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Chapter 1

Introduction

Controlling local gradients at the right time and place enables living organisms to autonomously form
basic building blocks into intricate mineral crystal architectures with remarkable physicochemical
properties, including structural resilience,'? protective efficacy,® and sensory enhancement“—essential
for the sustenance and survival of life forms.>™° If humans could harness the potential of this type of
self-assembly in a similar manner, it could unlock a myriad of new structures and fabricate materials
with unimaginable properties. Intrigued by this thought, researchers have explored routes to synthet-
ically replicate such biorelevant crystals.”"® Specifically, achieving spatiotemporal control in these
syntheses can lead to a profound understanding of the constructive crystallization processes in nature
and serve as a foundation for innovative synthetic routes to create unprecedented functional materials
based on user-defined designs. Nevertheless, replicating nature’s remarkable autonomous dynamic
regulation at the sub-micrometer scale remains a challenging task in chemical synthesis."7=2'

Light-driven reactions offer ample opportunities for achieving spatiotemporal control over self-assembly.
Methods using such reactions have already demonstrated sub-micrometer spatial resolution and mil-
lisecond temporal control in colloidal crystal systems.?272> However, practical implementation challenges
hinder the extension of these principles to synthetic biorelevant crystallization. The objective of this
thesis is to investigate how light can be harnessed to achieve this spatiotemporal control on the
nucleation and growth of biorelevant crystals.

In this introduction, we will briefly discuss the fundamental principles and phenomena employed in
developing new methodologies that enable spatiotemporal control over crystallization of biorelevant
crystals. This includes the phenomena of biominerals and crystallization; methods of controlling
crystallization, using calcium carbonate as a model system; the co-precipitation of barium carbonate
with silica into nanocomposites; and the developments in light-driven self-assembly. Finally, we give
an overview of the subsequent chapters in this thesis.
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11 Biominerals

The formation of biominerals in nature serves as a striking example that highlights the potential
of spatiotemporally controlled crystallization.5162627 This section offers a concise overview of their
formation process while highlighting the distinctive characteristics that make them exceptional.

Biominerals, naturally found inorganic substances, are meticulously crafted within living organisms
through a precise self-assembly process known as biomineralization. Regulated by proteins, this
intricate process involves involves nature’'s adept management of local chemical gradients and bio-
logical geometries, orchestrating crystallization processes with precise spatiotemporal control.72829
For instance, polymeric frameworks and cellular vesicles serve as molds or connectors between in-
organic and organic processes to guide the formation of distinct patterns263° Simultaneously, local
environmental factors such as precursor concentration, temperature, and pH intricately regulate the
kinetics of chemical reactions, forming the appropriate composition at the correct place and time.3°737
This delicate interplay of controlled parameters gives rise to intricate morphologies, which significantly
depart from the symmetry of crystal lattices, and thereby present unique physicochemical properties.
Shells,®®, bones3 and teeth“® exemplify this phenomenon, showcasing resilience, toughness, and
strength owing to their distinct combination of composition, external shape, and highly organized
atomic arrangement, and highlight the influence of precisely controlled local gradients (Figure 11).

Figure 1.: Various biominerals found in nature. SEM images of A) a cell wall of coccolithophore species, B) a
stereom structure of a sea urchin skeleton, C) a transverse section of the primary spine of a sea urchin, and D)
an endoskeleton of a cell of the radiolaria Lamprocyclas martialis. E) Transmission electron microscopy (TEM)
image of a single chain of biomagnetite nanocrystals of a cell of Magnetospirillum gryphiswaldense; inset: the
isolated biomagnetite nanocrystals. F) SEM image of a microsclere from the demosponge Geodia cydonium. (A-C)
are CaCO3-based, (D-F) are SiO,-based, and (E) is Fez04-based. Courtesy of (A) J. Young, (B) J. Aizenberg, (C) P.
Dubois, (D) J. Dolven, (E) D. Schiiler, and (F) I. Zlotnikov. Copied from [10].
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1.2 Crystallization

Replicating the spatiotemporal precision of nature’s biomineralization demands a fundamental under-
standing of the principles governing nucleation and growth in crystallization processes. To facilitate
this understanding, we will briefly delve into established nucleation theories, their corresponding ther-
modynamics, and the factors influencing the crystallization process. For the purpose of this discussion,
our exploration will be confined to homogeneous nucleation and growth emerging from solutions.

Classical nucleation theory

Crystallization denotes a phase transition characterized by the transformation of initially disordered
atoms, ions, or molecules into a systematically arranged and periodic solid structure, recognized as
a crystal lattice# The underlying mechanism of crystallization is often explained by two closely
related fundamental theories: classical nucleation theory®“ and non-classical nucleation theory
(Figure 1.2).4546

In the classical nucleation theory (CNT), crystallization begins with the formation of a single nu-
cleus, followed by its growth into a crystalline structure#' The transformation of dissolved species
into a solid crystal is, in principle, a spontaneous process that aims to minimize the total Gibbs free
energy of the system.*” This process is primarily driven by a supersaturated state, a state in which the
concentration of species in a solute exceeds the solubility threshold, corresponding with a chemical
potential gradient between the two phases that is positive compared to the equilibrium state:

aj Ap;
=ln=—0 = = 11
o=t to =i (1)
with
Api =i — 7 (12)
and
pi =12+ nRT In(a)) (13)

Where o is the supersaturation, a; is the molar concentration of the species 7 in the solute, a77 is
equilibrium concentration, k, is the Boltzmann constant, T is the temperature, n is the number of
moles, R is the universal gas constant, y; represents the chemical potential of species i in the solute,
p? its equilibrium chemical potential and 4 its standard potential.
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Figure 1.2: Schematic of crystallization processes following classical or non classical nucleation theory. Left,
development of the stages of the crystal components with single (classical, solid black line) or with multiple
(non-classical, dotted and dashed dotted grey and pink line) steps. Right, the associated free energy of the
developing system. The reaction coordinate can be compared with the radius of the (nucleus of the) crystal in the
text. Copied from [48].

In a supersaturated state, the means to lower the Gibbs free energy of the system is by generating
a volume of solid species (G,). However, this formation of a thermodynamic new phase requires an
activation energy, as the creation of a new interface between the solution and the solid surface area of
the nucleus increases interfacial energy (Gs) (Figure 1.2).%° Therefore, the Gibbs free energy describing
the crystallization process (Gc,ys) contains an energetically unfavorable-surface term (Gg), and an
energetically favorable volume term (G, ):

AGcrys = AGs + AG\/ (74)
with
AG, = 4nr?y (1.5)
and
4 A
AG, = —§7rr3v—: (16)

Where r is the radius of the aggregation of species that forms a nucleus, y is the surface tension
between the solid and the solute, and V,, is the volume per building unit.

The critical size with r* of a stable nucleus that can grow into a crystal can be found by setting
AGe,ys/8r =0, yielding:

r* - 2}’ Vm
Au
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Substituting r* in Ge,ys provides a measure of the nucleation rate. We find that a larger supersaturation
leads to a larger G,, consequently yielding smaller r* values, thereby expediting nucleation. Conversely,
a higher surface tension creates a higher energy barrier and increases r*. As a results of this energy
barrier, the solution may remain in a metastable state.

Non-classical nucleation theory

Another approach to describe nucleation is the non-classical nucleation theory (NCNT). In the context
of NCNT, it is proposed that multiple clusters with sizes falling below the critical nucleation size form
first.5° Clusters can manifest as either crystalline or amorphous particles, progressing through diverse
modes of aggregation or attachment to form bulk crystals.“® Attachment, for instance, can occur along
preferred orientations of crystal facets, facilitated by a match in crystal lattices.>" Ultimately, the clusters
that attach in the resultant superstructure have the capacity to reorganize and fuse, culminating in the
formation of a single crystal.“652 The energy terms of the Gibbs free energy are now described by the
multiple aggregation steps involved:

Gcrys = Gprenuc/ation + Gaggregation + Grearrangement + Gcrysta/lizatian (18)

Where every sub G can be described with the sub processes.

While the intermediate steps of crystal formation in the NCNT diverge from the CNT, we find that the
same concepts pertaining to energy and driving forces remain applicable. The phase transition process
operates through supersaturation and aims to minimize the system’s Gibbs free energy. But just as in
the CNT, the initial formation of new phases faces an energy barrier due to rising interfacial energy
and the subsequent creation of a unified solid crystal leads to a reduction in the overall energy of the
system (Figure 1.2).
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1.3 CaCo; as a case study of controlling crystallization

Among the many crystal systems we know, the biorelevant mineral calcium carbonate (CaCOs3) is an ide-
ally suited model compound for examining spatiotemporal control over crystallization. CaCO3 has been
the subject of thorough investigation, unveiling its underlying mechanisms and exploiting its remarkable
capability to generate a diverse array of shapes.>3 Furthermore, the compound already demonstrates
versatile applications in both natural®#55 and industrial settings.5~% Gaining spatiotemporal control
over this system not only advances our understanding of various natural self-assembly processes but
also opens innovative pathways for producing novel functional materials. This section delves into the
fundamental natural attributes of this compound while highlighting strategic methodologies developed
for controlled crystallization.

Natural features of CaCO;

After quartz (crystalline SiO,), CaCOs crystals are the second most abundant crystals on earth and
belong to the class of alkali earth metal carbonates.®® CaCOs is sparingly soluble in water and its
solubility increases with increasing pressure and pH, and with decreasing temperature. CaCOs appears
in three main crystal forms (named polymorphs) : calcite (rhombohedral), aragonite (hexagonal), and
vaterite (orthorombic) (Figure 1.3).5" Its crystalline form is often preceded by an amorphous phase called
amorphous calcium carbonate (ACC), which is thermally highly unstable but easily formed kinetically
and, therefore, often used as a precursor.®?

Figure 1.3: Synthesized CaCO3 with different polymorphism. SEM images of A) calcite, B) aragonite, and C) vaterite
with rhombohedral, hexagonal, and orthorhombic geometrical unit cells, respectively. Copied from [63]

CaCOs3 readily interacts with organic macromolecules, forming composites that greatly expand the
variety of CaCOs architectures and their associated properties.® Therefore, many organisms use CaCO3
as a building block to create highly functional biominerals that fulfill essential functions for survival.
For instance, the alignment and optical properties of calcite crystals in the skeleton of brittle stars
enable the regulation of photosensory phenomena.* While layered aragonite crystals of CaCOsz within
nacre, bonded together by complementary organic materials, offer robustness and durability, providing
protective strength and hardness (Figure 1.4).%
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Figure 1.4: Natural shapes of CaCO3. SEM images of A) a part of the skeleton of the brittlestar Ophiocoma wendtii
(Ophioroidea, Echinodermata), and B) a microstructure of nacre from the seawater snail Haliotis laevigata. Copied
from (A) [65] and (B) [64].

Synthetic routes of controlled CaCO; crystallization

In laboratory settings, strategic methods for guiding CaCOs draw inspiration from nature’s ability to
orchestrate localized gradients, relying on the fundamental principles of nucleation. Typically, this
exploration begins with a close examination of natural processes, whereafter newfound insights are
reformulated for synthetic methods.”™? We can categorize these methods of controlled CaCOs5 crys-
tallization into three main themes: 1) manipulation of thermodynamics through soluble additives, 2)
templating by insoluble additives and 3) indirect adjustment by leveraging external environmental
factors (Figure 1.5).

Using soluble additives, common strategies are based on high salinity and enzymatically active environ-
ments that influence the (pre)nucleation and growth behavior of CaC03.7:3° The additional interactions
of the additives with the solute can influence nucleation and growth stability, as well as kinetic rates
both before and during the process. For instance modifications with entropic, steric, or energetic effect,
enhance the nucleation and growth of a specific polymorph.% The inhibition of a growth face due to
selective adsorption directs the final crystal habit.9%® Moreover, chiral acidic amino acids have been
demonstrated to induce chiral hierarchical vaterite structures (Figure 1.5 A).%

Methods that use insoluble additives are inspired by stereochemical recognition and electrostatic
matching found.?® In nature, this can involve large biomolecules with functional groups forming tem-
plates that direct nucleation and growth.”>’" These functional groups may vary in terms of charge
density, acidity, or polarity.”? A synthetic adaptation of this approach involves patterning self-assembled
monolayers (SAM) on metal films.”® The functional terminal groups within these monolayers enable
the direction of local nucleus aggregation, resulting in spatial distribution and orientation of crystallo-
graphic planes within the SAM (Figure 1.5 B).
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Figure 1.5: Result of different modification strategies to direct CaCO3 growth. SEM images of A) vaterite grown in
L- or D-Asp yielding chiral toroids spiral in the counterclockwise direction (green arrow, top image) or clockwise
direction (yellow arrow, bottom image), respectively. B) Ordered two-dimensional arrays of single calcite crystals
controlled by the micropatterned SAMs (top image regions of HS(CH,)2OH on Au, and bottom image regions
of HS(CH5)11S03sH on Pd ). C) Example of the replication of the full double CaCO3 gyroid (a region with double
networks is marked by C and a single network region is marked by D). Copied from (A) [69], (B) [73], and (C) [74].

The last category concerns the architectural environment of biomineralization. In nature, the crystal-
lization process is often regulated in tight volumes or confinements, as seen in viruses and hollow
capsules.’s Synthetic microfabrication techniques yield what are known as "crystal hotels" and defined
nano-sized molds,’® in which several strategies can be employed to direct crystallization. For instance,
by stabilizing the amorphous precursor phase in the confined space, these systems enable the produc-
tion of large single calcite crystals with predefined crystallographic orientation,”” which can even be
leveraged to create gyroid morphologies (Figure 1.5 C).

Expanding on these approaches, further developments in biomineralization control can be found
in numerous studies that applied combinations of methods. Examples include high-pressure envi-
ronments with additive control to direct the size, morphology, and orientation of CaCOs crystals,’®
or polymer-mediated growth with a layer-by-layer deposition of organic films to mimic nacre-like
materials.”®

The control and understanding of CaCO3 systems have undeniably made significant progress and precise
control over nucleation is attainable concerning location, orientation, and 2D and 3D morphology,
even with the potential for achieving single or multiple crystallinity. However, despite the successful
implementation of many strategies, control remains constrained by either a global and dynamic or
a local and static effect. As a result, achieving spatiotemporal control in these synthetic systems
continues to be challenging and necessitates the development of new principles.
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1.4 MCO3/SiO, architectures

One of the few inorganic mineralization systems that can grow complex shapes extending beyond
their crystallographic symmetries is the synthetic co-precipitation of nanocrystalline earth alkali
metal carbonates (MCOs, with M= Ba?*, Sr?*, Ca?*) with amorphous silica (MCO3/Si0,).8%8" This system
produces micrometer-sized architectures with shapes ranging from coral, vase, and stem-like forms
to helices and leaf-like sheets®28 (Figure 1.6). These structures exhibit optical properties such as
waveguiding and polarization, and they can be further transformed in composition through shape-
preserving ion exchange reactions, enriching the system with a variety of functional compositions 8478
Gaining spatiotemporal control over this system has the potential to enhance our understanding of the
underlying principles of self-assembly mechanisms in nature and can open new pathways to functional
materials. In this section, we will discuss the general synthesis, strategies for manipulation, and their
applications.

General Synthesis of MCO;/SiO, architectures

The MCO3/Si0, architectures are polycrystalline nanocomposites consisting of aligned elongated
orthorhombic MCO3 nanocrystals (60-90% atomic weight) embedded in a silica matrix (10-40% atomic
weight).8” They were discovered by Garcia-Ruiz in the 1970s, who called them biomorphs due to their
life-like shapes. Their hierarchical order is believed to form through the activation and inhibition of
MCO3 and silica formation in an acid-regulated feedback loop, far from thermodynamic equilibrium 889
This loop begins with the formation of crystalline MCOs, typically due to the diffusion of CO, from the
air in an alkaline aqueous medium containing MCl, (5-50 mM) and Na,SiOs (7-11 mM). Subsequently,
the released protons in this reaction activate silica formation, inhibiting further growth of the MCO3
but simultaneously inducing the new formation of MCO3 nanocrystals:

M+ CO, + H,0 === MCO; + 2 H" (1.9)

Si07™ + 2H" == Si0, + H,0 (110)

The newly formed MCOj3 crystals align with the c-axis of the already grown crystals, further assembling
into life-like shaped architectures.

This co-precipitation is highly sensitive to the reaction conditions and requires the precipitation of
both components in the right ratio. A change in the reaction conditions quickly results in a different
morphology. So far, we can identify two main growth modes based on pH:% one at high pH (around
11-12), favoring MCO3 over silica precipitation, where the active growth front of the architectures expands
outwards toward the bulk, yielding coral-vases and stem-like structures. The second mode, at lower pH
(between 10-11), enhances silica solubility over MCOs, resulting in the growth front moving away from
the bulk and producing spiraling single or double helical-shaped structures. A third growth regime
could be defined, where silica does not precipitate, but only BaCOs crystals form, highlighting the
crucial role of silica.
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Figure 1.6: Overview of MCO3/SiO; architectures grown at various crystallization conditions.
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Strategies for shape modifications

To gain a deeper understanding and a better control over this system, various strategies have been
developed to modify the co-precipitation. Most of these strategies involve global variations in the
growth conditions, such as changes in pH,® precursor concentrations,®"9° CO, influx,® additives ' and
temperature.®? These alterations in the synthesis parameters influence the precipitation rates and,
consequently, the morphology of the resulting structures. For example, introducing a temporary influx
of CO, leads to the thickening of the growing structure (Figure 17 A), an initial high Ba?* concentration
yields highly bifurcated floral shaped structures (Figure 17 B), a higher temperatures result in the
formation of thinner, rapidly growing trumpet-like structures (Figure 17 C), and an addition of additives,
such as metal ions doping, has been found to suppress growth (Figure 17 D).

Figure 1.7: Results of modified growth conditions to manipulate the BaCO3/SiO, structure’s morphology. SEM
images of structures grown with A) temporary influx of CO,, B) high concentrations of BaZ* (500 mM BaCly), C) high
temperature (45°C), and D) doped with CaZ* (0.5 mM). Copied from (A) [83], (B) [81], (C) [92], and (D) [91].

