS scheme. (A) The FTCS scheme uses

the concentration at t = f from three locations, middle (x), left (x — Ax) and right (x +

Ax), to calculate the concentration at t = t + At and x = x. (B) Example showcasing the

FTCS approximation on small scale, showing the concentration will spread throughout the

system. (C) By increasing the system size and total time of the process, we can accurately
approximate diffusion numerically with the FTCS-scheme.

where u is the concentration of a species and D is the diffusion coefficient of that
species. This approximation computes the future concentration of a species based
on current concentrations in the system. Specifically, the concentration of a middle
box at a future time-step (ulF2%) is calculated from both the flux out (¢pout) and
flux in (¢;,) into that middle box. The outward flux is described by a pre-term that
describes the discretization size and diffusion coefficient (%) times the current
concentration in that space (u!), doubled because for one dimension concentration
is lost in two directions. The inward flux (¢;, is described by the same pre-term
(%) times the concentrations directly to the left (u!,_,.) and to the right (! ,.)
of middle box (Figure 5.1A). This approximation effectively moves concentrations
based on the gradient between adjacent boxes: if the concentration in the middle
box is higher than that of its neighbors, the total flux will be negative and thus
the concentration in that space will decrease. If the concentration of the middle
box is lower than that of its neighbors, the total flux will be positive and thus the
concentration in that space will increase. Only when concentrations are equal in all
spaces will be there be a net-zero flux and thus no change in concentration. Using
the FTCS approximation allows us to calculate concentrations at future time-steps
with only known current values.
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To demonstrate the FTCS approximation, we provide a small-scale example
(Figure 5.1B). Here, we start by setting the concentration of species u to 100 at
x=3andt =0 (ug = 100), and concentrations of 0 in all other spaces at ¢ = 0.
Now, to find the concentration of u at x = 3 for the next time-step t = 1, we need
only three values: the current concentration at x = 3 (ug = 100), the concentration
theleftof x =3 (ug = 0) and the concentration to the right of x = 3 (ug = 0). Filling
out the FTCS equation (Equation 5.2) for these values shows that the concentration
at x = 3 will decrease. Because the concentrations at x = 2 and x = 4 are lower
than the concentration at x = 3, the flux out from —ZD%(ug) will be greater

than the flux in from + D%(ug +uY). For D = 0.1, At = 1 and Ax = 1 this

gives a concentration value: ul = 80. Performing this same calculation for all
values of x gives a new set of concentration values for t = 1. By repeating these
calculations for multiple time-steps, we already see that the initial concentration of
u is spreading through the system. If we now decrease the discretization size (Ax =
0.01) and increase the total system time, we can already accurately approximate
diffusive motion (Figure 5.1C).

5.1.3 Reactivity

Now that species are able to diffuse through the system, the reaction-diffusion
system modeled here is the periodic precipitation of silver dichromate as a result
of silver nitrate diffusing into a gel matrix and reacting with potassium dichromate
to produce an insoluble salt (Equation 5.3):

2Ag™ (ag) + Cry07%~ (ag) — AgaCraO7(s). (5.3)

In this thesis, we have focus on the pre-nucleation theory for Liesegang pattern
formation. This theory divides the above reaction into three steps: 1. sol formation,
2. nucleation and 3. growth.

1. First a sol of Ag,Cr,Oy is formed (Equation 5.4):

2Ag™ (ag) + Cry07% (agq) — AgaCra07(aq). (5.4)
1

2. This sol only nucleates after a specified nucleation threshold c* is exceeded
(Equation 5.5):
Ag2C1207(aq) — Ag2Cra07(s). (5.5)

3. Growth onto these nuclei is auto-catalytic and extremely rapid (Equation

5.6):
AgrCr207(aq) + AgaCra07(s) Py 2Ag>Cry07(s). (5.6)
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5.1. Reaction-diffusion modeling

For each step, a separate rate equation can be written up that describes the
change in concentration of specific species over time as the result of that reaction
(Equations 5.7 - 5.9):

1 = —2ki[AgT]*[Cr,0727], (5.7)
rp =ky [Ag2cr207]uq6([A82C1"207]aq - C*), (5.8)
Y3 = k3 [Angr207]uq [AngrzO7]5. (5.9)

where r describes a change in concentration over time, k is the rate constant of
that specific reaction and 6 describes a function that return 0 for [AngrzOﬂaq < c*
and 1 for [Angr207]gq > c¢*. This theta function models nucleation by only allow-
ing solid material to form after a specified nucleation threshold (c*) is surpassed.
These three rate equations describe all the reactivity required for Liesegang pat-
terning. Note that these rate equations only rely on a species’ concentration in a
single discrete space, and not on any spatial information, greatly simplifying their
incorporation in a discrete reaction-diffusion model.

5.1.4 Combining reaction and diffusion

In the Liesegang patterning process modeled here, there are a few concentra-
tions of species to keep track of: silver ions ([Ag+]); dichromate ions ([CrzOyz_]) ;
dissolved silver dichromate ([AngrzO7]aq) and precipitated silver dichromate
([Ag2Cr207];). For each of these species, we create a separate reaction-diffusion
equation, based on the reactions that species is involved in:

d[Ag™] ot

o 2 2—
52— D [Ag"] - 2ki[Ag T 2[Cr0 ], (5.10)
2—
A0 ] 2 (Cra0r] — 2 [Ag PICr07, (6.11)

9[AgrCr,0 ot
w = D@ [Agzcr207]aq + Zk]_ [Ag+]2 [Cr20727]

— k2[Ag2Cr207]400([Ag2Cr207]0g — ¢*) (5.12)
— k3[Ag2Cr207]45[Ag2Cr207]s,

3[AgrCry0 )

% — ko [Ag2C1207]4,0([Ag2C1207 ] — c*) 19

+ k3 [Angr207] aq [Agzcr207] 5.
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Solving this set of reaction-diffusion equations numerically produces precipi-
tation bands at distinct, increasing, intervals (Figure 5.2A, B). Comparing this nu-
merically generated pattern to an experimental Liesegang pattern confirms that
this reaction-diffusion model accurately captures Liesegang patterning (Figure

5.2B, C).
A Reaction: 2 Ag* (aq) + Cr,0,” (aq) — Ag,CrO; (aq) C
Nucleation: Ag,CrO; (aq) — Ag,CrO; (s)
Growth: Ag,CrO; (aq) + Ag,CrO; (s) — 2 Ag,CrO; (s)
B c (a.u.) c(a.u.) c(a.u.)
7 Ag* (ag) Z 7
Ag,CrO; (aq) - //
/
/ /
| R | = e
x = Ag,Cro; (s)| x
//
t=t, t=t, / t=t,

FIGURE 5.2: Classical Liesegang patterns reproduced with reaction-diffusion modeling.

(A) Reaction, nucleation and growth equations that describe this Liesegang process. (B)

Time-series produced by the numerical reaction-diffusion model, showing the formation of
Liesegang patterns over time. (C) Experimental Liesegang pattern of silver dichromate.
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5.2. Reaction-diffusion coupled to mechanical responsiveness

5.2 Reaction-diffusion coupled to mechanical respon-
siveness

In chapter 2, we embed Liesegang processes in mechanical responsive gels (MRGs)
to produce highly uniform patterns. In short, calcium ions react with alginate
strands present in the MRG matrix, which induces shrinkage, resulting in the for-
mation of a transport channel (Figure 5.3A, B). Through this channel species flow
from a reservoir that sits on top of the gel matrix to the reaction-diffusion region. To
approximate this self-regulated channel formation, we first compute the crosslink-
ing of alginate (A~) by Ca2", to yield a Ca-alginate (Ca : 2A) complex (Equation
5.14):