In contrast, local adjustments to the growth conditions have been explored to a lesser extent. In this
context, variations in the growth substrate are the main focus. Here, we find methods that influence
the position of nucleation through surface confinements such as trenches,®® substrate patterning with
photoresist,# and topographical adjustments using top-down lithography.®

Functionalization of MCO;/SiO, architectures

To enhance the functionality of these structures, studies have primarily focused on modifying their
composition (Figure 1.8). There are two main strategies employed: the 'build-in’ principle®69? and the

1
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use of shape-preserving ion-exchange reactions 886100191 |n the "build-in" principle, the original MCO3
nanorods remain intact but are enhanced with additional groups during or after the growth process by
adjusting the silica content (Figure 1.8 A, B). For example, one approach involves incorporating a pH-
sensitive dye, enabling the analysis of pH-dependent feedback loops.?” In another study, researchers
demonstrated the incorporation of light-switchable spiropyran derivatives to create a magnetized
biomorphic microcarrier system.98

A BaCOs/pPy ¢

I BaCO, |

+Cd%
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Figure 1.8: Functionalization methods of the BaCO3/SiO, structures. Schematic and light microscope image of A)
the "build-in’ principle, B) post surface modification, and C) ion exchange reaction conversion. Copied from (A) [99],
(B) [96], (C) [86].

Conversely, ion exchange reactions involve a complete conversion of the chemical composition (Figure
1.8 C). Effectively replacing the BaCO3 nanocrystals introduces additional properties to the structure.
In this approach, the competitive reactivity of ions facilitates the exchange of composition, while
the silica matrix helps maintain the original shape.8 A notable example include the conversion of
BaCO3/Si0, coral-like architectures into catalytic Coz04/SiO; structures,’©® which even exhibited im-
proved performance in terms of selectivity and activity compared to conventional catalysts. Other
postfunctionalizations with ion conversion of these architectures yield optoelectronic semiconducting
perovskite,® various catalytic compositions and magnetic and electronic functionalized materials 861!
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The MCOs3/SiO, co-precipitation can thus be tailored in terms of shape and composition while main-
taining the hierarchic complexity inherent in self-assembly. Combining this with their intrinsic optical
properties, the system offers an exciting opportunity to explore the fabrication of photodirectable
structures that can be chemically modified post-assembly. However, realizing this potential requires
dynamic and localized control of chemical gradients, as opposed to the current static and global
methods. Such approach with spatiotemporal control will enable precise guidance for both nucleation
and growth, facilitating the assembly of materials based on user-defined designs.

15 Light-controlled self-assembly

Precise dynamic control over local environments is crucial for steering the nucleation and growth of
crystals according to user-defined designs with new functionalities. External stimuli that are precisely
tunable in space and time offer the potential to gain such dynamic control. Especially light is a
promising and effective tool, because it is clean, precise, and versatile222319271% Fyrthermore, the
remote and on demand tunability in intensity and wavelength enables to selectively target a process
in a non-invasive manner. In this section we discuss how photochemical and laser-based methods are
used and developed for self-assembly systems and how this is currently implemented for biorelevant
crystals.

Photochemically driven self-assembly

A photochemical reaction is a chemical reaction that is initiated or driven by the absorption of
photons.™ These reactions involve the excitation of molecules or atoms from their ground state to
higher energy states when they absorb photons with resonating energy. The excited species formed
during this process can undergo various chemical transformations, leading, for instance, to changes
in acidity,’°® polarity,’”” isomerization,™® or even the loss of functional groups,’ thereby selectively
enabling chemical reactions in the excited state.

To utilize photochemical reactions to direct self-assembly systems, it is necessary for the system
to exhibit photosensitivity. In non-photoresponsive self-assembly systems, photosensitivity can be
introduced by attaching photo-responsive molecules as functional ligands to the self-assembling com-
ponents (Figure 1.9).293 Commonly used molecules with efficient photosensitivity include diarylethene-
based imines,""° azobenzene derivatives,"" and spirospiran species,” whose excitation energy corre-
sponds to (deep) ultraviolet (UV) light. For example, azobenzene photoswitches are used in colloidal
crystals, where the photosensitive molecules are attached to nanoparticles.” When these systems
are irradiated with light, it induces colloidal aggregation or repulsion, resulting in the formation of
organized superstructures. Another instance of light-induced superstructure organization is seen in
the photoconfigurational changes of spiropyran-based molecules.”™ In this case, illumination triggers
photodimerization, causing a dimer to form between two nanoparticles. Furthermore, in liquid crystal
systems, the attachment of photoswitchable ligands has been shown to enable switching between
different crystal phases.”™

13
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Alternatively, photochemistry can also be employed indirectly. In this case, the environment responds
to light irradiation, and the self-assembling components respond to the photochemically changed
environment. A clear example is a photoswitchable host-guest inclusion complex of an azobenzene
derivative by cyclodextrins. Here the photoisomerization of azobenzene derivatives in combination
with the binding affinity of cyclodextrin controls light-responsive aggregation and dispersion behavior
of nanoparticles."® Another example is the deprotonation of nanoparticle-bound ligands. In this
scenario, pH-sensitive ligands can be activated by photo-acids or bases that change acidity in the
excited state. 22"
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Figure 1.9: Light-induced organization of colloidal superstructures. Schematics of using A) photoisomerization
with azobene derivate, and B) photoswitchable host-guest inclusion complex with azobenzene and cyclodextrins.
Schematic and SEM images of C) (de)protonation of nanoparticle-bound ligands using photoacids. Images copied
from [23], which reproduced them from (A) [113], (B) [116], and (C) [22].

Light-induced nucleation and growth of biorelevant mineralization

Light-directed crystallization of biorelevant minerals holds the potential to deepen our understanding
of complex self-assembly processes and simultaneously offer a new pathway for creating innovative
materials with advanced functionalities. However, research on light-induced nucleation and growth of
biorelevant mineral crystals, utilizing photochemistry to achieve precise spatiotemporal control over
the process, remains limited at present.

There are several reasons why this field is relatively unexplored.”® Most of all, the direct implementation
of photochemistry in aqueous solutions is challenging as most developments have been focused on
aromatic compounds, which have limited water solubility,"9'2° restricting the available options or
necessitating extensive modifications that may compromise their efficiency. Moreover, biorelevant
mineral crystal building blocks are mostly not photosensitive and attaching photosensitive compounds
is challenging, thereby hindering the application of direct use of photoreactive compounds. Further-
more, pure mineral growth exhibits a high sensitivity to the surrounding environment. Therefore,
photoreactive compounds could easily disrupt the crystallization process.263012!

An example of a study that demonstrates the initial steps in light-induced mineral crystallization with
photochemistry involves the use of a photobase to raise the pH of the growth solution.™? In this case,
the photobase Malachite green carbinol base (MGCb) is used, that releases a hydroxide ion in its excited
state. Using this principle, the work demonstrates the formation of CaCOs and ZnO-films upon bulk
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irradiation of UV light.

Laser induced crystallization

Besides photochemical, the use of light to initiate crystallization systems is also explored to be used in
a non-photochemical manner2>'23124 These processes involve light, primarily utilizing a laser source,
but they differ from traditional photochemical reactions since the light is not strongly absorbed
by the solute or solvent to initiate a chemical change (Figure 110). A rudimentary classification
of these studies distinguish three main categories.® 1) Optical laser trapped crystallization, where
continuous lasers are used to create local supersaturation due to electromagnetic interactions.’>'% 2)
High intensity laser induced crystallization, where femtosecond pulsed lasers are employed, reaching
energy densities high enough to generate an optical breakdown, plasma formation, vaporization,
or melting.” triggering rearrangement and nucleation.””®™2 And lastly 3) non photochemical laser
induced nucleation, where the peak intensity of unfocused laser pulses appears to locally enhance the
nucleation probability.™3130.131

pre-pulse

10

Figure 1.10: Non-Photochemical Laser Induced Crystallization. Light microscope images of A) ice with 8 ns laser
irradiation inducing optical breakdown (the energy at the focus spot is 2 mJ), and B) NH4Cl with single 1064 nm
laser pulse in an unfiltered solution (top before and bottom approximately 1.6 s after). Copied from (A) [129], and
(B) [131].

Although laser-induced methods have been demonstrated for a variety of compounds, including metal
halides (KCl, KBr), small organics (urea, glycine), and macromolecules (lysozymes),® the underlying
principles remain unclear, the control achieved typically has a resolution above the micrometer scale,
and the methods often rely on advanced laser setups.’® These challenges make it difficult to extend
these techniques systematically to the unexplored field of biorelevant minerals.?>'3°

Harnessing light for controlling biorelevant crystallization holds promise. Yet, while efforts are being
made in creating water-soluble photoreactive compounds and instances of crystallization induced by
lasers are increasingly emerging, a deeper understanding and the formulation of novel principles are
essential to effectively apply this approach in the domain of biorelevant minerals.
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1.6 In this thesis

Controlling self-assembly processes presents a fundamental scientific challenge with practical implica-
tions for the development of next-generation advanced materials. Such control has the potential to
revolutionize materials design, allowing for autonomous assembly when possible and precise manual
intervention when necessary. Among the various strategies developed for achieving control over
crystallization, light-induced crystallization, whether non-photochemical or photochemical, stands out
as a promising method. The following chapters explore new approaches where light is employed to
achieve spatiotemporal control over self-assembly of biorelevant crystals, focusing primarily on the
versatile nanocomposites (BaC03/SiO,) and abundant biorelevant minerals.

Chapter 2: We investigate a photochemical approach for gaining local and dynamic control over the
reaction conditions of the self-assembling BaCO3/SiO, nanocomposites. By utilizing a custom-built
optical setup, carbonate is generated photochemically using ultraviolet light patterns to influence
the precipitation of BaCO3/Si0, nanocomposites in situ. The study explores how photogenerated
precursors, crystallization processes, and diffusion mechanisms can be exploited for dynamic and
localized control over chemical gradients. These insights allow for three levels of control: (1) positioning
individual and large fields of composites, (2) sculpting the composites’ contours, and (3) dynamically
steering self-assembly by synchronizing the light spot's movement.

Chapter 3: We further delve into the principle of using locally generated carbonate gradients through
photochemistry to direct the co-precipitation of BaCO3/SiO, nanocomposites. We investigate whether
modulating the UV light intensity to create local carbonate gradients can influence different growth
modes and patterns, providing a deeper understanding of morphological development. The research
shows that subtle modulations in UV light intensity can guide the morphological development of the
BaC03/Si0O, nanocomposites, demonstrating three levels of control: (1) switching between growth
modes to form different structures, (2) dynamically transitioning between growth modes within a single
structure, and (3) refining sculpting within a single growth mode.

Chapter 4 We propose a new strategy for sculpting different chemical compositions into complex
user-defined architectures. We develop a hybrid approach that combines subsequent light-controlled
self-assembly of BaCO3/SiO, architectures with post-process complementary ion conversion enabling
the integration of different compositions with assigned locations while preserving shape. This control is
leveraged in three ways: (1) conversion of light-patterned and contoured architectures, (2) positioning
architectures with different compositions next to each other, and (3) integrating different compositions
into a single architecture.

Chapter 5: We introduce the use of resonant near-infrared (NIR) laser heating to induce the crystalliza-
tion of pure biorelevant minerals with precise spatiotemporal control, without the need for special
crystallization media or additives. NIR light is shown to enable extremely fast (millisecond) local
heating of water, promising precise spatiotemporal control over the crystallization of retrograde soluble
minerals. By modulating NIR light intensity, the research demonstrates control over various aspects:
(1) laser drawing of MCO3 crystals with micrometer resolution, (2) positioning single CaCOs crystals
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with specific polymorphisms next to each other, and (3) extending the general principle to enable the
growth of Ba-Sr-CaCOj3 crystals next to each other, as well as single crystals of calcium phosphate and
strontium sulfate.

Chapter 6: We explore the potential of two-photon absorption in governing nucleation and growth
processes with precise three-dimensional spatial control. Two-photon absorption, being a non-linear
process, requires an exceptionally high peak intensity. This unique demand allows the phenomenon
to selectively occur within the focal spot of a laser. We investigate the feasibility of inducing pho-
todecarboxylation of ketoprofen within a micron-sized focal spot using a ps-pulsed 532 nm laser
setup. We systematically screen chemical parameters to optimize the precipitation into BaCO3/SiO,
nanocomposites. We leverage our insights to achieve precipitation at micrometer resolution and
controlled z-directional growth from an xy-plane. Additionally, we demonstrate the feasibility of ion
exchange conversion for the precipitation and discuss further steps necessary to enhance and refine
this pioneering principle.

Chapter 7: We comprehensively reflect on our research endeavors, including a brief description of
discontinued projects. We briefly encompass the technical and chemical requirements to implement
light into biorelevant crystallization systems. Our culmination lies in a conclusive summary, gathering
insights gained throughout the research process and give thought to the significance of this work.
Moreover, we venture into the future, providing recommendations for potential new research avenues
where our methods could prove instrumental.
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Chapter 2

Light-controlled nucleation and shaping
of self-assembling nanocomposites

Abstract

Controlling self-assembly of nanocomposites is a fundamental challenge with exciting implications for
next-generation advanced functional materials. Precursors for composites can be generated photo-
chemically, but limited insight in the underlying processes has hindered precise hands-on guidance.
In this study, light-controlled nucleation and growth is demonstrated for self-assembling composites
according to precise user-defined designs. Carbonate is generated photochemically with UV light to
steer the precipitation of nanocomposites of barium carbonate nanocrystals and amorphous silica
(BaC03/Si0,). Using a custom-built optical setup, the self-assembly process is controlled by optimizing
the photogeneration, diffusion, reaction, and precipitation of the carbonate species, using the radius
and intensity of the UV-light irradiated area and reaction temperature. Exploiting this control, nucleation
is induced and the contours and individual features of the growing composite are sculpted according to
micrometer-defined light patterns. Moreover, moving light patterns are exploited to create a constant
carbonate concentration at the growth front to draw lines of nanocomposites with constant width over
millimeters with micrometer precision. Light-directed generation of local gradients opens previously
unimaginable opportunities for guiding self-assembly into functional materials.

This chapter is based on Bistervels, M. H.,, Kamp, M., Schoenmaker, H., Brouwer, A. M., & Noorduin,
W. L. (2022). Light-Controlled Nucleation and Shaping of Self-Assembling Nanocomposites. Advanced
Materials, 34 (5), 2107843.
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24 Introduction

Precise control over biotic and abiotic self-assembly processes is of fundamental interest with
practical impact for simple and scalable routes toward complex 3D architectures with advanced
functionalities.’82123381327135 A simple and highly versatile bioinspired self-assembly process is the co-
precipitation of barium carbonate nanocrystals and amorphous silica into nanocomposites (BaC0O3/Si0,).
8078387 |n short, carbonate ions trigger the precipitation of BaCOs, which in turn causes the polymeriza-
tion of SiOzin an acid-regulated feedback loop. This co-precipitation can yield a wide diversity of 3D
shapes such as corals, vases, and helices. Already, post-synthesis functionalization and ion-exchange
reactions of such architectures have enabled shape-preserving conversion into chemical compositions
with photovoltaic, magnetic, and catalytic performance 8486997101122136.137 Moreover, rudimental pattern-
ing and shaping of these composites has been demonstrated by modulating the reaction conditions
either dynamically and globally, or statically and locally, leading to similar shapes, but not yet following
exact user-defined designs. Unlocking the full potential of this self-assembly approach will require the
ability to control chemical gradients both dynamically and locally—instead of statically and globally—for
precisely guiding both nucleation and growth to guide assembly according to user-defined designs.

From this perspective, photochemical reactions offer attractive possibilities for modulating local
gradients. 2122138 Specifically, the photochemical generation of carbonate via photodecarboxylation
of ketoprofen (KP) can onset precipitation of BaCO3/SiO, composites,’3® but precise control over nu-
cleation and growth, let alone assembly according to user-defined designs, is not possible yet. In
particular, it remains unclear how the intricate interplay between photogenerated precursors, crystal-
lization, reaction, and diffusion processes affect self-assembly.

Based on fundamental insights in the roles of reaction and diffusion rates, we here study the spa-
tiotemporal photogeneration of carbonate for light-controlled nucleation and growth of BaCO3/SiO,
composites. By controlling reaction temperature, light intensity, and other crystallization conditions
such as surface free energies, we position single composites in preassigned locations, sculpt fine details
and contours, and command the assembly of lines over millimeters with micrometer precision, thus
introducing assembly with unprecedented spatiotemporal control.

2.2 Results and discussion

To demonstrate the concept, we develop a custom-built optical setup that enables motorized spa-
tiotemporally controlled irradiation with UV light and in situ monitoring of the process (Experimental
Section 2.4, Figure 2.1). From the topside of the setup, user-defined UV patterns are generated, while
from the bottom side the process is monitored in real-time using optical microscopy. Inside the setup,
a temperature-controlled quartz-covered reaction cell is placed containing a precursor solution of
20 mMBaCly, 9 MM Na,SiOs, and 2-10 mM KP (Figure 21). The surfactant dodecyltrimethylammonium
bromide (DTAB) (20-100 mm) is added to the precursor solution to mitigate the undesired precipitation
of the water-insoluble benzophenone-like photoproduct.™®
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Figure 2.1: Concept of light-controlled generation of local gradients. Photodecarboxylation of ketoprofen (KP) drives
the co-precipitation of BaCO3/SiO, nanocomposites. To illustrate the concept, the proportions of the generic
nanocomposite are enlarged compared to the representation of the sample cell and UV irradiated area.

We screen how the light intensity and radius of irradiation area—and thereby the generation of carbon-
ate—determine the nucleation rate of BaCO3/SiO,. We irradiate the reaction cell with a conventional
UV light of 275 nm to facilitate rapid photodecarboxylation with high quantum yield, while limiting
the penetration depth due to the high absorbance coefficient of KP at 275 nm for high spatial reso-
lution in the third dimension.® For high light intensity (100 pW mm~2) with a spot size of 250 um
radius, we observe the first nucleation of BaCO3/SiO, composites on the quartz cover, which acts
as a substrate, within 10 s (Figure 2.2). Upon further irradiation, nucleation continues but at a di-
minishing rate, as carbonate is also consumed in the growth of the already-nucleated composites.
For intermediate light intensity (50 YW mm~2), carbonate is generated at a slower pace, delaying
the onset of the first nucleation to 15 s. Nevertheless, we observe a similar trend of nucleation and
growth behavior, albeit slower. For even lower light intensity (20 pW mm~2), the onset of nucleation
only starts at 45 s, after which almost no additional nucleation is observed. These results show that
higher light intensities result in higher rates of nucleation, which can be explained by the increased
rate of photodecarboxylation of KP. Therefore, the nucleation rate can be controlled by the light intensity.
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Figure 2.2: Screening of nucleation rate upon light irradiation. A) Number of nucleation sites as function of time
for different light intensities confirming that the nucleation rate is proportional to the light intensity. B) Nucleation
density at t= 25 s increases as a function of the irradiated area for radii of 250-750 pm at constant light intensity
(100 pW mm~2), suggesting slower accumulation of carbonate for smaller irradiated areas. The dashed line is
given as a guide to the eye. C) Schematic for modulation of the UV light intensity enables separation of nucleation
and growth.

The time-dependent local carbonate concentration is also influenced by the size of the irradiated area.
For larger irradiation areas not only more carbonate is generated in total, but we also realize that
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the loss of carbonate, due to diffusion away from the light spot, becomes less pronounced. Indeed,
increasing the spot size results in a higher nucleation density (Figure 2.2 B). From this result, we can
deduce that smaller irradiation areas will require a higher light intensity to locally achieve a sufficient
carbonate concentration to induce nucleation. Therefore, tuning both the UV light intensity and the
irradiation area provide direct control over local carbonate concentration to induce nucleation and
growth of BaCO3/Si0O, composites.

We exploit the freedom to control the irradiation area and light intensity to separately control nucle-
ation and growth of self-assembling composites. Specifically, we apply high intensity light pulses that
kickstart controlled nucleation, followed by more lengthy low intensity lighting that controls growth
out of these nuclei (Figure 2.2 C). To demonstrate the principle, we leverage these insights to achieve
the following levels of light-controlled self-assembly: 1) spatial positioning of individual composites, 2)
contouring and sculpting of individual composites, and 3) dynamic steering.

To demonstrate 1) light-controlled nucleation and growth, we aim to nucleate a single coral-shaped
composite in the irradiated area using single light spots. We initially focus a rather large UV light spot
(500 um radius) on the substrate and use low light intensity (5 yW mm~=2) to probe the intensity that
is needed to induce nucleation at a slow nucleation rate (Figure 2.3). No nucleation occurs within
15 min, indicating there is not enough carbonate generated to induce nucleation. When we increase
the light intensity (10 yW mm~2), we observe nucleation of the first BaCO3/SiO, composite in the
UV-irradiated area within a minute. To prevent new nucleation but still allow growth, we directly reduce
the local carbonate generation below the threshold of nucleation by reducing the UV light intensity
back to 5 pW mm~2 and continue growth for 9o min before stopping the experiment (Figure 2.3 and
appendix A Movie 1). Subsequently, scanning electron microscopy (SEM) confirms the formation of a
single coral shaped composite inside the reactor, demonstrating that real-time dynamic light-controlled
photodecarboxylation enables nucleation and growth of a single composite inside a well-defined
irradiated area.

Figure 2.3: Light-controlled nucleation and growth. Optical microscopy time-laps series and SEM micrograph of the
resulting single BaCO3/SiO, coral-shaped composite by dynamically modulating the light intensity between a
nucleation and growth regime, as indicated in the schematic above. Grey squares indicate the moments in time of
the given time-lapse series.

Our local control over nucleation and growth can be exploited for successively positioning different
composites next to each other with micrometer spatial control. To show our spatial control of local
growth, we position a helix and a coral-shaped composite together. First, we decrease the radius of the
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light spot to 150 pm to improve the spatial resolution. We compensate for a smaller irradiation area
by increasing the light intensity for 30 s to 100 UW mm~2 to generate sufficient carbonate for rapid
nucleation. Subsequently, we dim the light intensity to 10 pW mm~2 for 190 min to maintain growth.
Using a precursor solution adjusted to pH 10.8, this procedure enables us to induce the formation of a
single helical-shaped structure positioned in the irradiated area (Figure 2.4 A and appendix A Movie 1).

Figure 2.4: Light-controlled nucleation and growth of a helical and coral shaped structure next to each other. A)
Optical microscopy time-laps series with corresponding light scheme, and SEM micrograph of light-controlled
sequential nucleation of helical- and B) coral-shaped composite in preassigned locations, the yellow circles
indicate the location of the UV light spots. Grey squares indicate the moments in time of the given time-lapse
series. C) SEM of the resulting ensemble of the helical- and coral-shaped composite.

We position the second composite precisely next to the already grown helical-shaped composite
and reduce the light spot size to a radius of 50 um. To demonstrate our control in time, we insert a
fresh precursor solution in the reactor cell with a pH of 11.8 and obtain a coral-shaped composite by
modulating the light intensity from 500 yW mm~2 for 10 s to 10 yW mm~2 for 270 min (Figure 2.3 B, C
and appendix A Movie 1). Hence, spatiotemporal control over the carbonate generation with micrometer
resolution offers the versatility for sequentially positioning predefined shapes in precisely assigned
locations.

Patterns that project arrays of light spots offer exciting opportunities for initiating nucleation of multiple
composites simultaneously. To this aim, we project a hexagonal photomask pattern with spots of 45 um
radius and 300 um spacing (Figure 2.5). As expected, we observe that upon irradiation nucleation occurs
inside the light spots, but we also observe nucleation in-between the irradiated areas, presumably
due to carbonate diffusion away from the spots. Based on insights from nucleation theory,87314° we
regain spatial control by first randomly positioning submicrometer sized calcium carbonate seeds on
the substrate to lower the surface free energy. To induce quick nucleation of BaCO3/SiO, corals in the
light patterns, we shortly irradiate for 2 min with high light intensity (100 pW mm=2). Subsequently,
we turn off the light for 2 min to avoid the buildup of high carbonate concentrations in-between the
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spots. Then, we switch on the UV light but with lower intensity (20 pW mm~2) to continue growth.
Following this approach, we control the precipitation of large hexagonal patterns of coral shapes that
exclusively form in the irradiated areas (Figure 2.3 B). These results highlight that controlling both the
local carbonate concentration and the surface free energy of the substrate enable precise positioning
of multiple nuclei simultaneously.

Figure 2.5: Light-controlled nucleation and growth using a photomask. A) Optical microscopy photo of BaC0O3/SiO,
coral shapes that are positioned in accordance to a hexagonal pattern of UV light spots (inset) that is projected
using a photomask. B) SEM of the BaCO3/SiO, coral shapes positioned in a light-controlled hexagonal pattern,
with micrometer-sized CaCOj3 crystals that are randomly positioned to lower the surface free energy of the quartz
substrate for rapid nucleation inside the UV light spots.

To demonstrate 2) light-controlled contouring and sculpting of individual parts of a single composite
structure, we study how the boundary of the light pattern defines the growth for a selection of
geometrically shaped light patterns such as triangles, circles, and squares (Figure 2.6). After observing
nucleation, we lower the light intensity to maintain growth (> 12 h). In the first hours of growth, we
observe that the growth front proceeds isotropically outward with a constant growth rate of ~ 0.4
pm min~" (Figure 2.6 A,B and appendix A Movies 2). Approaching the boundaries of the light pattern,
the nanocomposite structure curls up perpendicular to the substrate to continue growing within the
contours of the irradiated area where carbonate is generated. These results suggest that—despite
diffusion—the carbonate concentration outside the light area is not sufficient for further growth. Thus,
by balancing photogeneration, precipitation, and diffusion of carbonate species, we restrict the growth
front to stay precisely within the boundaries of the irradiated area.

We investigate how the reaction temperature can be exploited to define the growth in more complex
light patterns containing concave as well as convex corners, such as crosses (Figure 2.6 C and appendix
A Movie 2). As expected, for convex corners the growth front stays within the boundaries of the light
pattern at 20°C. However, for the concave corners, carbonate diffusion from the neighboring irradiated
areas results in the growth front breaching the boundary of the light pattern. To mitigate the resulting
loss of resolution, we increase the reaction temperature from 20 to 40°C to deliberately control the
balance between the carbonate precipitation and diffusion rate. We observe that the nucleation rate
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4 hours

Figure 2.6: Contouring and shaping of individual nanocomposites. All BaCO3/silica composites grow within the
irradiated light area for A) triangular- and B) circular-, and C) cross-shaped pattern that is projected on the
substrate (left column) as indicated by the yellow dotted line in the time-lapse (middle column) and is confirmed
by SEM (right column). Precipitation follows the contours of the light pattern by curling up toward the irradiated
area. Concave corners require an elevated reaction temperature of 40°C. All scale bars represent 200 pm.

decreases due to a higher diffusion rate of the released carbonate. To compensate for this higher
diffusion rate, we double the light intensity from ~ 50 yW mm~2 at 20°C to ~ 100 pW mm~2 at 40°C
to induce nucleation within seconds in the irradiated area of the cross pattern. As a result of the
elevated temperature and higher light intensity, we observe that the composite grows with increased
rate due to the faster precipitation of barium carbonate and silica.®3"" Moreover, we find that small
deviations in increase or decrease of the light intensity lead to rapid new nucleation or a complete
stop of growth, respectively. Importantly, we observe that the growth front now follows the contours of
the irradiated area with micrometer precision even for concave corners (Figure 2.6). The subtle balance
between the precipitation rate and carbonate diffusion can thus be optimized by modulating the
reaction temperature and photogenerated carbonate release to precisely guide self-assembly following
the contours of user-defined light-patterns.
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r light > growth ! rlight <r growth 1 r light od growth

Figure 2.7: Dynamic light patterns for drawing composite lines. Schematic drawing and optical microscope time
lapse series for i) Ttight < Tgrowth, ii) llight > Igrowth, and iii) llight = I'growth showing tapering, broadening, and
growth with constant width respectively. The yellow circle indicates the position of the UV light spot (50 um radius),
the black solid and dashed line indicate the position of the growth front present and previous position respectively,
and the white arrow indicate the shift of the growth front relative to the light spot. Red arrows indicate features
on the substrate that illustrate the movement of the substrate relative to the light spot.

Finally, we demonstrate 3) dynamic steering of self-assembling composites. Our light-mediated control
over nucleation and growth opens up the opportunity to steer the self-assembly of nanocomposites
using dynamic light patterns, akin state-of-the-art photolithography techniques. To explore this
potential, we dynamically move light patterns to “draw” precipitation into lines. We first initiate
nucleation of a coral-shape in a 50 um radius light spot with 500 yW mm~2. Subsequently, we lower the
UV light intensity to 20 uW mm~2 and move the light spot ahead of the growth front using the motorized
stage with velocity ryigne (Figure 27). As expected, the non-irradiated side of the composite stops growing
completely. In contrast, the irradiated side—where carbonate is photogenerated—continues growing
with a shape and rate r,-owen Which dependents on the growth front's spatial location relative to the
irradiated area. We find three clear regimes (Figure 2.7 i=iii). FOT r/ighe > Igrowen, the composites first
continue to grow in the direction of the light spot, but the growth front tapers, until it completely stops
due to a limited concentration of carbonate (Figure 27 i). For Ilight < lgrowtn, the composite overtakes
the light spot until it reaches the boundary of the light, (Figure 2.7 ii). Consequently, the shape of the
composite develops in a waving pattern, which we explain by the different carbonate concentrations
over the area that results in broadening, bifurcating and curling up of the growth front. For ryjgs: =
Igrowth, the growth front of the composite remains at the same position relative to the light spot and
therefore experiencing a constant concentration of carbonate to yield a regular line with constant width
(Figure 27 iii). Based on these insights, we precipitate a nanocomposite line with Ilight = [growen OF 30
pm width which is more than 2 mm long (Figure 2.8 and appendix A Movie 3), hence demonstrating the
level of control that can be achieved by matching the rate of the light spot that generates carbonate
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Figure 2.8: Millimeter-sized nanocomposite directed by dynamic light patterns. Optical microscope photograph
of the millimeter-sized nanocomposite directed for 47 h by the moving light beam grown with different ryjgpe,
resulting in a waving growth front (left side of structure) until Ilight = lgrowtn 1S found, where a constant local
carbonate concentration results in a constant line width (right side of structure).

with the rate of precipitation that consumes carbonate.

2.3 Conclusion

In summary, we here introduce light-controlled nucleation and shaping of self-assembling BaCO3/SiO,
nanocomposites. We find that guiding of the self-assembly is possible when all essential reaction,
diffusion, and crystallization processes are properly balanced. We foresee that further refined reaction
control is possible using three-dimensionally controlled light patterns—for instance achievable using
two-photon techniques—while diffusion and crystallization may be further optimized using gels and
surface chemistries such as self-assembled monolayers, respectively. We anticipate that the rate
of self-assembly and control over the microscopic structure can be greatly optimized by modifying
the local reaction conditions, in particular the reaction temperature and light intensity. Additionally,
understanding and tailoring of the internal nanoscopic structure, in particular the ordering of the
nanocrystals, will be essential to gain further control over the microscopic form and enable light-
directed assembly of more complex shapes.

Importantly, the insights presented here can directly be applied to control nucleation and growth in
a broad range of carbonate salts, including widely-studied calcium carbonate salts and precursors
for perovskite semiconductors, and similar photochemical reactions may also be possible for other
precipitation reactions. Furthermore, the biocompatibility of Ketoprofen opens up the perspective to
manipulate and even control biomineralization processes in-vivo using light patterns.

Compared to traditional photolithography resins, nanocomposites offer unprecedented versatility
for post-fabrication modification. Already shape-preserving ion-exchange reactions have been de-
veloped toward a wide pallet of chemical compositions including perovskites, metals, and metal
chalcogenides 8486997101122136137 Therefore, the here-demonstrated light-controlled assembly strategies
give unique independent control over shape and composition which directly impacts our access to
user-defined chemical compositions with desirable optic, catalytic, electronic, magnetic, and photo-
voltaic functionalities. The power of our strategy is that it enables full leveraging of the precision and
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control of photolithography techniques with the versatility and simplicity of bioinspired self-assembly.
Hence these results forge a genuine collaboration with self-assembly processes: simple hands-off
autonomy when possible, and precise hands-on command when necessary.

2.4 Experimental

Preparation of BaC0O;/SiO, Composites

Typically, the precursor solution was prepared dissolving 6.3 mg (3 mM) KP (Fluorochem) and 87.5 mg
(30 mM) DTAB (VWR) in an 8 mL aqueous solution containing 10.6 mg (11 mM) sodium metasilicate
(Na,pSi0s) (Sigma Aldrich). Brief sonication was used to enhance the dissolution of KP. In another vial,
49.5 mg barium chloride dihydrate (BaCly-2H20) (Sigma Aldrich) was dissolved in 2 mL degassed water
(100 mM). The final growth solution was obtained by adding the KP-DTAB-Na,SiOs solution to the
BaCl, solution. The final growth solution (20 mMBaCly, 9 mM Na,SiOs, 2.5 mMKP, and 25 mM DTAB) was
directly injected in a closed sample cell, made of two quartz substrates and a Viton® spacer (2-3 mm,
1.3-1.9 mL volume). All solutions were kept under nitrogen during preparation to avoid any uptake of
carbonate species from the air. For the use of higher concentrations KP, a concentration ratio of 1:10
KP:DTAB was used. After growth with the help of UV-light irradiation, the substrates were disassembled in
degassed water and carefully washed with acetone. SEM imaging was carried out using an FEI Verios 460.

Preparation of CaCO; Patterned Substrates

The solution for the calcium carbonate patterning was prepared by dissolving 2.5 mg KP together with
25 mg DTAB in 8 mL degassed water. Sonication was used to enhance the dissolution of KP. In another
vial, 22.5 mg calcium chloride dihydrate (CaCly-2H,0) was dissolved in degassed water and added to the
KP-DTAB solution. The solution was adjusted to pH 11.5 with a NaOH solution, which was freshly made
under nitrogen to avoid any uptake of CO, from the air. The final solution (15 mMCaClp, 2.5 mMMKP, 25
mMDTAB) was injected into the sample cell and irradiated for 2 min with the 275 nm UV light with high
intensity (100 pm mm=2). After irradiation, the substrates were washed with degassed water, acetone,
and isopropanol and dried with nitrogen.

Home-Built UV-Irradiation Microscopy

In the home-built setup used for the photodecarboxylation process, three main parts could be identified:
the photolithography part, the sample holder stage, and the imaging part. In the irradiation part, the
light of a 275 nm mounted LED (Thorlabs M275L4, 80 mW output power) was collected by a lens (Edmund
Optics UV-vis CTD 84-337, focal length (f) = 20.0 mm). Custom-made photomasks were placed after
the collector lens and a light pattern was projected with the help of two UV anti-reflection coated
plano-convex lenses (Thorlabs LA4148-UV, f = 50.0 mm) on the sample. To enhance the definition of
the projection, a field-aperture iris (Thorlabs SM1D12CZ) was used. To control the light intensity, neutral
density (ND) filters (Thorlabs NDUV-B), were used, as well as adjustments of the LED driving current. The
sample holder stage consisted of a custom-made temperature cell on top of a motorized translation
table. The temperature was controlled by a bath and circulation thermostat (Huber CC-K6). Motion
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control was provided by piezo inertia actuators (Thorlabs PIAK10) that had a typical step size of 20 nm.
In the imaging part, a cold white light mounted LED (Thorlabs MCWHL5) was collected by an aspheric
lens (Thorlabs ACL2520U-DG6-A, f = 20.0 mm). A 10:90 beamsplitter (Thorlabs BSN10R) directed the light
through a 10x/0.30 magnification objective (Nikon Plan Fluor) to the sample. The reflected images were
collected with the same objective lens and transmitted through the beamsplitter. With help of a tube
lens (Thorlabs AC254-200-A-ML), images were recorded by a CMOS camera (Basler Ace acA1920-40g0).
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Chapter 3

Light-controlled morphological
development of self-organizing
bioinspired nanocomposites

Abstract

Nature's intricate biominerals inspire fundamental questions on self-organization and guide inno-
vations towards functional materials. While advances in synthetic self-organization have enabled
many levels of control, generating complex shapes remains remains difficult. Specifically, controlling
morphologies during formation at the single micro/nanostructure level is the key challenge. Here,
we steer the self-organization of barium carbonate nanocrystals and amorphous silica into complex
nanocomposite morphologies by photogeneration of carbon dioxide (CO2) under ultraviolet (UV) light.
Using modulations in the UV light intensity, we select the growth mode of the self-organization process
inwards or outwards to form helical and coral-like morphologies respectively. The spatiotemporal
control over CO, photogeneration allows formation of different morphologies on pre-assigned locations,
switching between different growth modes—to form for instance a coral on top of a helix or vice versa,
and subtle sculpting and patterning of the nanocomposites. These findings advance the understanding
of these versatile self-organization processes and offer new prospects for tailored designs of functional
materials using photochemically driven self-organization.