Ca2t 424" % Ca: 2A. (5.14)
5

The loss of free Ca?* ions caused by this is given by a second order rate equa-
tion. Since this coordination is an equilibrium reaction, we also include the op-
posite de-coordination. This gives the following reaction-diffusion equations for
[Ca?*],[A~] and [Ca : 2A] (Equations 5.15 - 5.17):

o[Ca%" 9
[ ai l_p é[ca”] — kg [Ca®F][A]? 4 ks[Ca : 24], (5.15)
@ = —2ky[Ca*"][A]* + 2ks[Ca : 24], (5.16)
w = ky[Ca®*][A]* — ks[Ca : 2A]. (5.17)

To add channel formation we first define the leading edge of channel formation,
Xe, as the final instance where [Ca : 2A] exceeds a specified threshold a*. For x < x,
chemical transport is instantaneous and solutes are evenly distributed, whereas for
x > x, chemical transport is diffusion limited. To compensate for dilution effects
we have introduced V;;, and V,, the volume of inner and outer electrolyte used
respectively. This results in the following equation for solute concentrations where
x < x¢ (Equation 5.18, X = any solute):
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Vout
[X]Chmmel = [X]O
Vour + BV;
out ,B n (5.18)
with ‘B — lchannel ]
system

Here the concentration of solute in the channel [X] a1 i calculated from its
starting concentration [X]o, the starting volumes used Vj, and V,,; and B, which
uses the length of the channel and the length of the entire system to describe the
relative distance the channel has opened (returns 0 at ¢y and 1 at t«). Combining
this self-regulated channel formation with the aforementioned periodic precipi-
tation reactions (Equations 5.4 - 5.6) in this MRG model results in a highly uni-
form periodic precipitation pattern, accurately reproducing the experimental pat-
terns observed (Figure 5.3C, D). As described in chapter 2 modulating the calcium
concentration in this model confirms observed experimental trend, where pattern
spacing decreases for increasing calcium concentrations (Figure 5.3E).

A Alginate  Crosslinked Alginate
Ca?* + 2 R-COO" 2 R-CO0-Ca-0O0C-R

C c(a.u) c(au.) c(a.u.) D
A [ ]
Ag* (aq) i Ca-2A

[T

7( A
Ag,CrO, (s)

X (a.u.)
X (a.u.)

X (a.u.)

Ag,CrO, (aq)

1mm [

FIGURE 5.3: Liesegang patterning in MRG’s. (A) Schematic representation of gel shrinkage
as a result of calcium ions crosslinking alginate strands. (B) Experiment showing the forma-
tion of a transport channel, where we denote the position of the open transport channel with
Xe. (C) Time-series of the MRG reaction-diffusion model, where the self-regulated opening
of a transport channel results in highly uniform precipitation bands. (D) Experimental pat-
tern obtained via periodic precipitation of silver dichromate in a gelatin-alginate MRG. (E)
Patterns obtained through MRG modelling at varying calcium concentrations, showing a
decrease in pattern spacing for increasing calcium concentrations.
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5.3. Immersion controlled reaction-diffusion

5.3 Immersion controlled reaction-diffusion

In chapter 3, we introduce reaction-diffusion driven immersion controlled pattern-
ing (R-DIP), a process where Liesegang patterning is controlled by steadily im-
mersing a thin film into a solution (Figure 5.4). In this process, we again look at
the periodic precipitation of silver dichromate (Equation 5.3). For this immersion-
reaction-diffusion model, we change from a one- to a two-dimensional system, be-
cause this more accurately represents reaction-diffusion in thin-films. This changes
only the diffusion equation to the following (Equation 5.19):

ou Pu  Pu

5 (@ + a—yz) (5.19)

|
J

—_—
c =2500 t=5000 t=7500 D'y =0,

" (R]
reaction front 0.01
reaction front g S
0.1
§ Immersion solution I .
- EEE—————— 0

FIGURE 5.4: Immersion controlled reaction-diffusion. (A) Schematic of the experimental

setup: a gel thin film is steadily immersed in an immersion solution, inducing periodic pre-

cipitation of silver dichromate. (B) Snap-shot during the experimental patterning process,

showing the reaction front and contact line. (C) R-DIP model, where we approximate a

moving contact line by incorporating a moving y;,,;, yielding highly uniform patterns. (E