This chapter is based on Bistervels, M. H.,, Hoogendoorn, N. T, Kamp, M., Schoenmaker, H.,, Brouwer, A. M,,
& Noorduin, W. L. (2024). Light-controlled morphological development of self-organizing bioinspired
nanocomposite. Nanoscale, 16, 2310 - 2317.
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34 Introduction

Control over mineralization is essential for organisms to organize simple building blocks into complex
morphologies with tailored functionalities."5589% For instance, biominerals comprised of calcium
carbonate or calcium phosphate such as observed in mollusk shells,? skeletons, 2 and microlenses*
can exhibit diverse morphologies that go beyond their crystallographic symmetries optimized in shape
to fulfil specific mechanical, structural, or optical functions.™3 Inspired by such examples, a wide range

of synthetic self-organization strategies have been developed that are focused on morphological
control 1619381447149

From this perspective, the nanocomposite morphologies that form during co-precipitation of barium car-
bonate (BaCOs) nanocrystals with amorphous silica (SiOy) are promising (Figure 31).80818387.89.91150 Thjg
bioinspired reaction yields a wide diversity of shapes and symmetries such as vases, helices and coral-
like forms that can be further sculpted and patterned by controlling the reaction conditions 82:90:92:94151
These morphologies show optical properties such as waveguiding and polarization.®> Moreover post-
process surface functionalization,26%8 and ion exchange reactions have been developed towards a
wide range of chemical compositions to introduce optoelectronic,84'? catalytic,®® and magnetic®®
functionalities with preservation of the initial morphology. Control over the morphology is essential
for these functionalities: e.g. the helical shape turns nanocomposites into circular optical polarizers,
while the coral-like forms offer large macroscale surfaces for maximum accessibility of the reagents
and products that boosts catalytic performance 886100

Recently, more refined control over the precipitation of these mineral composites was achieved by
local generation of carbonate using ultraviolet (UV) light-patterns (Figure 3.1 B)."> Specifically, pho-
todecomposition of the organic molecule ketoprofen releases carbon dioxide (CO,) , which in turn
can onset the co-precipitation of BaCO3; and SiO,. Until now, light-induced morphological develop-
ment of BaCO3/Si0, has been focused on when and where carbonate is generated. What has not
been explored, is if the morphological development can be steered by how much carbonate is generated.

So far, morphological development has been controlled between two growth modes: i) growth away
from the bulk solution to form sheets, globular structures and helices, which happens at the lower
pH limit (ca. 10.8-11.3) and increases SiO, precipitation; ii) growth towards the bulk solution to form
stems, vases and coral-like forms, which occurs at higher pH (ca. 11.8-12) and favors precipitation of
BaCOs3. Moreover, simple modulations in chemical conditions such as CO, modulations already enable
further patterning and sculpting of these shapes which can be further positioned into hierarchical
tectonic architectures.23 The BaCOs precipitation rate is directly determined by the concentration of
CO,. Since the CO,-concentration can be controlled photochemically, this suggests that growth modes
and patterns may be selected by modulating the light intensity (Figure 31 C).

Motivated by these insights we here steer the co-precipitation of BaCO3/SiO, nanocomposites by
modulating the UV light intensity (Iyy) to generate local CO, concentrations via photodecarboxylation.
We demonstrate three levels of control: (1) switching between growth modes to form separate helical
and coral-like structures; (2) dynamic transitioning between growth modes within a single structure; and
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3.2. Results and discussion

(3) refined sculpting and patterning within one growth mode of a single structure. These results provide
further insight in the role of reactions rates on morphological development of these nanocomposites
and open opportunities for tailoring self-organization towards bespoke designs of functional materials.

A Co-precipitation of BaCO, and SiO, C Light-controlled morphology

Ba?* + CO, + H,0 = ([B360Y +2H"

() -

Si(OH),0"+H* = | Si0, | +2H,0

B Light induced generation of CO,

o
uv

SRS i
RH

I,y x CO,

Figure 3.1: Light-controlled shaping of BaCO3/Si0O, nanocomposites. A) CO, induces the acid-regulated co-
precipitation of BaCO3 and SiO,. B) Light-induced photodecarboxylation of ketoprofen into photoproduct RH and
C04.% C) Hypothesis for CO, regulated morphological development in different growth modes. High Iy results in
high CO, production such that BaCO3/SiO, composites grow outwards to the bulk solution in coral-like forms,
while low values of Iyy yield less CO, such that growth occurs inwards away from the bulk solution to form helices.

3.2 Results and discussion

Optical setup for light-controlled precipitation

Based on our previous work,™3 we design an optical set-up that enables UV irradiation with spatiotem-
poral control while simultaneously monitoring the resulting mineralization process (Figure 3.2). For the
UV-irradiation, we select a light emitting diode (LED) with a wavelength of 275 nm or 365 nm, which are
close to the absorption maximum of ketoprofen.”® Using a photomask and two lenses, the UV light can
be focused in a light spot with @ minimum radius up to 10 um to irradiate a precursor solution in a
reaction cell. The reaction cell—comprising two quartz plates that are separated by a Viton® spacer—is
positioned into a motorized and temperature-controlled sample holder. To monitor the mineralization
process, an optical microscope containing a white LED, objective, and CMOS camera is positioned
opposite to the UV-irradiation side.
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Camera

White light

Photomask

Figure 3.2: Optical setup in which UV light is focused on the reaction cell filled with the precursor solution to
photochemically release CO,. Using white light, the process is monitored in-situ.

Light-controlled switching between growth modes

We investigate if modulations in the UV light intensity lyy can determine the morphologies of the
nanocomposites (Figure 3.3). We fill the reaction cell with a precursor solution containing barium chlo-
ride (20 mM BaCly), sodium metasilicate (9 mM NaySiOs) ketoprofen (5 mM), and dodecyl trimethylam-
monium bromide (50 mM DTAB, a surfactant that is added to dissolve the photoproduct of ketoprofen).
Using 01 M HCl we lower the pH of the solution to 10.9, which in previous experiments typically resulted
in the formation of helices." Nucleation is induced by irradiating the precursor solution at high Iy
of 100 pW mm~2 for 6 seconds (UV spot has a 250 um radius). When the first nuclei are observed
within the illuminated area, we lower lyy to 10 W mm~=2 (255 min) to enable growth while avoiding
further nucleation (Figure 3.3 A). As expected, we observe the formation of helical architectures, which
is consistent with the typical growth in solutions of this relatively low pH (Figure 3.2 B, C).
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Figure 3.3: Light-controlled switching between helical and coral-like growth modes. A) Applied Iy schedule to yield
a helix (left), and in a different location, a coral (right): i) nucleation is induced at high Iy, i) growth at low Iy, and
iii) stopping the precipitation by switching of lyy. After moving the sample cell to a new position, this illumination
schedule is repeated: iv) nucleation at high Iy v) growth at slightly lower Iy, v) stopping precipitation by switching
off Iyy. The proportions of time are indicative and not to true scale. B) Timelapse of in-situ optical microscope
images showing the growth of a helix at low Iy, and growth of a coral at high Iyy, the indices correspond the
indices in (A). C) SEM images of the helical (left) and coral-like (right) form that are grown at low and high Iy
respectively.

We hypothesize that growth at higher Iyy results in a higher precipitation of BaCOs, which in turn
facilitates the formation of coral-like forms even though the low pH of the bulk solution typically favors
the formation of helical shapes. To test this hypothesis, we move the sample to irradiate a new location
in the reaction cell and induce new nucleation by increasing the Iyy to 100 pW mm=2 for 20 minutes. We
continue growth by lowering lyy to 75 pW mm=2 (20 min). This light intensity is 7.5 times higher than the
previously used Iyy for growing the helical structure, but sufficiently low to avoid undesired nucleation
(Figure 3.2 A). We observe the formation of a coral-like architecture (Figure 3.2 B, C). Because lyy is much
higher, more CO, is generated and consequently the coral grows faster than the helix. Replicating the
experiment consistently yields characteristic helical shapes for low values of lyy (5-10 yW mm~2) and
coral-like shapes for high values of Iyy (50-75 uW mm~2), independently of the previous growth mode
(appendix B, Figure B1 and B.2). Scanning electron microscopy (SEM) images of the corresponding
morphologies confirm the development of the helical and coral-like forms. In addition, repeatedly
switching between both growth modes is possible and consistently yields coral-like shapes for high Iyy
and helices for low Iyy (appendix B, Figure B.2). During this switching, we do find a reduction of the
nucleation rate over time, which we contribute to depletion of the precursor solution, accumulation of
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photoproduct, and oligomerization of silica. To compensate for this reduction in nucleation rate, we
increase the photogeneration of CO2 by increasing the lyy. Hence, modulations of Iy enable switching
between growth modes (Figure 3.2 C).

Switching growth modes within a single structure

The morphology of the growing composite is to a large extend independent of the underlying shape.
This suggests that it may be possible to switch between different growth modes within a single structure
by modulating Iyy (Figure 3.4). To explore this refined control over morphological development, we
prepare a precursor solution (20 mM BaCly, 9 mM Na,SiOs, 5 mM ketoprofen, 50 mM DTAB, pH 10.9). We
initiate nucleation (100 pW mm=2,18 s, 150 pm radius) and subsequently grow a coral shape at high Iyy
(75 uW mm~2) (Figure 3.4 A). Once the coral shape is formed after 20 min (Figure 3.4 B and appendix B
Figure B.3 and Movie 1), we decrease lyy to 10 W mm~2, the regime where we expect helical growth
since less CO;, is generated. We continue growth in the helical growth mode for longer (ca. 130 min).
Due to the lower concentration of CO, most of the active growth sites on the coral shape stop growing
as they become passivated with silica.8'88 The parts that continue growing bend towards each other,
which is characteristic for precipitation in the helical growth mode. Inspection with SEM confirms that
at the initial irradiation at high Iyy a coral grows, which continues in helical growth upon decreasing of
luy (Figure 3.4 Q).
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Figure 3.4: Light-controlled switching from a coral to helical growth growth modes within a single structure. A)
Indicative lyy schedule for switching from i) coral to ii-iii) helical growth. B) Timelapse of in-situ optical microscope
images showing the switching from a coral growth into helical forms. C) SEM of the resulting structure. The figures
show a zoom in of the illuminated area, for a complete overview see appendix B, Figure B.2.

To transition from helical growth to corals, we reverse the light intensity schedule (Figure 3.5 A). We
prepare a precursor solution (20 mM BaClp, 11 mM Na,SiOs, 5 mM ketoprofen, 50 mM DTAB, pH 11.3).
After nucleation at high Iyy (100 W mm~2, 25 s, 250 um radius), we induce helical growth at low Iyy (10
W mm=2, 110 min). Subsequently, we increase the CO, concentration by increasing Iy to 100 uW mm~=2
(30 s), followed by Iyy to 50 yW mm~=2 (35 min) to move into the coral growth mode. Indeed, time-lapse
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microscopy (Figure 3.5 B and appendix B Movie 2) and SEM (Figure 3.5 C) confirm that at low Iyy initially
a helix forms, that subsequently transitions into a coral like form at high Iyy. In addition, repeatedly
switching between both growth modes is possible and consistently yields coral-like shapes for high lyy
and helices for low Iyy (appendix B, Figure B.2). During this switching, we do find a reduction of the
nucleation rate over time, which we contribute to depletion of the precursor solution, accumulation
of photoproduct, and oligomerization of silica. To compensate for this reduction in nucleation rate,
we increase the photogeneration of CO, by increasing the lyy. Modulations in Iyy thus enable direct
switching between growth modes within a single structure.
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Figure 3.5: Light-controlled switching from a helical to coral growth modes within a single structure. A) Indicative
Iyy schedule for switching from i-ii) helical to iii) coral growth. B) Timelapse of in-situ optical microscope images
showing the switching from growth a helix into a coral. Indices correspond with the indices in Iyy schedule. C)
SEM of the resulting structure. The figures show a zoom in of the illuminated area, for a complete overview see
appendix B, Figure B.3.

Light-controlled sculpting and patterning

The sensitivity of the co-precipitation process towards modulations in the CO, concentration offers
the opportunity for light-controlled shaping within a growth mode. We exemplify this capability by
sculpting an architecture within the coral growth mode according to a user-defined pattern (Figure 3.6).
In previous research it was already shown that CO; pulses in the bulk solution can result in sculpting
and patterning.23 We now investigate if local generation of CO; still enables such control.
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Figure 3.6: Dynamic light modulation for refined sculpting within a growth mode. A) Indicative Iy, schedule. B)
Timelapse of in-situ optical microscope images of growing architectures, showing i) initial growth of a coral shape
followed by ii) the narrowing of the growth front to give stems at reduced Iy, that subsequently iii) open in
vase-like shapes upon increasing lyy, indices correspond the with the indices in illumination schedule.

To demonstrate sculpting, we first induce nucleation (lyy = 100 YW mm~2, 3's, 250 um radius) and
growth of a coral-like structure in a precursor solution (20mM BaCly, 9 mM Na,SiOs, 2.5 mM ketoprofen,
25 mM DTAB, pH 11.5). Once a coral form grows (Iyy = 7.5 W mm~2, 55 min), we adjust the carbonate
supply by reducing lyy (2 pW mm=2, 3 min), resulting in the development of thin stems. To prevent
complete passivation of growth sites by silica, we slightly increase Iyy (5 uW mm=2, 45 min), and achieve
a balance between carbonate supply and consumption such that stem growth is sustained. Then, we
boost the local CO, concentration and thereby trigger the splitting of the stems by applying a high
intensity pulse (100 uW mm~2, 4 s). During the splitting, the nanocrystals arrange with a wider splay,
which results in an increase of the surface (Figure 37). Importantly, even though initially this high light
intensity initially was also used to induce nucleation, now no new nucleation is observed as the already
active growth sites deplete the local CO, concentration. Finally, growth is continued at lower lyy (70 pW
mm~2) for 10 minutes to continue growth into vase-like forms, showing that dynamic modulations in
light-intensity enable formation of complex forms (Figure 3.7).

38



3.2. Results and discussion

Figure 3.7: SEM images of the grown structure by dynamic light modulation for refined sculpting within a growth
mode.

We demonstrate patterning by forming equidistantly spaced bands on a structure. To this aim we
perform short rhythmic modulations in Iyy using a 365 nm UV light to illuminate a small area of 100
um radius (Figure 3.8). We prepare a precursor solution (20mM BaClp, 9 mM NapSiOs, 5 mM ketoprofen,
50 mM DTAB, pH 11.5). We induce nucleation using a high Iyy for 5 seconds (175 pW mm~2) and enable
growth for 75 minutes at low Iyy (15 pW mm~2). To selectively enable growth on one side, we maintain
the UV spot on one side of the growth front by moving the sample stage with a pace that matches the
growth rate of the architecture (Figure 3.8 B). To form equidistantly spaced bands, we take advantage of
the fact that the growth rate is approximately linear in time. To form a band, we apply a short 5 second
pulse in lyy (175 pW mm~2) and subsequently enable 12 minutes of growth with lyy back to the original
low lyy (15 pW mm~2) before we apply another two sets of 5 seconds high lyy (175 uW mm~2) followed
by 12 minutes low lyy (15 pW mm=2). This rhythmic light schedule of three short pulses equally paced in
time results in three well-defined bands equally distanced in space (Figure 3.8 C), hence demonstrating
the spatiotemporally control that can be achieved over self-organization.
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A 175 _ Nucleation -

Figure 3.8: Dynamic light modulation for rhythmic patterning. A) Selection of the indicative lyy schedule, in which
three short periods of 5 second pulses of high Iy, (365 nm) with 12 minutes of low Iy, is used to pattern a growing
structure. B) Timelapse of the growing structure after each pulse of high lyy. The dashed yellow circle represents
the UV spot. The red arrow indicates the direction in which the sample is moved. Indices corresponds with indices
in (A).

100 pm

Figure 3.9: Light microscope image of grown structure by dynamic light modulation for rhythmic patterning. The
yellow arrows indicate the moments of pulses in Iyy.
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Mechanistic insights in co-precipitation reaction

Our results provide insights in the formation mechanism of BaCO3/SiO; nanocomposites. In well-
studied configurations of BaC0O3/Si0, co-precipitation 8 CO, diffuses from the air into the reaction
solution. In such open systems, switching from helical to coral growth typically requires an increase of
the pH from 11 to 12. Increasing the pH from 11 to 12 results in an approximate tenfold increase in CO,
that is taken up from the air into the solution.™ In contrast, in the closed reaction cell that we study
here, CO; is only generated photochemically in the solution. Although we are not able to determine
the exact concentration of CO, that is generated, we find an approximate tenfold increase in Iyy results
in switching from helices to corals. Hence both in open and closed systems an approximate tenfold
increase in either CO, uptake or lyy is required to switch from helical to coral growth modes, which
emphasizes the importance of the CO, concentration in the morphological development.

The controlled local photochemical generation of CO, also gives insights into the role of the solution pH
and silica polymerization during the co-precipitation. In open systems CO, diffusion from the air results
in notable acidification of the bulk solution (typically from pH 11.8 to pH 11.5 in 2 hours). This acidification
not only reduces the CO, uptake from the air, but also induces the polymerization of silica species. The
resulting silica oligomers can act as slow-diffusing species that buffer the locally acid environment
around the reaction front where the co-precipitation occurs.8829° |n the closed reaction cell, CO; is
only generated near the precipitating structures, and therefore we observe no significant change in the
pH of the bulk solution. Consequently, in the closed system we need to either systematically lower
the pH of the bulk (pH 10.5-10.9) or increase the silica content in the solution to access both growth
modes. These findings imply that both the silica polymerization and the CO, concentration determine
the morphological development. Overall, these findings emphasize the intricate interplay between the
various components in this self-organization processes and highlight how photochemical processes
can help to disentangle these processes for gaining mechanistic understanding.

3.3 Conclusion

In this study, we show how photogeneration of CO, can steer the morphological development of
BaCO3/Si0, nanocomposites. With simple modulations in the light intensity, we steer the balance
in the precipitation rates to switch between different growth modes, such that helical and coral-like
forms can be developed in separate structures next to each other, or integrated into single structures.
Moreover, we demonstrate that rational modulations in the photogeneration of CO, enable local
sculpting and patterning of structures within a single growth mode by decorating corals with thin
stems that subsequently open as vases and applying rhythmic patterning. This refined level of control
provides mechanistic insights and expands the possibilities for steering self-organization processes
into user-defined shapes.

We foresee that these results can also impact the development of carbonate-silica nanocomposites as
a platform for functional materials. Such artificial self-organization processes are still rare. However, we
envisage that light-modulations can be used to steer the self-organization of components in a desired
shape, after which complete chemical modification with preservation of the original morphology is
possible by ion-exchange. These shape-preserving ion-exchange reactions already give access to a
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vast and continuously growing library of chemical compositions, which currently provide conversion
routes to more than fifty different chemical compositions including perovskites, metal chalcogenides
and metals. Moreover, the catalytic, photochemical or electronic functionalities of these bioinspired
architectures have already been used, for instance as catalysts for the dry reforming of butanol at
low temperatures and the Fischer Tropsch reaction with tunable product distribution 8486152156157 \ye
also project that other self-organization processes such as Liesegang-inspired patterning or chemical
gardens can be controlled using light-driven reactions.’615859 As next step, integration of these self-
organization and conversion principles are currently being developed.

3.4 Experimental

Preparation precursor solution

Typically, the precursor solution is prepared by dissolving 12.6 mg (6 mM) ketoprofen (KP) (Fluorochem)
and 175.0 mg (60 mM) DTAB (VWR) in an 8 mL aqueous solution containing 10.6 mg (11 mM) sodium
metasilicate (Na,SiO3) (Sigma Aldrich). Two minutes of sonication is used to enhance the dissolution of
KP. In another vial, 49.5 mg barium chloride dihydrate (BaCly-2H,0) (Sigma Aldrich) is dissolved in 2 mL
degassed water (100 mM). The final precursor solution is made by adding the KP-DTAB-Na,SiOs solution
to the BaCl, solution. The precursor solution (20 mM BaCly, 9 mM NaySiOs, 5 mM KP, and 50 mM DTAB)
is directly injected in a closed sample cell, made of two quartz substrates and a Viton® spacer (23
mm, 1.3-1.9 mL volume). All solutions are kept in nitrogen during preparation to avoid any uptake of
carbonate species from the air. For higher concentrations KP, a concentration ratio of 1:10 KP:DTAB is
used to assure that both KP and the photoproduct remain dissolved.

Preparation reaction cell

The reaction cell is composed of a custom-made holder that has two quartz slides and a Viton® spacer
(2-3 mm, 13-1.9 mL volume). The substrates are plasma cleaned for 10 minutes. Injection of the
precursor solution is performed using a syringe with needle by puncturing through the Viton® spacer.

UV-light irradiation

To induce photodecarboxylation, the sample is irradiated using UV-light irradiation of 275 nm and 365
nm and a radius of 100-250 um. Selection of the light intensity dependents on the concentration of
precursors, absorption wavelength, illumination area, and initial pH.

UV-irradiation Microscope

In the custom-built setup used for the photodecarboxylation process, we identify three main parts:
the photolithography part, the sample holder stage, and the imaging part. In the irradiation part,
a lens (Edmund Optics 84-337, focal length f = 20.0 mm) collects the light from a 275 nm mounted
LED (Thorlabs M275L4, 80 mW output power) or a 365 nm mounted LED (Thorlabs M365L3, 1290 mW
output power). The UV light intensity (Iyy in W mm~2) is determined by collecting the UV light on a
handheld power meter (Thorlabs PM160T) and dividing the recorded power by the area of the sensor.
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Custom-made photomasks are placed after the collector lens and a light pattern is projected with
the help of two UV anti-reflection coated plano-convex lenses (Thorlabs LA4148-UV, f = 50.0 mm) on
the sample. To control the light intensity, neutral density (ND) filters (Thorlabs NDUV-B) are used, as
well as adjustments of the LED driving current. The sample holder stage consists of a custom-made
temperature cell on top of a motorized translation table. The temperature is controlled by a bath and
circulation thermostat (Huber CC-K6). Motion control is provided by piezo inertia actuators (Thorlabs
PIAK10) that had a typical step size of 20 nm. In the imaging part, a cold white light mounted LED
(Thorlabs MCWHLS5) is collected by an aspheric lens (Thorlabs ACL2520U-DG6-A, f = 20.0 mm). A 10:90
beamsplitter (Thorlabs BSN10R) directs the light through a 10X/0.30 magnification objective (Nikon Plan
Fluor) to the sample. The reflected images is collected with the same objective lens and transmitted
through the beamsplitter. With help of a tube lens (Thorlabs AC254-200-A-ML, f = 200.0 mm), images
are recorded by a CMOS camera (Basler Ace acA1920-40g¢).

Post-process analysis

For post-process analysis, After growth with the help of UV-light irradiation, the substrates of the
reaction are disassembled by immersing the cell is disassembled in degassed water byand carefully
loosening separating the substrates from the spacer. The substrates are slowly pulled out of the water,
while sprinkled with acetone, and subsequently dried to air. SEM imaging of the substrates is performed
using an FEI Verios 460.

43






Chapter 4

Compose and convert: Controlling
shape and chemical composition of
self-organizing nanocomposites

Abstract

Organizing the right material at the right place has the potential to revolutionize bottom-up assembly
of functional architectures. Despite tremendous progress, this is still difficult in particular because
control over chemical composition and morphology are typically inherently entangled. Here a two-step
strategy is introduced based on self-organization and conversion reactions to shape a wide selection of
chemical compositions into user-defined designs. First, photogeneration of CO,) induces precipitation
of nanocomposites of barium carbonate nanocrystals and amorphous silica (BaC0O3/Si0,) with control
over shape and location following arbitrary illumination patterns. Second, the resulting nanocrystals
are converted by sequential ion exchange into a wide pallet of chemical compositions, while the
original shape is preserved. By considering thermodynamic stability and chemical reactivity, orthogonal
conversion reactions are designed for sequentially positioning nanocomposites of different metal
chalcogenide semiconductors next to each other. Based on these strategies, different compositions
are integrated into the same hybrid architecture, and the functionality potential is demonstrated by
forming a light-emitting perovskite semiconductor that is embedded into an optical waveguide. Com-
bining light-controlled self-organization and shape-preserving ion-exchange reactions offers exciting
opportunities for shaping up materials.

This chapter is based on Bistervels, M.H., van der Weijden, A, Kamp, M., Schoenmaker, & Noorduin,
W. L. (2024). Compose and convert: Controlling shape and chemical composition of self-organizing
nanocomposites. Advanced Functional Materials, 2403715, 1-7.
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nanocomposites

41 Introduction

Organizing the right chemical in the right place is at the core of how organisms steer mundane mate-
rials into biominerals with remarkable functionalities.3578142160.161 \Whjle biological processes select
building blocks based on evolutionary cues, human-designed self-organization processes can tap
into a much wider catalogue of materials that include synthetic compositions with semiconducting,
optoelectronic or catalytic properties. Driven by these insights, already many bioinspired processes
have been developed to emulate, extend and exceed the performance of biominerals.’2161920.27.38,162
Nevertheless, despite these successes it remains challenging to achieve independent control over
where and in which shape chemical compositions of choice can be sculpted, as the control over shape
and chemical composition are traditionally inherently entangled.

We here propose a two-step assembly/conversion strategy to shape desired chemical compositions
following predetermined designs (Figure 4.1). In the first step, photodecarboxylation of ketoprofen
under ultraviolet (UV) light (275-365 nm) generates carbonate (CO,), which steers the acid regulated
co-precipitation of barium carbonate (BaCO3) nanocrystals and amorphous silica (SiOz) into a nanocom-
posite according to light-controlled patterns (Figure 4.2 A). In the second step, ion exchange reactions
convert the nanocrystals in the nanocomposite while preserving the original morphology and fine
features of the original form (Figure 4.2 B). Even more refined and complex control over shaping of
different compositions may be possible by developing orthogonal conversion reactions such that
consecutive cycles of assembly/conversion can yield complex rationally designed hybrid architectures.
In principle, the here proposed strategy should enable independent control over both the shape and
chemical composition of user-defined architectures.

1. Assembly 2. Conversion
Baco, _ " _sio, + M2 - Ba?*
Ir\ |:| +Y- - o>
v \_J
+H*
l BaCO0,/Si0, MY/SiO,

M = Ag, Ca, Cd, Co, Cu, Fe,
Mg, Mn, Ni, Pb, Sn, Zn,...

Y =0,S, Se, MABr;, FABr,,
MACI, MAI, ....

UV-light

Figure 4.1: Assembly/conversion strategy for controlling shape and chemical composition of self-organizing
nanocomposites. UV-irradiation triggers the assembly of BaCO3 nanocrystals and an amorphous SiO matrix
into a nanocomposite BaCO3/Si0, into light-controlled shapes. Subsequently, the chemical composition of the
nanocrystals is converted via a cascade of ion-exchange reactions, into a selection of more than fifty compounds,
including metal chalcogenides and perovskites (MA = methyl ammonium, FA = formamidinium).

Our strategy is inspired by previous work on precipitation and conversion reactions of bioinspired
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BaCO3/Si0, nanocomposites.80828387-90.93150 These nanocomposites form during the acid-regulated
precipitation of BaCO3 nanocrystals and amorphous SiO,. By modulating the precipitation conditions, a
wide diversity of complex shapes can be rationally designed. For instance, nanocomposites with stem-,
vase- and coral-like shapes can be formed at a pH of ca. 12, while helices and leave-like shapes can be
formed at a pH of ca. 11. These shapes can be further sculpted, patterned and hierarchically organized
by modulating the reaction conditions e.g. CO, concentration, temperature, pH during the growth to
stack for instance coral forms on helices, or create landscapes with stems that open into vases.®3
Moreover, photogeneration of CO, has been developed to control the precipitation process following
UV light patterns (Figure 4.2).153703164 Once these nanocomposites are formed, we have shown that the
chemical composition of BaC0O3/Si0, nanocomposites can be converted by performing cat- and anion
exchange reactions, with preservation of the initial shape and fine details 8486:97-1011651%6 |mportantly,
these conversion reactions are to a large extent independent of the initial shape of the nanocomposite
such that the shape and chemical composition are disentangled and independently controllable. By
now an extensive catalogue of conversion pathways has been developed to more than 50 different
chemical compositions including many metal chalcogenides, metals, and perovskites. The semiconduct-
ing, optoelectronic and catalytic properties of these compositions have been used to achieve a range
of functionalities such as catalysts with tunable selectivity.8+861°° However, up to now it has remained
unclear if these photochemical precipitation processes and conversion reactions can be combined,
let alone if highly selective orthogonal assembly/conversion routes can be developed for consecu-
tive organization of arbitrary chemical compositions in user-defined and functional hybrid architectures.

A 0 B @

1. Assembly BaEOa/SiOZ

Cco0" .
2. Conversion

& ,/1hv ~ 275 nm 1."Assembly  \visio,  Bac0,/si0,
BaZ* + CO, + H,0 = ([BaE0Y + 2H* 2. *Conversion l
Si(OH),0+ H* = | Si0, +2H,0 MY/Si0,  M'Y'/SiO,

Figure 4.2: A) Photodecomposition of ketoprofen results in CO, generation which in turn onsets the co-precipitation
of BaCO3 and SiO,. B) Orthogonal assembly/conversion schemes enable positioning and integration of different
chemical compositions into user-defined architectures such that for instance a first assembly/conversion into
MY/SiO, remains unreactive during the sequential assembly/conversion of another BaCO3/SiO, shape into
M*Y*/Si0,.

Motivated by these insights, we here demonstrate that a range of light schemes can be used for
precipitating nanocomposites on preassigned locations, shaping complex contours, and drawing
arbitrary-shaped lines, all of which subsequently can be converted into a range of metal chalcogenide
semiconductors with preservation of microscopic shape and fine details. Moreover, based on the ther-
modynamic stability and chemical reactivity of different compositions, we design orthogonal conversion
pathways to sequentially position nanocomposites of different chemical compositions next to each
other. Finally, we show how different compositions can be integrated into the same hybrid architecture
and form a light-emitting perovskite semiconductor that is embedded into an optical waveguide to
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demonstrate the functionality potential of this assembly/conversion strategy.

4.2 Results and discussion

We test the compatibility between ion exchange reactions and photo-induced self-organization. To
this aim we combine different light schemes for controllable self-assembly with different types of
conversion reactions (Figure 4.2). We show three levels of control over semiconductor sculpting by
forming an array of coral-shaped cadmium selenide (CdSe), a triangle of cobalt oxide (Co304), and a
line of manganese sulfide (MnS).

1. +Cd?*, -Ba?*

& P o & & @
& B BT & & @
T

BaC0,/SiO, Cdse/sio,

Figure 4.3: Shape-preserving chemical conversion of light-controlled BaCO3/SiO, nanocomposites. A) reaction
scheme towards an array of six CdSe/SiO, coral-shapes. B-D) Optical microscopy time-lapse showing sequential
positioning of coral shapes using UV spot (indicated with purple circle). E-G) EDS SEM of cadmium (Cd) and
selenium in resulting coral shapes.

We position an array of CdSe coral shapes on preassigned locations by photo-controlled co-precipitation
of BaCO3/Si0, nanocomposites. To this aim, we create a gradient of carbonate that is too low for
nucleation yet sufficiently high for growth. We achieve this by illuminating an area with a radius
of 250 ym using low intensity 365 nm UV light with a long penetration depth to photogenerate CO,.
Subsequently, we induce nucleation with a short burst of 275 nm UV light with a short penetration
depth in a 50 um radius inside the area irradiated by 365 nm. We achieve this by first illuminating an
area with a radius of 250 um using low intensity 365 nm UV light through the objective to photogenerate
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CO,. Subsequently, we induce nucleation with a short burst of 275 nm UV light that is projected in a 50
um radius through two lenses from the opposite side inside the area irradiated by 365 nm. Within 15-35
seconds, we observe the formation of a small coral-like form in the area that is illuminated by the 275
nm UV-light (Figure 4.3 A-D, see supplementary information appendix C for details). We repeat this short
burst of 275 nm UV light at five other locations to create an array of six coral-shaped nanocomposites
on preassigned positions. Note that for each nanocomposite we adjust the light-intensity, as during the
experiment precursor depletion, photoproduct accumulation, and silica oligomerization change the
conditions such that longer and stronger UV light irradiation is needed to locally generate sufficient
CO, for nucleation and growth.

We convert this array of coral shapes from BaCO3 into CdSe. Following previously developed methods,'°©
we first perform cation exchange of barium to cadmium by immersing the array in a solution containing
cadmium ions (50 mM). Subsequently, we perform anion exchange of carbonate to selenium (Se?-) by
exposing the array to selenium gas. Energy Dispersion Spectroscopy (EDS) is consistent with complete
conversion of BaCOs to CdSe, while Scanning Electron Microscopy (SEM) shows excellent preservation
of the three-dimensional (3D) shape and fine features (Figure 4.3 E-G).

To form a triangular shaped architecture composed of CO304, we project a triangle light pattern of
275nm (75 uW/mm?2) and induce nucleation and growth (Figure 4.4 A-D, see appendix C for details). After
5.5 hours we observe a BaC03-SiO, architecture with the contours of the geometric light pattern. The
BaCO3 nanocrystals are converted into CO304 in two steps. First, we exchange barium for cobalt to yield
the triangle shape made of basic cobalt carbonate (see appendix C for details). Second, we form the
desired CO304 by heating the nanocomposite in air at 540°C (Figure 4.4 A, E, see appendix C). During the
conversion the crystal lattice volume would theoretically shrink with ca. 177%. We find indeed that the
structure visibly shrinks, but that it remains completely intact with all fine features preserved (Figure
44 F-G).
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Figure 4.4: A) Reaction scheme towards a Co304/Si0, triangle. B-D) Optical microscopy time-lapse showing the
formation of a triangle-shaped nanocomposite within the triangle shaped UV-pattern (indicated in purple). E)
EDS SEM map showing cobalt (Co). F) Optical polarization microscopy of the original BaCO3/SiO, form. G) Optical
microscopy of the converted Co304/SiO, form that is shrunken.

We explore the versatility of light schemes that can be used in combination with ion-exchange. From
this perspective, it is particularly interesting to combine UV-induced local photogeneration of CO, with
near-infrared (NIR) induced local heating. Since for increasing temperatures the precipitation rates
of BaCO3 and SiO; increase, this local heating can speed up the precipitation and thereby refine the
resolution, while the smaller feature sizes may enable steering the precipitate in curves.’> However,
local heating can also enhance crosslinking of the SiO, matrix, which in turn may potentially hinder
subsequent ion-exchange reactions.8® To investigate this scenario, we precipitate a nanocomposite
line-shape using local heating and subsequently converting this line into a manganese sulfide (MnS)
semiconductor.
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Figure 4.5: A) Reaction scheme for MnS/SiO, line. B-D) Optical microscopy time-lapse showing precipitation
following a moving UV and IR spot (depicted in purple and red respectively). E-G) EDS SEM analysis showing
manganese (Mn) and sulfide (S) in the resulting line-shape.

To investigate this scenario, we precipitate a nanocomposite line-shape by combining a 365 nm UV
LED via the objective and a 1435 nm NIR laser diode via two lenses from the opposite site to locally
generate CO, and heat the solution respectively. By modulating the light intensity (Figure 4.5 A-D, see
appendix C for details), we draw an arbitrarily shaped line. To demonstrate the achievable fidelity, we
make two 90 degree turns. Subsequently we convert the line into MnS, following previously developed
conversion reactions.®® Even though the local heating may induce further crosslinking of the SiO,
matrix, we find that the BaCO3 nanocrystals straightforwardly undergo ion exchange to manganese
carbonate (MnCO3), which subsequently convert to MnS upon exposure to hydrogen disulfide gas (H,S).
EDS and SEM of the resulting structure shows that the curvatures of the corners have changed—likely
due to the mechanical forces that are exerted during the shrinking of the crystal lattice volume during
the conversion. Nevertheless, we still find complete conversion (Figure 4.5 E-G, see appendix C for more
details), showing that the conversion reactions and different light-schemes are compatible.