Patterns obtained at varying immersion speeds v, reproducing the experimental trend that
stripe distances decreases for increasing immersion speeds.
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With the FTCS approximation, this change to two dimensions is easily made:
we perform the same adjacency calculation as before, but now twice; once for the
x-direction and once for the y-direction. Because reactivity only depends on con-
centration in a specific discrete space, and does not take the surroundings into
account, changing to two dimensions does not affect the reaction rate equations.
Thus, combining the two dimensional diffusion equation with the periodic pre-
cipitation reactions of silver dichromate used before (Equations 5.4-5.6) yields the
following set of two-dimensional reaction-diffusion equations (Equations 5.20 -
5.23):
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oMAg"] _  PlAg"] , 2[Ag] RICHO2
s P y? ) — 2ki[AgT]7[Cr 07", (5.20)
9[Cr207°7] P[Cr20,2]  P[Cra072] o .
S - 5.21
ot ( 0x2 T ay? ) —2ki[AgT]7[CrO777],  (5.21)
9[Ag2Cr207], 9?[Ag2Cr07]sy  9?[Ag2Cra07],
[Ag>Cr07] q _ D( [Ag2Cr207] 14 [Ag2Cr207] q)+2k1[Ag+]z[CrzO727]

ot 012 ay?
— k2 [Ag2Cr207]440([Ag2Cr207]ag — )
— k3[Ag2Cr207]45[Ag2Cr207]s,
(5.22)

9[AgrCra0
w — k[ Ag2Cr207]4g0([Ag2Cr207] g — *)

+ k3[Ag2Cr207]0g[Ag2Cr2O7]s.

(5.23)

Now, to incorporate immersion, we introduce a time-dependent immersion
reagent interface y;,;, which moves at a constant, user-defined speed speed v
(Equation 5.24):

Yint =0 X t (5.24)

Subsequently, for all immersed points we set the concentration of immersion
reagent ([Ag]y<y,,) as equal to the starting concentration ([Ag]o). Again, to com-
pensate for dilution effects we take the total volumes of immersion and gel reagent
(Vim and Vg, respectively) into account, as well as the portion of the chamber that
has been filled (B). (Equation 5.25):

V‘
A = [Agly X —im
[ 8]y<ymt [ 8]0 Vi + ,ngel (5 25)
lsystem

This set of reaction-diffusion equations combined with a moving immersion
reagent interface reproduces uniform patterning, again closely resembling the ex-
perimentally observed pattern (Figure 5.4B, C).
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5.4 Downscaling Liesegang patterning

In this section, we will use the immersion controlled reaction-diffusion model to
investigate the key parameters for downscaling pattern formation. To this end,
we adapt the immersion-reaction-diffusion model described above to incorporate
the silver chloride periodic precipitation system (see chapter 3and 4). In this peri-
odic precipitation system, a gel containing sodium chloride is steadily immersed
into a solution of silver nitrate to produce microscopic patterns of silver chlo-
ride nanoparticles (Figure 5.5A). Seeing as most optical applications require sub-
micrometer patterns, it is of great interest to reduce this length-scale by at least
one order of magnitude. To this aim, we investigate the parameter space of this
periodic precipitation system using our numerical model.

Reaction: Ag* (aq) + CI- (aq) — AgCl (aq)
Nucleation: AgCl (ag) — AgClI(s)
Growth: AgCl (aq) + AgCl (s) — AgCI (s)

B Immersion (v) c [GR] D Nucleation (c*) E  Mobility (D)
Slow | | High Low || IFast Slow | | High Low
2 1 0.5 0.05 0.075 _ 0.1 15

R sot———
Lot st ol BN e

AT

silver chloride pattern with stripe distance d = 12 pm. Modeling shows that: (B) increasing

the immersion speed (v) results in decreased stripe distances; (C) increasing the gel reagent

concentration ([GR]) results in decreased in stripe distances; (D) reducing the nucleation

threshold (c*) causes fast nucleation resulting in a decrease in stripe distance; (E) mobility of

the crystallizing phase (here D, for [AgClaq}) is critical for patterning, where low mobility
results in significantly reduced stripe distances.