This compatibility opens the opportunity for sequential series of photo-induced self-organization
and conversion reactions such that for instance, an array of different chemical compositions can
be positioned on predetermined locations next to each other. However, such sequential series can
only be performed using orthogonal reaction pathways to avoid that earlier formed structures do not
undergo ion exchange. To develop such orthogonal reaction pathways, we realize that in water the
solubilities of metal carbonates are orders of magnitude larger than those of metal chalcogenides. Con-
sequently, metal carbonates may be prone to undergo ion exchange under conditions in which metal
chalcogenides remain unreactive, which may facilitate sequential orthogonal cation-exchange pathways.
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To test the concept of such orthogonal cation-exchange pathways, we position coral-shapes of three
different semiconductor compositions next to each other (Figure 4.6). To form the first coral shape, we
photochemically induce the precipitation of a coral-like shape. We convert the BaCOs3 into silver car-
bonate (Ag,C0O3), which subsequently reacts to silver oxide (Ag,0) under heating at 120°C in a nitrogen
atmosphere (Figure 4.6 AB, see appendix C for details). Following a similar photochemical scheme, we
position a second coral shape next to the first one. Importantly, the precision of the photochemistry
allows us to avoid precipitation on the earlier formed Ag,0 coral, while the low reactivity of Ag,O
prevents undesired ion-exchange with the carbonate and barium ions in the solution. After growing
the second coral-shape, we convert it to MnCQOs, followed by thermal decomposition to Mn,03 at 540°C
in an aerobic atmosphere, thereby simultaneously reducing the silver oxide coral shape to metallic
silver (Figure 4.6 A,C). Finally, a third coral shape is precipitated, equidistantly spaced next to the Ag and
Mn,03 corals. This coral is converted via basic cobalt carbonate into CO304, while leaving the earlier
formed corals intact (Figure 4.6 AD). EDS analysis confirms that only trace amounts of cross exchange
has occurred, hence demonstrating that orthogonal sequences of photoinduced precipitation and
cation-exchange reactions are possible (Figure 4.6 B-E).
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BaCO,/Si0,
1./+Ag*, -Ba?*
2,/120°C, - CO,*

& b

Ag,0/Si0, BaC0,/Si0,
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2,/540°C, - CO>
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Ag,0/Si0, Mn,0,/Si0, BaCO,/Sio,
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Figure 4.6: Orthogonal conversion reactions for positioning multiple chemical compositions. A) Reaction scheme
for orthogonal cation exchange towards an array of Ago0/SiO,, MN203/Si0, and Co304/Si0; coral shapes. B-F)
EDS-SEM analysis of the resulting structures showing selective cation exchange to B) silver (Ag); C) manganese
(Mn); and D cobalt (Co).

While orthogonal cation exchange pathways can be designed based on thermodynamic stability, we
find that orthogonal anion conversion pathways can be rationally planned following chemical reactivity.
Specifically, we realize that many metal carbonates react towards metal sulfides at temperatures and
partial HyS pressures for which metal selenides remain unreactive for anion exchange. Moreover,
many metal carbonates react to metal oxides at temperatures at which metal sulfides and selenides
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remain unreactive. This suggests that orthogonal pathways for different anion reactions may be feasible.
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Figure 4.7: A) Reaction scheme for orthogonal anion exchange towards an array of CdSe/SiO,, CdS/SiO,, and
Cd0/Si0, coral shapes. B-E) EDS-SEM analysis of the resulting structures showing selective anion exchange to B)
selenium (Se); C); sulfide (S); and D) cation exchange to cadmium (Cd). Note that oxide does not show up on EDS.

We exploit this insight by designing a pathway of orthogonal anion reactions to position coral shapes of
cadmium selenide (CdSe), cadmium sulfide (CdS) and cadmium oxide (CdO) (Figure 4.8 A). We position
a first coral shape and convert this coral to CdSe (Figure 4.8 A,B). We position a second coral shape next
to the first one, and again convert this shape to CdCOs3. Subsequently these shapes are exposed to H,S
gas at 290°C. Under these reaction conditions, the CdSe remains unreactive, while EDS shows complete
conversion of the CdCOs3 to CdS (Figure 4.8 A,C). Finally, we position a third coral shape at equidistant
spacing of the already formed CdS and CdSe coral shape. Again, the BaCOs in the coral is converted
into CdCO5 and then heated to 290°C, which results in the conversion to CdO while leaving the CdS and
CdSe structures unreacted. Hence, orthogonal anion reaction pathways can be designed by judiciously
selecting sequences of reaction conditions.
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Figure 4.8: Integration of different compositions within a single nanocomposite. A) Reaction scheme for integration
of Ag,0/Si0, circle and CdSe/SiO, triangle shape via light-controlled assembly and orthogonal conversion
reactions. B) Optical microscopy time-lapse showing the assembly of the triangle shape. C) Optical microscopy
time-lapse showing the assembly of the circle shape after conversion of the triangle into CdSe/SiO,. The red arrow
in B and C indicates the same location.

The combination of spatiotemporal control over self-organization and orthogonal shape-preserving
conversion reactions presents the opportunity for the creation of hybrid materials in which different
nanocrystals of preselected chemical compositions are integrated within a single nanocomposite (Figure
4.9). We exploit these insights to form an integrated hybrid structure composed of a CdSe triangle and
Ag circle (Figure 4.9 A-D). Using a photomask, we first induce growth of a triangular nanocomposite,
which we convert to CdSe (see appendix C).

Figure 4.9: A) Optical microscopy image after conversion of the Ag,0/SiO, circle and CdSe/SiO, triangle. B)
EDS-SEM map showing confirming Cd and Se in the triangle and Ag in the circle.

We then project a circular UV-light pattern with a radius of 100 um on the corner of the triangular
shaped CdSe and induce nucleation. We observe new nucleation exclusively on top of the edges of
the already grown and converted CdSe triangle, likely because exposed nanocrystals favor nucleation
at these locations. We continue growth until the contours of the circle are filled. We subsequently
convert the BaCOj3 in the circle to AgCOs. Consistent with our orthogonal conversion scheme, the low
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solubility product of CdSe prevents conversion of the triangle. Subsequent heating to 120°C results in
the conversion of the circle to Ag,0 while the triangle remains CdSe, thus forming a shape-controlled
hybrid structure (Figure 4.9 B).
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Figure 4.10: A) Reaction scheme for integration of MAPbBr3/SiO, coral into an elongated BaCO3/SiO, shape. B)
Optical microscopy time-lapse showing the assembly of the SrCos/SiO, coral. C) Optical microscopy time-lapse
showing the assembly of the elongated BaCO3/SiO, structure by moving the UV spot away from the initial coral
shape that is converted into PbCos/SiO,.

The combination of spatiotemporal control and orthogonal chemistry can be used to integrate syner-
gistic properties within a single architecture with independent control over shape and composition
of the separate parts. Building upon our previous work with optical structures,”™® we demonstrate
this potential by integrating a light-emitting lead methyl ammonium bromide perovskite (MAPbBr3)
semiconductor with a BaCO3/SiO, shape that serves as optical waveguide (Figure 410). To form the
light-source, we induce the nucleation and growth of a small coral-shaped nanocomposite. Instead
of BaCOs, we precipitate strontium carbonate (SrC0s3). SrCOs; has similar properties as BaCOs, but
the smaller crystal lattice facilitates straightforward ion-exchange to perovskite precursor PbCO3. We
subsequently focus a 365 nm UV light top of the PbCO3/SiO, structure and induce precipitation of
BaCO3/Si0,. After 60 min, we move the UV spot to selectively direct the growth to one side into an
elongated shape with a tip. Finally, we immerse the resulting structure into methyl ammonium bromide
to convert the PbCO3 into a methylammonium bromide perovskite semiconductor. SEM, EDS, and light
microscopy using crossed polarizers confirm that lead is only present in the bottom part while the
nanoscopic crystallographic alignment is lost, but the microscopic shape remains preserved (Figure
410 C, 470 A, see appendix C). The final architecture performs waveguiding of the light emitted from the
perovskite core towards the tip of the elongated shape (Figure 411 B).
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Figure 411: A) SEM of the final hybrid BaCO3/SiO, composite with integrated light emitting MAPbBr3/SiO, core. B)
Polarized microscopy image, and C) fluorescence microscopy showing photoluminescence from hybrid BaCO3/SiO,
with light emitting MAPbBr3/SiO, core.

4.3 Conclusion

We here demonstrate how light-driven self-organization processes and ion-exchange reactions can be
combined to gain independent control over shape and composition. This two-step assembly/conversion
strategy allows us to position, sculpt and hierarchically organize a wide range of metal oxides, metal
sulfides and perovskites in user-defined designs. Complex hybrid architectures and landscapes of
preassigned pallete can be formed by consecutively assembling and converting nanocomposites using
orthogonal reaction pathways with independent control over shape and composition of each compo-
nent.

Our assembly/conversion strategy takes advantage of fundamental features of self-organization. In
traditional synthesis processes shape and composition are inherently entangled such that for each
composition a new method is required to control the shape. In contrast, in our assembly/conversion
strategy the self-organization process autonomously generates and orders nanoscopic building blocks.
Because of this inherent nanostructure, these architectures subsequently can be converted into a wide
catalogue of chemical compositions compositions independent of their initial shape. The nanocrystals
offer enhanced chemical reactivity while the nanocomposite layout helps transport of reactants and
offers mechanical stability to preserve the initial shape.

By decoupling the control of shape and composition, our multistep self-organization strategy gives
spatiotemporal control over where which chemical composition is positioned. Photochemical reactions
provide hands-on control over positioning and shaping, while orthogonal conversion pathways enable
integration of different chemical compositions independent of their shape in sequential steps for the
synthesis of complex hybrid components. This work adds to an expanding collection of self-organization
strategies that have been coined non-covalent synthesis.®8 Akin to organic chemistry—in which
covalent bonds are rationally designed at molecular scale using for instance protection groups, reactive
centra and reaction cascades, we here are learning how non-covalent interactions can be precisely
controlled at nano and microscale via multistep reaction pathways to shape, convert, orient and
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construct increasingly complicated components and devices.

Indeed, we foresee that further control over the assembly/conversion scheme is possible. In particular,
for the assembly step two-photon or light-sheet illumination schemes may offer refined control over
the self-organization in three spatial dimensions. Moreover, for the conversion step, the continuously
growing catalogue of conversion pathways®86100101152157.165__\hich currently provide routes to more
than fifty different chemical compositions including perovskites, metal chalcogenides and metals, that
have desirable catalytic, photochemical or electronic functionalities—can be further expanded and
refined.

Beyond these co-precipitation reactions, we anticipate that other self-organizing systems such as
Liesegang inspired patterns and chemical gardens can be controlled using this assembly/conversion
strategy.'52156-159.169 Specifically, we believe that light induced chemical conversion can be developed,
akin to classical photography techniques, to pattern different chemical compositions into preformed
substrates. Also, assembly/conversion strategies can leverage the complexity and seemingly effort-
less control biomineralizing organisms. These conversion routes can already be used to convert
biomineralized skeletons 816570171 We foresee that biomineralization processes can be influenced and
steered using light patterns using for instance IR'% These opportunities highlighting new pathways
for advanced and functional components, with refined hands-on control when needed, and effortless
self-organization when possible.

4.4 Experimental

Preparation precursor solution

Typically, the precursor solution is prepared by dissolving 6 mg (6 mM) ketoprofen (KP) (Fluorochem) and
87 mg (70 mM) DTAB (VWR) in an 4 mL agqueous solution containing 5.5 mg (11 mM) sodium metasilicate
(Na,SiOs) (Sigma Aldrich) with the help of brief sonication. In another vial, 24.5 mg barium chloride
dihydrate (BaCly-2H,0) (Sigma Aldrich) is dissolved in 2 mL degassed water (100 mM). The KP-DTAB-
Na,SiOs solution is added to the BaCl, solution to obtain the final precursor solution (20 mM BaCly, 9
mM Na,SiOs, 5 mM KP, and 56 mM DTAB). The final precursor solution is directly injected in a closed
sample cell, made of two quartz substrates and a Viton® spacer (3 mm, 1.2 mL volume). To avoid any
uptake of carbonate species from the air, all solutions are kept in nitrogen during preparation. In all
precursor solutions, a minimum concentration ratio of 1:10 KP:DTAB is used to assure that both KP and
the photoproduct remain dissolved.

Post-process analysis

After growth with the help of UV light, the sample cell is disassembled in degassed water and the
substrates are carefully washed with acetone. SEM imaging is carried out using a FEI Verios 460. Raman
spectroscopy is performed using a confocal Raman microscope (WITec, Alpha 300 R) with an EMCCD
detector (Andor, Newton, DU970P-BVF-355). A 532 nm laser with a diffraction grating of 600 g mm~!
used for excitation. The spectra are each 20 times averaged with an integration time of 1 s.

S
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UV-irradiation Microscope

The custom-built setup used to induce nucleation and growth of the BaCO3/Si0O, nanocomposites,
contains four main sections: two irradiation parts, a sample holder stage, and an imaging part. The two
irradiation parts are placed opposite from each other, both another side from the sample holder stage.
One irradiation part is placed below the sample holder stage and can switch between irradiation of 275
nm UV LED light or irradiation of a 1435 nm NIR laser diode. For the UV LED irradiation, a lens (Edmund
Optics 84-337, focal length (f) = 20.0 mm) collects the light from a 275 nm mounted LED (Thorlabs
M275L4, 80 mW output power). Custom-made photomasks placed after the collector lens are used
to projected the light with the help of two UV anti-reflection coated plano-convex lenses (Thorlabs
LA4148-UV, f = 50.0 mm) on the sample. For the NIR irradiation, the light of a fiber coupled 1435 nm
laser diode (Alcatel A1948FBG, 180 mW output power) is collimated by a plano-convex lens (Thorlabs
LA1422, f = 40.0 mm) and refocused with another plano-convex lens (Thorlabs LA1422, f = 40.0 mm) on
the sample. The second irradiation part is placed above the sample cell holder and consist of a 365 nm
mounted LED (Thorlabs M365L3, 1290 mW output power) light. After passing a photomask, the UV light
is collimated with an uncoated N-BK7 plano-convex lens (Thorlabs LA1422, f = 40.0 mm) and guided
via a dichroic mirror (Thorlabs DMLP425R, long pass (Ip) 425 nm) through a 10X/0.30 magnification
objective (Nikon Plan Fluor) to focus the light on the sample. The sample holder stage consists of a
custom-made temperature cell, controlled by a bath and circulation thermostat (Huber CC-K6), on top
of a motorized translation table, provided by piezo inertia actuators (Thorlabs PIAK10). The imaging
part contains a cold white light mounted LED (Thorlabs MCWHL5) and is placed above the 365 nm LED.
The light is collected by an aspheric lens (Thorlabs ACL2520U-DG6-A, f = 20.0 mm) and guided by a
10:90 beamsplitter (Thorlabs BSN10R) to the same pathway as the 365 nm light, passing the dichroic
mirror and the 10X/0.30 magnification objective to the sample. The reflected light is collected with the
same objective lens and transmitted through the beamsplitter. A tube lens (Thorlabs AC254-200-A-ML,
f =200.0 mm), focuses the light on a CMOS camera (Basler Ace acA1920-40gc) for imaging. The light
intensities of the UV LEDs and the NIR laser diode are controlled by neutral density (ND) filters (Thorlabs
NDUV-B), as well as by adjustments of the driving current of the drivers (Thorlabs LEDD1B and Thorlabs
CLD1015 for the LEDs and the laser diode, respectively). A handheld power meter (Thorlabs PM160T) is
used to determine the used light intensity (Iyy in gW mm=2), where the recorded power of the collected
UV light is divided by the area of the sensor.

Conversion reactions

See appendix C for details.
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Chapters

Light-driven nucleation, growth, and
patterning of biorelevant crystals using
resonant near-infrared laser heating

Abstract

Spatiotemporal control over crystal nucleation and growth is of fundamental interest for understanding
how organisms assemble high-performance biominerals, and holds relevance for manufacturing of
functional materials. Many methods have been developed towards static or global control, however
gaining simultaneously dynamic and local control over crystallization remains challenging. Here, we
show spatiotemporal control over crystallization of retrograde (inverse) soluble compounds induced
by locally heating water using near-infrared (NIR) laser light. We modulate the NIR light intensity to
start, steer, and stop crystallization of calcium carbonate and laser-write with micrometer precision.
Tailoring the crystallization conditions overcomes the inherently stochastic crystallization behavior and
enables positioning single crystals of vaterite, calcite, and aragonite. We demonstrate straightforward
extension of these principles toward other biorelevant compounds by patterning barium-, strontium-,
and calcium carbonate, as well as strontium sulfate and calcium phosphate. Since many important
compounds exhibit retrograde solubility behavior, NIR-induced heating may enable light-controlled
crystallization with precise spatiotemporal control.

This chapter is based on Bistervels, M. H,, Antalicz, B,, Kamp, M., Schoenmaker, H., & Noorduin, W.
L. (2023). Light-driven nucleation, growth, and patterning of biorelevant crystals using resonant near-
infrared laser heating. Nature Communications, 14 (1), 6350.
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51 Introduction

Controlling crystallization at the right place and at the right time is at the core of how organisms organize
minerals into complex architectures with superb performance.>999160172173 For instance, biominerals
of calcium carbonate and calcium phosphate crystallize into hierarchical structures such as dental
enamel,’ nacre for creating materials with high resilience and hardness,”* and crystallographically well-
ordered calcite crystals in starfish tentacles for compounded vision 4075 Gaining such spatiotemporal
control over crystallization offers opportunities for probing, steering, and understanding crystalliza-
tion phenomena in organisms, and enables the development of artificial materials with advanced
functionalities.3132133776-179 Already, many techniques such as self-assembled monolayers %58 microflu-
idic devices,’"®" confined spaces,'®2'83 (anisotropic) templates 9377984 topographical substrates,85186
or additives,3>33 have been developed to achieve control over crystallization in either space or time,
but controlling both simultaneously remains challenging.®

From this perspective light-induced reactions offer the potential to gain spatiotemporal control
over crystallization by modulating light intensities with (sub)micrometer resolution and microsec-
ond dynamics.23?* Photochemical reactions have been used to control assembly and nucleation of
colloidal and mineral systems by using for instance photoswitches,'®8% photoacids/bases,*>" and
photodecarboxylation,’3 that steer local interactions or local gradients. However, these photochemical
reactions require complicated chemical mixtures of photoreactants, photoproducts, and stabilizing
agents such as surfactants; all of which can inflict undesired disturbance of both crystal nucleation
and growth.™" Alternatively, non-photochemical processes have been explored to induce crystallization
in solutions, thin films, and glasses.™3'9%19" But the need for complicated pulsed lasers set-ups, special
crystallization media, or large minimal irradiation area (typically mm2) in combination with the inherent
stochastic nature of nucleation has so far restricted the application potential and the spatial control.™*
Moreover, the limited understanding of the underlying principle has so far prevented further rational
extension of these methods.”3° Unlocking the full potential of light-controlled crystallization processes
thus requires a radical new approach to overcome the need for complicated mixtures that disturb
crystal nucleation and growth, while at the same time offering generalizable principles with precise
spatiotemporal control.

From this perspective, near-infrared (NIR) laser light provides interesting opportunities. NIR laser
light enables local heating of water by resonating with the first overtone of the O-H stretch vibration
(Figure 51), and is routinely used to manipulate biological processes such as protein kinetics and DNA
folding,"9293 and NIR light-triggered release of payload from polymeric capsules.” In contrast, we here
explore NIR laser light to induce crystallization with precise spatiotemporal control while circumventing
the need to use special crystallization media or additives. Our strategy for controlling crystallization
using NIR is motivated by two key insights: (i) many biorelevant minerals (e.g. calcium carbonates’®
and calcium phosphates™®), and many technologically important crystals (e.g. lead halide perovskite
semiconductors'’) exhibit a retrograde solubility, i.e. the solubility of these compounds decreases for
increasing temperatures. (ii) NIR laser light has been shown to locally heat up water with 50°C in a 10
micrometer diameter light spot within milliseconds, suggesting great potential for locally increasing
the supersaturation and thereby inducing crystallization of retrograde soluble minerals with precise
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spatiotemporal control without any need of additives.”®

Motivated by this analysis, we develop an NIR optical setup to locally induce crystallization of compounds
with an inverse solubility. By tuning the crystallization conditions and light settings we demonstrate the
following levels of spatiotemporal control in user-defined micrometer patterns for metal carbonates: (1)
writing of CaCOj3 crystals in microscopic user-defined patterns; (2) refining the resolution for nucleation
and growth of single crystals; (3) extending NIR-induced crystallization with spatiotemporal control
towards three polymorphs of CaCO3 (vaterite, aragonite, calcite), and other biorelevant carbonate,
phosphate and sulfate salts with retrograde solubilities, to demonstrate the generality and sequential
control for multimaterial patterning.
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Figure 5.1: Resonant NIR laser heating for light induced crystallization. A) Light absorption of NIR (1435 nm) by the
first overtone of the O-H stretch vibration of water results in local heating. B) Optical setup in which NIR laser
light is focused on the bottom (ITO coated) glass substrate of a reaction cell filled with the precursor solution
to locally induce crystallization. Using white light, the process is monitored in-situ. C) Local heating by NIR light
(red line) increases the local supersaturation of salt with retrograde solubility MX (dashed black line) to induce
crystallization (blue rhombohedron).
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5.2 Results and discussion

Crystallization conditions for NIR laser writing

To control crystal nucleation and growth, we develop a custom-built optical set-up that combines NIR
laser light irradiation with in-situ monitoring (Figure 51 B, C). For the NIR laser light irradiation, we focus
a fiber-coupled high intensity laser diode of 1435 nm (spot radius 15 um) on a temperature-controlled
and motorized reaction cell holder. The reaction cell is composed of two glass substrates, which are
a separated by a Viton® spacer. The cell is filled with an aqueous precursor solution containing the
desired metal carbonate, and the reaction cell is placed in the sample holder. For in-situ monitoring,
we use a conventional white light LED in combination with an objective and CMOS camera opposite
from the focal spot.

We quantify the spatial temperature change upon NIR laser irradiation by monitoring the temperature
dependent emission of the photoacid 8-hydroxypyrene-1,3,6-trisulfonate trisodium (HPTS) (Methods
and appendix D Note D and Figure D1)."9% We find that the solution temperature increases approximately
linearly as function of the NIR laser power (Figure 5.2 A). Moreover, we also observe that the local
solution temperature changes within seconds of switching the laser on or off (Figure 5.2 B), while spatial
temperature mapping shows that the heating effect remains localized in the direct vicinity of NIR laser
spot (Figure 5.2 C).
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Figure 5.2: Quantification of the spatial temperature change upon NIR laser irradiation. A) Interfacial temperature
measurement for a glass substrate, obtained by monitoring the dual-band emission of HPTS, showing the solution
temperature in the NIR focal point as function of the incident NIR laser power. B) Solution temperature upon
modulation of the NIR power from o to 180 mW NIR irradiation over time for the beam center (red dots) and bulk
solution measured 150 um away from the NIR focal point (blue dots). The NIR was turned on and off manually
after 10 and 110 s respectively. C) Temperature map around the NIR focal point (indicated by red dashed circle)
with 180 mW light intensity (pixel size 0.375 um). G) Schematic showing that moving the NIR focal spot (red) results
in nucleation and growth of a line of crystals with retrograde solubility on an ITO coated glass substrate. H) In-situ
optical microscopy time-lapse showing that moving the NIR laser spot induces local precipitation of CaCOs. 1)
Backscatter SEM image of a NIR laser-written substrate of calcite crystals following a user-defined pattern, with
red inset. J) Showing agglomerates of CaCO3 organized in intersecting lines on an ITO-coated substrate.

To locally induce nucleation of CaCO3 within the NIR focal spot, we screen the parameters that determine
nucleation. We vary in precursor concentrations, additives and surface free energy and monitor how
the solutions react on the NIR laser light irradiation (appendix D, Figure D.2). To prevent nucleation
in the bulk solution we increase the nucleation time by adding 100-300 mM NaCl to the precursor
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solution, which is known to suppress high nucleation rates by reducing the activity coefficients of
the precursor ions.’® Moreover, to promote local nucleation in the laser spot, we use glass slide
coated with indium tin oxide (ITO) that absorbs the NIR laser light (appendix D, Figure D.3) and thereby
additionally heats up the substrate precisely in the NIR focal spot. Notably, we observe flow towards
the focal spot, which can further support local crystallization by mass transport. Using these in-
sights, we identify an optimum concentration range of calcium chloride salt (CaCl, 0.5-5 mM), and
sodium carbonate salt (NazCOs, 0.5-2 mM) in a pH adjusted solution using sodium hydroxide (NaOH, pH
107) that gives a metastable precursor solution, in which crystals nucleate only in the NIR irradiated spot.

Figure 5.3: Laser writing of crystals with resonant NIR laser heating. A) Schematic showing that moving the NIR
focal spot (red) results in nucleation and growth of a line of crystals with retrograde solubility on an ITO coated
glass substrate. B) In-situ optical microscopy time-lapse showing that moving the NIR laser spot induces local
precipitation of CaC0Os. C) Backscatter SEM image of a NIR laser-written substrate of calcite crystals following a
user-defined pattern, with red inset. D) Showing agglomerates of CaCO3 organized in intersecting lines on an
ITO-coated substrate.

Based on these findings, we laser-write crystals with a moving NIR focal spot on a substrate (Figure 5.3
A, B). We prepare a reaction cell of ITO coated glass substrates containing a precursor solution (1.5 mM
CaCly, 1 mM Na,C0O3, 200 mM NaCl, pH 10.7). To induce crystallization, we switch on the NIR laser light
(> 120 mW) to locally heat up the solution and thereby increase the local supersaturation such that
nuclei form in the laser spot. Although not necessary for nucleation, we often observe the formation of
gas-bubbles in the NIR spot, likely due to local boiling of water." When the NIR spot is moved away
from the nuclei, these nuclei continue growing into typical rhombohedron calcite crystal while no new
nuclei form outside of the NIR spot, which confirms that the precursor solution is supersaturated within
the metastable zone for nucleation. Using a pace of 17.5 pm s~! and a light intensity of 180 mW for the
NIR laser light, we write a line of crystals with a width of 30 um into an abstract microscopic pattern
(Figure 53 C, D).
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Light-driven nucleation of single crystals

The NIR laser-induced nucleation offers the opportunity to overcome the stochastic nature of crystal-
lization and form a single crystal of CaCOs in the NIR focal spot (Figure 5.4).
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Figure 5.4: NIR laser-induced nucleation and growth of single calcite crystals with spatiotemporal control. A)
Schematic for modulation of the NIR laser light intensity enables separation of nucleation and growth of the
retrograde soluble carbonate salts (MCO3). B) Nucleation of a single calcite crystal by modulating the NIR laser
light intensity. High NIR laser light intensity is used to induce nucleation. Lowering the NIR laser light intensity
allows growth during NIR laser light irradiation of a single calcite crystal while avoiding new nucleation. C) In situ
optical microscopy time-lapse of a growing single calcite in the NIR focal spot (indicated by red dashed lined
circle), and SEM of the final crystal.

To achieve this precise resolution, we deliberately lower the nucleation rate by preparing a slightly
undersaturated precursor solution (1 mM Na,COs, 0.5 mM CaCly, pH 107) and equilibrate for two days
to suppress undesired spontaneous nucleation. Moreover, to lower the local heating upon irradiation,
we replace the ITO-coated glass slides of the reaction cell for uncoated glass slides. Using high NIR
laser light intensity (180 mW), we induce nucleation in the focal spot after 30 s (Figure 5.4 A-C). We
then directly reduce the NIR laser light intensity (120 mW) to prevent undesired formation of new
nuclei, while still enabling growth of the single crystal. After 17 h, we observe that the nucleus has
grown into a calcite crystal in absence of new nuclei. Turning off the NIR laser stops the growth but is
not followed by dissolution (appendix D, Figure D.4), indicating that the precursor solution is indeed
only slightly undersaturated. Balancing the NIR laser light intensity and solution concentrations thus
enables nucleation and growth of a single calcite crystal with spatiotemporal control.
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Move laser

Figure 5.5: Succesive NIR laser-induced nucleation and growth of single calcite crystals with spatiotemporal control.
A) Schematic of moving the NIR focal spot on the substrate. B) Optical microscope image of successive nucleation
of single calcite crystals, with different sizes dependent on their irradiation (appendix D, Movie D), indicated by
numbers 1-3. C) SEM image of resulting crystals, indicated by numbers 1-5.

We exploit the spatiotemporal control to position multiple crystals next to each other with micrometer
precision. To induce the nucleation and growth of a neighboring CaCOj3 crystal, we move the NIR focal
spot 300 um next to an already grown single calcite crystal (Figure 5.5 A). Because the precursor solution
becomes slightly depleted by precipitation, we observe a trend of longer nucleation times and lower
growth rates for later grown crystals. To regain the nucleation and growth rate, we adjust the irradiation
time or laser light intensity and sequentially position a line of crystals (Figure 5.5 B, C, appendix D,
Movie D), highlighting the level of spatiotemporal control that can be achieved with our NIR pattering
strategy.

Figure 5.6: Spatiotemporal control over crystal growth of a calcite crystal. After nucleation of calcite (15 min), the
NIR laser spot (red dashed circle) is initially moved to the right (15 h) and subsequently to the top (36 h) of the
center of the crystal to enhance the growth rate of crystal facets in the direction of the NIR laser spot. Overlay of
the timelapse photographs of the asymmetric growing crystal with the positions of the NIR spot at (1) 1 h, (2) 35 h,
and (3) 87 h.

The spatiotemporal control over the supersaturation suggests that NIR-induced crystallization may be
used to modulate the growth rate of different crystal facets. To explore this potential, we induce the
nucleation and growth of a single calcite crystal using NIR irradiation (Figure 5.6). Subsequently, we
move the NIR focal spot away from the crystal center to favor the growth in one direction. We observe
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that all facets of the crystal continue growing, however the facets in the vicinity of the NIR spot grow
significantly faster. Hence, NIR can be used to control the growth rate of different crystal facets and
thereby steer the crystal morphology.

Light-driven crystallization of CaCO; polymorphs

We test whether NIR laser-induced crystallization is compatible with previously developed methods
of polymorph control.®® Although it is well-known that additives and/or heat both can be used to
influence the crystal structure of CaCQOs, it is unclear if NIR heating in combination with additives
enables control over both the position and crystal structure. We examine this potential by growing the
three CaCO3 polymorphs calcite, aragonite and vaterite in a triangular pattern (Figure 57).
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Figure 5.7: NIR controlled positioning of different CaCO3 polymorphs on the same substrate. A) Schematic overview
of the NIR light schedule (red solid line) and corresponding supersaturation (black dashed line) using NIR irradiation
on a CaCO3 growth solution complemented with MgCl, or NaCl at different times.B) Modification of crystallization
conditions induces nucleation and growth of aragonite (yellow, addition of MgCly), vaterite (green, addition of NaCl
and direct irradiation of freshly prepared precursor solution), and calcite (pink, addition of NaCl and irradiation of
3 h equilibrated precursor solution) with micrometer spacing.

To enable the growth of aragonite, we use MgCl, as additive, which is known to favor the formation
of aragonite, to the CaCO3 precursor solution (2 mM MgCly, 1 mM CaCly, 1 mM Na,COs, pH 107), and
load a reaction cell composed of glass substrates (Figure 57 A,B). Indeed, upon irradiation to induce
nucleation and growth (5 s 180 mW, 1 h ramping from 80 to 150 mW) we observe needle-like aragonite
crystals within the NIR focal spot. Next, we exploit the stability of CaCOs to first induce the formation of
vaterite and subsequently calcite next to the grown aragonite. We refill the reaction cell with a freshly
prepared CaCOs precursor solution (300 mM NacCl, 1.5 mM CaCly, 1 mM NapCOs, pH 10.7). We enable the
nucleation and growth of a single vaterite crystal upon the first NIR laser light irradiation (30 s 180
mW, 30 min, 120 mW respectively). Subsequently, we allow the solution to equilibrate (3 h), after which
we reposition the NIR focal spot and induce the nucleation and the growth of a single calcite (2 min
150 mW, 1 h ramping from 90 to 130 mW). Scanning Electron Microscopy (SEM) imaging and Raman
spectroscopy confirm that each crystal is completely formed of the desired polymorph (Figure 5.8 A-E
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and appendix D Figure D.5).2°° Hence, despite the local temperature gradients we find that additives in
the precursor solution can still determine the crystal structure during NIR-induced crystallization, to
enable patterning of different single crystal polymorphs with micrometer precision.
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Figure 5.8: Resulting crystals of NIR controlled positioning of different CaCO3 polymorphs on the same substrate.
A) SEM image of the three different polymorphs positioned in a triangular pattern. B-D) High magnification SEM
images of the three polymorphs. E) Raman spectra of the three polymorphs, as indicated by the corresponding
color lining, yellow (aragonite), green (vaterite), pink (calcite), of the SEM images and schematic growth solutions.

Light-driven crystallization of other biorelevant minerals

The principle of resonant NIR laser heating-controlled crystallization can readily be extended to a wide
range of other compounds with retrograde solubility. To demonstrate this generality, we position metal
carbonate crystals (MCO3) of barium carbonate (BaCOs), strontium carbonate (SrC0O3), and CaCOs—all
of which have retrograde solubilities—next to each other on a glass substrate.’9>2°1292 Simjlar to the
CaCOs precursor solution, we identify the optimum precursor concentration range by in-situ monitoring
of the precursor solution upon modulation of the NIR laser light intensity (Figure 5.9). Since SrCO3
and BaCOs spontaneously nucleate rather rapidly, we observe that the nucleation occurs with more
stochastic fluctuations. Again, we stabilize the precursor solutions by adding NaCl. To crystallize BaCOs,
we fill the reaction cell with the BaCO3 precursor solution (300 mM NaCl, 0.75 mM BaCl,, 0.75 mM
NapCOs, pH 10.7) and enable nucleation and growth of BaCO3 upon NIR laser light irradiation (5 min
180 mW, 50 min 180 mW). Subsequently, the reaction cell is flushed with water, and refilled with a
SrC0Os precursor solution (75 mM NacCl, 0.5 mM SrCly, 025 mM Na,COs, pH 101). We move the NIR
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focal spot 300 um next to the BaCOs crystals and modulate the NIR laser light intensity to induce
nucleation and growth of SrCO5 (2 min 180 MW, 45 min 160 mW). Lastly, the reaction cell is again
flushed with water, and refilled with a CaCOs3 precursor solution (300 mM NacCl, 1 mM CaCly, 1 mM
Na,COs, pH 107) to enable nucleation and growth of CaCOs 300 um next to the other side of the BaCOs
crystals (1 minute 180 mW, 1.5 h 50 mW). SEM and Raman spectroscopy confirm the positioning of
the three different MCOs crystals with micrometer precision (Figure 5.9 B, C, and appendix D Figure D.6)2%3

1020 1050 1080 1110
Raman shift (cm-")

Figure 5.9: Spatiotemporally controlled nucleation of different retrograde soluble crystals using NIR laser light. A)
Schematic for NIR-controlled nucleation of BaCO3 (green), SrCO3 (orange), and CaCOs (purple). B) SEM image of
the resulting NIR-induced nucleation of MCO3 crystals positioned in a line. C) Raman spectroscopy of the MCO3
crystals in (B), showcasing the counterion-specific shift of the symmetric stretching vibration of carbonate ions.