From chapter 3 we know that controlling immersion speeds allows for tun-
ing of the stripe distance, which plateaus around d = 5 um. With this immersion
controlled reaction-diffusion model, we accurately reproduce this trend, where in-
creasing immersion speeds result in smaller stripe distances (Figure 5.5B). Besides
immersion speeds, modeling allows us to easily screen other parameters of this
reaction-diffusion process.
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First, we screen a range of both immersion- and gel-reagent concentrations, and
find that stripe distances are especially dependent on gel reagent concentration,
where increasing concentrations result in smaller stripe distances (Figure 5.5C).
Additionally, we investigate two parameters that are difficult to test experimen-
tally: nucleation rates and species mobility. For nucleation rates, we find that fast
nucleation is key: if nucleation becomes too slow, patterns become poorly defined
and low-fidelity (Figure 5.5D). Investigating mobility, specifically mobility of the
crystallizing phase ([AgClaq]), reveals that there is a strong dependency of stripe
distance on mobility: lower mobility drastically reduces stripe distances (Figure
5.5E).

Combining these results provides a solid foundation for future experimental
work on reducing stripe distances to sub-micrometer length-scales. Specifically,
the system needs to show fast nucleation, with high gel reagent concentration and
low species mobility. Experimentally, this can be achieved by for instance lower-
ing the processing temperature, which would decrease mobility and potentially
increase nucleation rates. Additionally, other solvents besides water can be tested,
which will drastically change the mobility and solubility of all species. Using nu-
merical modeling has demonstrated that downscaling patterns is theoretically pos-
sible, and has provided key pointers for experimental design to achieve this goal.
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Summary

Spatial organization of components can enhance and exceed properties of ma-
terials beyond what would be achievable by simply the sum-of-their-parts. As
such, precise patterning of components is key for the next generation of materials.
Specifically, precise micro- and nanoscale patterning is critical for the generation of
complex functional materials with advanced optical, thermal and electronic prop-
erties. However, manufacturing of such patterns remains challenging, with costly
lithography techniques being the leading method to produce nanoscale complex-
ity. Therefore, straightforward and scalable strategies towards functional pattern-
ing are highly sought after.

Alternative strategies can perhaps be found in the natural world: nature pos-
sesses the remarkable ability to produce complex shapes seemingly out of thin air.
These grown patterns are certainly a match in terms of complexity and function-
ality for the patterns we so painstakingly create, and demonstrate the potential of
spontaneous pattern formation for the fabrication of advanced materials. For this,
nature employs self-organization of self-assembly: autonomous processes where
building blocks spontaneously arrange into complex shapes and patterns, driven
by local physical and chemical interactions.

To study this potential of self-organization for scalable fabrication of complex
patterned materials, we have investigated reaction-diffusion processes, where a
delicate interplay between reaction kinetics and diffusion spontaneously induces
pattern formation. Because these processes rely on chemical feedback loops, there
is the potential to achieve large scale production of uniform patterns. One class of
reaction-diffusion process shows great potential for this goal: Liesegang pattern-
ing. In Liesegang patterning, precipitation or crystallization is induced by diffus-
ing a first reagent into a gel matrix containing a second reagent, which together
form an insoluble product. Surprisingly, in some cases, this precipitation occurs
not evenly distributed throughout the gel, but rather appears in distinct precipita-
tion band or stripe patterns.
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Summary

This periodic precipitation behavior is explained by an autocatalytic
nucleation-growth-depletion mechanism, leading to Liesegang pattern formation.
Because precipitation is induced by diffusion of a reagent, Liesegang patterns clas-
sically show specific undesirable characteristics: precipitation bands grow increas-
ingly further apart and wider the further patterning occurs from the initial reagent
interface. These characteristics instilled by diffusion drastically limit the applica-
bility of Liesegang patterning for the fabrication of large-scale functional materials.

In this thesis, we demonstrate that the classical limitations of Liesegang pat-
terning can be overcome, to enable reaction-diffusion driven self-organization of
complex functional materials. We have developed fundamentally new principles
for Liesegang patterning, allowing for the formation of large-scale, highly uniform,
tunable and customizable patterns.

Specifically, in chapter 2 we show that diffusive limitations of Liesegang pat-
terning can be overcome by embedding the process in mechanically responsive
hydrogels. Here, coupling a moving reaction front to hydrogel contraction induces
the self-regulated opening of a transport channel, through which species can freely
flow. The transport channel allows for a unique combination large-scale flow of
material with short-range diffusion, ensuring controlled reaction-diffusion driven
pattern formation at the reaction front. This unique combination ensures rapid and
uniform patterning, and allows for the formation of large scale (>5 ¢cm) uniform
banding patterns with tunable band distance. As chemical transport plays essen-
tial roles in artificial and natural processes, we envisage that using mechanically
active materials to bypass diffusion limitations will enhance our understanding of,
and control over, chemical transport in complex artificial and living matter.
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Figure: Guiding Lines: a study into the potential of self-organization for scalable fabrica-
tion of complex patterned materials. (A) Irridiscent nacreous shell, where the coloration
comes from highly ordered nanoscale building blocks. (B) The archetypical silver dichro-
mate Liesegang pattern, grown by diffusing silver nitrate into a gel containing potassium
dichromate. (C) Highly uniform pattern of silver dichromate grown in chapter 2 by incor-
porating the Liesegang in a mechanically responsive hydrogel. (D) Microscopic line pat-
terns made in chapter 3 with R-DIP, here stacked threefold at 60° angles to create a trian-
gular diffraction grating. (E) Contoured micropattern created in chapter 4 through photo-
sensitization and subsequent UV-masking. (F) Micropattern stack demonstrating the full
design customizability of self-organized micropatterned films combined with photography
inspired manipulation processes.
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In chapter 3 we apply what we have learned about chemical transport
and Liesegang patterning, and come up with a completely new strategy:
reaction-diffusion driven, immersion controlled patterning (R-DIP). In this self-
organization strategy, immersion of hydrogel thin-film controls the movement of a
reaction-diffusion front, inducing highly uniform stripe formation. Here, a balance
between the immersion speed and diffusion provides both hands-on tunability of
the line spacing (d = 10 — 300 pm) as well as error-correction against defects.
We demonstrate the scalability of R-DIP by growing a microscopic pattern in an
Ad4-sized thin film, which acts as a diffraction grating. Additionally, by applying
R-DIP to several Liesegang patterning processes, we produce uniform line pat-
terns of silver dichromate, silver chromate, lead carbonate and silver/silver oxide
nanoparticles. Through combinatorial stacking of different line patterns, we cre-
ate hybrid materials with multi-dimensional patterns such as square-, diamond-,
rectangle- and triangle-shaped motifs. Lastly, using this stacking approach, we cre-
ate an opto-mechanical compression sensor based on Moiré patterning. Overall,
R-DIP offers a versatile and scalable approach for creating complex user-defined
line motifs in thin films, enabling a wide range of applications in materials science
and manufacturing.

With diffusive limitations tackled, we aim to increase pattern customizability in
chapter 4. Reaction-diffusion patterning limits the customizability of patterns that
can be generated: 1. the large-scale uniformity restricts user-control in shaping
where patterning occurs; 2. the necessary delicate interplay between reaction and
diffusion requires specific combinations of materials, limiting the choice in chem-
ical composition of patterns; 3. the autonomous nature of reaction-diffusion pre-
vents the formation of complex and user-defined patterns. In this chapter, we in-
troduce a synergistic approach, combining hands off self-organization with hands
on customization. Specifically, we show that photographic manipulation processes
can be applied for top-down customization of self-organized micropatterned thin-
films (MPF’s). Because of chemical similarities between micropatterned thin films
and classical silver halide photographs, we are able to apply over a century’s worth
of darkroom techniques to develop, bleach, expose, fix and contour MPF’s into
user-defined complex shapes. Furthermore, we show that photographic toning
processes can convert MPF’s, thereby expanding the choice of chemical composi-
tion for these patterns. Akin to composition photography, we produce stacks of
MPF la