To combine the different levels of NIR laser-induced controlled crystallization, we laser write a pattern
of multiple materials. We first fill a reaction cell composed of ITO-coated glass substrates with a
metastable precursor solution (1.5 mM CaCly, 1 mM NapCOs, 200 mM NaCl, pH 107). We laser-write a
line pattern of CaCO3 nuclei using 180 mW NIR power and a moving focal spot with a velocity of 175 pm
s~1, and enable the nuclei to grow into crystals for 24 h. To fill in the framework with SrCOs crystals, we
wash the cell twice with water and refill the reaction cell with a SrCOs3 precursor solution (200 mM Nacl,
1 mM SrCly, 0.5 mM Na,COs, pH 107). Upon irradiation of 180 mW and a moving light beam of 8.5 um
s~!, we induce the precipitation of SrCO3 nuclei. Again, we leave the nuclei to grow in the solution for
24 h, and wash the substrate with water and ethanol. SEM with energy dispersion spectroscopy (EDS)
mapping shows the hexagonal SrCOs crystals precisely positioned next to the rhombohedron CaCOs
crystals without any overgrowth (Figure 5.9 D-F), which emphasizes the high spatial control that can be
achieved using NIR laser-induced crystallization of multiple materials.
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50 ym

Figure 510: Laser-writing of various MCO3 crystals. A) SEM image of NIR laser-induced drawing of CaCO3 and SrCOs,
with B) high-resolution inset, and C) EDS map showing calcium (blue) and strontium (red).

Besides metal carbonates, many other biorelevant minerals such as metal sulfates and metal phos-
phates exhibit a retrograde solubility,'9%% hence promising NIR as a more general approach for gaining
control over crystallization. We explore this potential by NIR-induced formation of single crystals for
two other biorelevant minerals: strontium sulfate and calcium phosphate. For both crystal systems, we
modulate the NIR laser power to first induce nucleation at high laser power and subsequently sustain
growth of a single crystal while avoiding new nucleation at low laser power. Specifically, for strontium
sulfate we use an aqueous precursor solution containing 1 mM SrCl, and 1 mM Na,;SO4 and induce
nucleation using 3 min NIR irradiation with 180 mW NIR followed by 5.5 h with 130-150 mW to sustain
growth (Figure 511). For calcium phosphate, we use an aqueous precursor solution of 1 mM CaClp and 1
mM KoHPO4 and 300 mM NaCl to prevent formation of amorphous precipitate and induced nucleation
using irradiation of 1 minute with 180 mW, followed by growth at 3 h with 130-180 mW to sustain growth
(Figure 512). Raman spectra are in good agreement with the biomineral celestine for strontium sulfate
and the bone mineral hydroxyapatite for calcium phosphate. SEM and EDS confirm the formation of
single crystals of strontium sulfate and calcium phosphate (Figure 511 B-D, 512 B-D, and appendix D
Figure D.7),2952°6 hence demonstrating the versatility and generality of NIR for inducing crystallization
of retrograde minerals with spatiotemporal control.
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A SrCl,+ 3 min 1.5h 5.5h

Figure 5.41: Spatiotemporal controlled crystalliozation of retrograde soluble strontium sulfate crystals using NIR
laser light. A) Optical microscopy timelapse series showing the nucleation and growth of strontium sulfate with
NIR (dashed red circle). B) SEM micrograph of the resulting mineral. EDS maps showing C) strontium (orange), and
D) sulfur (yellow).

A CaC|2+ ‘ 1 min : 1h : 3h

Figure 5.2: Spatiotemporal controlled crystalliozation of retrograde soluble calcium phosphate crystals using NIR
laser light. A) Optical microscopy timelapse series showing the nucleation and growth of calcium phosphate upon
irradiation with NIR (dashed red circle). B) SEM micrograph of the resulting mineral. EDS maps showing C) calcium
(green), and D) phosphor (blue).
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5.3 Conclusion

We here introduce resonant NIR laser heating for gaining precise user-defined spatiotemporal control
over crystal nucleation and growth of compounds with retrograde solubilities. To demonstrate the
proof-of-concept, we tailor precursor solutions and modulation of NIR laser light intensities to pattern
various biorelevant retrograde soluble crystals with micrometer precision applied on both chemical
composition and polymorphism.

The simplicity and versatility of our strategy makes NIR-induced crystallization accessible and im-
plementable in widely used crystallization techniques. Importantly, control over the concentrations
of the precursor solution and dynamic modulation of the light intensity provides a large parameter
space for avoiding undesired spontaneous nucleation while also gaining an unprecedented level of
spatiotemporal control over both nucleation as well as growth of crystals. In fact, we foresee that
exploiting well-established crystallization techniques such as microfluidics, diffusion limiting gels or
topographic confinements can even further improve the resolution. Additionally, higher laser powers
and narrow focusing may further improve the resolution of the local heating. Furthermore, tuning the
NIR wavelength enables resonant heating for a wide range of solvents, which extends the application
potential of NIR-induced crystallization towards a broad class of desirable functional materials with
retrograde solubility. For example, in case of perovskites, electrical heating already showed promising
results for growing single crystals,'” but the precise spatiotemporal control of NIR-induced crystalliza-
tion can now be exploited to grow these widely studied semiconductors with exact control over shape
and position. We foresee that NIR-induced crystallization may also be uniquely suitable for quantita-
tively controlling the local supersaturation and studying the role of local heating on crystallization
dynamics and chemical reactions with spatiotemporal control. Furthermore, the narrow chemoselective
absorption wavelength of NIR may enable synergistic combinations with orthogonal light-induced
(photochemical) reactions, akin to double photochemical activation, for control over self-assembly in
three dimensions.2%’

The principles presented here can readily be applied to a broad class of crystallization and self-
assembling systems. Specifically, biominerals such as the bone component calcium phosphate and
most common biomineral calcium carbonate have retrograde solubilities. In addition, NIR light is
well-suited for bio-active applications due to its mild energy as compared to UV light," thus opening
the opportunity to manipulate mineralization processes in vivo. In artificial systems, we foresee that our
optical setup for NIR heating can directly be used to exploit temperature dependent phase separations
for light-directed assembly of nanoparticles, e.g. temperature sensitive assembling, into user-defined
structures?°® In addition, the metal carbonate salts that we use for the proof-of-concept can readily
undergo ion-exchange reactions to yield a wide range of shape-controlled materials with desirable
electronic, optical, and chemical properties such as semiconductors, metals, and catalysts.81°" By
controlling the patterning of nucleation and growth, our work can also contribute and push boundaries
in the area of hierarchical mineralization, which continues to be a major challenge in materials science.
For instance, the precipitation of carbonate salts and silica may be directed using NIR defined light
patterns to create highly complex microscopic three-dimensional nanocomposites according to exact
designs.™2299 This creates possibilities for steering the assembly of functional components such as
optical components for directional emission and synthetic materials for regenerative medicine and
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dentistry,?7?'°© hence moving towards the magnificent micro- and nanoscopic control that organisms
exert to form biominerals with exquisite performance.” In conclusion, NIR-induced heating offers
unprecedented opportunities for light-controlled bottom-up manufactory of highly functional materials
with user-defined control over position, size, shape and crystal structure.

5.4 Experimental

Preparation of precursor solutions

Stock solutions are prepared by dissolving the desired compound in degassed water: calcium chloride
dihydrate (CaCly-2H,0) (Sigma-Aldrich) (28 mg, 19 mL, 10 mM), sodium chloride (NaCl) (Merck) (2340 mg,
80 mL, 500 mM), barium chloride dihydrate (BaCly-2H20) (VWR) (25 mg, 10 mL, 10 mM), strontium chloride
hexahydrate (SrCly-6H,0) (Sigma-Aldrich) (27 mg, 10 mL, 10 mM), magnesium chloride hexahydrate
(MgClp-6H,0) (Sigma-Aldrich) (20 mg, 10 mL, 10 mM), sodium sulfate (Na;S04) (Merck) (12 mg, 10 mL, 10
mM), potassium phosphate dibasic (K;HPO4) (VWR) (17 mg, 10 mL, 10 mM), and NaOH (VWR, pellets) (4
mg, 10 mL, 10 mM). 10 mM Sodium carbonate (Na,COs3) (Sigma-Aldrich) stock solution is prepared by
dissolving 21 mg in 20 mL degassed water adjusted with NaOH stock solution to pH 10.7.

Typically, the precursor solution is prepared by freshly mixing 0-1.8 mL 500 mM NaCl stock solution
with 150-1500 pL 10 mM MCl, stock solution, which then is added to 150-600 uL 10 mM Na,COs3, NapSOy4
or KoHPQO4 stock solution. Then the pH is adjusted with 0-150 pL 10 mM NaOH stock solution and the
solution is diluted with 015-2.55 mL degassed water to have a final total volume of 3 mL. The additive
solution (MgCly) is first diluted with degassed water before added to the MCl, solution, which is then
mixed with the Na,CO3 and NaOH solution to obtain a final total volume of 3 mL. After an equilibration
time (0-48 h), the final growth solution is injected in a closed reaction cell, made of two (ITO-coated)
glass substrates that were first ozone cleaned (10 min) and a Viton® spacer (2-3 mm spacing, 1.3-1.9
mL volume). After NIR-induced crystallization, the substrates are disassembled in degassed water and
carefully washed with ethanol.

Custom-built NIR-irradiation microscopy

In the custom-built setup used for resonant infrared laser heating, three main parts can be identified:
the NIR laser diode irradiation part, the reaction cell holder stage, and the imaging part. In the
irradiation part, the output light of a fiber-coupled 1435 nm laser diode (Alcatel A1948FBG, 180 mW
output power) is collimated by a plano-convex lens (Thorlabs LA1422, focal length (f) = 40.0 mm). After
the collimation, the beam is refocused with another plano-convex lens (Thorlabs LA1422, f = 40.0 mm)
on the sample. We control the light intensity by adjusting the driving current of the laser diode. The
sample holder stage consists of a custom-made temperature cell on top of a motorized translation
table. The solution temperature is controlled by a bath and circulation thermostat (Huber CC-K6).
Motion control is provided by piezo inertia actuators (Thorlabs PIAK10) that have a typical step size of
20 nm. In the imaging part, the light of a mounted cold white light LED (Thorlabs MCWHLS) is collected
by an aspheric lens (Thorlabs ACL2520U-DG6-A, f = 20.0 mm). A 10:90 beamsplitter (Thorlabs BSN10R)
directs the light through a 10x/0.30 magnification objective (Nikon Plan Fluor) to the sample. The
reflected images are collected with the same objective lens and transmitted through the beamsplitter.
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With the help of a tube lens (Thorlabs AC254-200-A-ML), images are recorded by a CMOS camera (Basler
Ace, acA1920-408¢).

Raman spectroscopy

Raman spectroscopy measurements are carried out using a confocal Raman microscope (Witec, Alpha
300R) with an EMCCD detector (Andor, Newton, DU970P-BVF-355). Excitation is performed with a 532 nm
laser while spectra are collected in a spectrometer, equipped with a diffraction grating with a groove
density of 600 grooves mm~'. The spectra are each 20 times averaged with an integration time of 1 s.

Scanning electron microscopy

SEM imaging is performed using an FEI Verios 460.

Temperature measurements

For monitoring spatially-resolved interfacial temperature changes upon NIR laser irradiation, we
developed a fluorescence-based experimental method that utilizes the two temperature-dependent
emission bands of the photoacid 8-hydroxypyrene-1,3,6-trisulfonic trisodium salt (HPTS) (Sigma-Aldrich)
that overlap with the green (G) and blue (B) channels of the CMOS sensor in our transmission microscope,
allowing us to monitor their ratios without using a spectrometer. 5 mM HPTS solutions are prepared by
dissolving 14 mg HTPS in 2.5 mL degassed water and 2.5 mL 1 M perchloric acid (Sigma-Aldrich). In our
setup, we illuminate the solution with a low-intensity 400 nm LED from the same side as the NIR laser
diode. We record the resulting fluorescence images with an RGB camera. To evaluate local temperature
changes induced by the NIR laser heating, we construct a calibration curve, based on G:B intensity
ratios recorded at different NIR heating power levels. To this aim, we heat the HPTS solution in the
reaction cell with a bath and circulation thermostat (Huber CC-K6) to 83°C under the illumination of
the 400 nm LED and record the RGB channels. Measurements are repeated with the same procedure
for a reaction cell build of ITO-coated substrates. To measure the bulk temperature upon long NIR
irradiation, a thermocouple is placed ca. 1 mm from the focal spot.

UV/vis/NIR absorption of glass and ITO

Steady-state external transmission measurements are carried out using a LAMBDA 750 UV/vis/NIR
spectrophotometer (Perkin Elmer), equipped with a deuterium and tungsten excitation source, an
InGaAs detector and an integrating sphere. The absorbance measurements are done for the range of
1000-1600 NM.
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Chapter 6

Towards light-controlled nucleation and
growth of self-assembling
nanocomposites with
three-dimensional spatial resolution

Abstract

Functional materials in Nature demonstrate that controlled three-dimensional (3D) self-assembly
promises an innovative pathway for designing new artificial materials with desirable functionalities.
Recent advancements have already initiated the generation of local gradients via photochemical
reactions, but control over 3D morphologies is still challenging. This study explores the potential of
non-linear two-photon absorption to gain spatial control over the co-precipitation of BaCO3/SiO;
microstructures in three dimensions. Using a 532 nm picosecond (ps)-pulsed laser setup, we aim
to induce the photodecarboxylation of KP within a submicron focal spot. The laser-driven reaction
yields local carbonate species which direct precipitation with unparalleled micrometer resolution.
The selective activity in the focal spot enables controlled z-directional growth from an xy-plane and
the precipitation is amenable to ion exchange. While enhancements in balanced precipitation and
structural stability are necessary, these findings underscore the potential for guiding 3D self-assembly,
introducing novel perspectives for bioinspired advanced material creation.
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64 Introduction

Controlled self-assembly processes constitute the fundamental mechanisms by which nature en-
gineers materials with exceptional properties5'016160161175 Mimicking these processes in synthetic
self-assembly offers new routes for designing tailored three-dimensional structures with advanced
functionalities.?3718321 The co-precipitation of BaC0O3/Si0, nanocomposites yields diverse morpholo-
gies such as vases, coral, and helical shapes8988793 Moreover, the resulting nanocomposites are
modifiable for optoelectronic, magnetic, and electrical applications through post-functionalization
methods such as surface modification?%%” or ion conversion reactions 886190 Recent advances in
photochemical reactions enable spatial and temporal control over the structure nucleation and growth
with controllable light sources.”3'4 However, current control is mainly limited to a two-dimensional
spatial plane due to direct light absorption in the solution. Therefore, achieving three-dimensional
(3D) control demands innovative light-based techniques that surpass these limitations.

From this perspective, multiphoton induced reactions offer the potential to create an additional spatial
dimension of light-controlled processes.?'>"?'> These reactions dependent on the absorption of two or
more photons, enabling an exclusive reactivity in a single point of space. This presents a significant
advantage compared to single-photon-induced reactions, where the reaction occurs indiscriminately
anywhere within the laser beam. Sequential absorption of dual color wavelengths has been employed
to achieve a 3D control of polymerization using photoswitchable photoinitiators. This results in a rapid
fabrication of 3D shapes with micrometer resolution (Xolography). However, the necessity for molecular
initiators reliant on two wavelengths hampers the extension of these principles to other systems.
Alternatively, non-linear two-photon absorption has been investigated in 3D printing of photoresins,
hydrogels loaded with nanocolloids, and photochemically adjusted colloidal nanocrystals, leading
to the formation of microstructures of inorganic nanomaterials and colloidal nanocrystals?2216-220
While these techniques hold promise for aqueous crystal systems, the requirement for photosensitive
media creates a complex interplay between photochemical mixtures and biorelevant crystallization.
Consequently, achieving 3D light control using multiphoton absorption in crystal systems is recognized
as a challenging, yet unexplored and unresolved area.

Drawing inspiration from these principles, we foresee that two-photon light techniques could offer
enhanced control over the self-organizing BaCO3/SiO, structures (Figure 61). Our strategy is driven
by two key insights: i) Current 2D control relies on photochemical compounds activated by ultraviolet
(UV) light emitted from conventional Light Emitting Diodes (LED) sources. Specifically, the photodecar-
boxylation of ketoprofen (KP) at 275 nm releases CO,, creating a localized gradient that governs the
co-precipitation.™3"% ji) Two-photon absorption is a non-linear process demanding high intensities,
typically achievable only within the focal spot of pulsed lasers, with negligible light-matter interaction
beyond this zone.?™ This suggests that leveraging two-photon absorption of with high intensity 532
nm laser light could facilitate KP decarboxylation with three-dimensional precision, thereby inducing
local nucleation and growth of BaCO3/SiO, structures. Moreover, further advantages of the two-photon
techniques are the low absorption in water and glass of the 532 nm, allowing for deeper penetration in
aqueous samples and eliminating the need for specialized UV-optics.
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Figure 6.1: Concept of 532 nm laser-induced BaCO3/SiO3 co-precipitation with 3D spatial control. A) Upon irradiation
of 275 nm ketoprofen releases CO, in its excited state. CO, activates and regulates the co-precipitation in a pH
regulated feedback loop of BaCO3 formation and Silica. B) The excitation energy of deep UV light equals the sum
of two 532 nm photon via a virtual state. C) Schematic of experimental set-up. Deep UV light is directly absorbed
by the solution, while ps-pulsed 532 nm yields only two-photon absorption in the focal spot.

In this study, we set the first steps towards achieving controlled nucleation and growth of BaC03/SiO,
architectures in three dimensions, employing picoseconds (ps)-pulsed 532 nm laser light. We first
explore the feasibility of inducing nucleation at a specific point in space through two-photon absorp-
tion, generating sufficient CO, locally, while systematically adjusting solution parameters to optimize
precipitation conditions. We then leverage our findings to meticulously laser-draw lines of precipita-
tion, containing partly BaCO3/SiO, co-precipitation. Lastly, we demonstrate the opportunities in 3D
directed self-assembly by using a moving laser beam, enabling the growth of a tower-shaped structure
reaching a height of 175 um, as well as the potential for converting the precipitation through ion
exchange reactions. We anticipate that through further optimization, these results could pave the way
for unprecedented developments in the realm of complex material design.

6.2 Results and discussion
To investigate the potential use of two-photon absorption in inducing photodecarboxylation of ketopro-

fen, we examine two ps pulsed laser set-ups at 532 nm, each varying in pulse duration and repetition
rate. We prepare a solution of 20 mM barium chloride (BaClp), 9 mM sodium metasilicate (Na,Si03), 5
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mM ketoprofen (KP), 50 mM dodecyltrimethylammonium bromide (DTAB) and fill a reaction cell that
consist of a 500 pm thick glass substrates spaced by a Viton® spacer. For both set-ups, we direct the
laser onto the interior surface of the substrate and initiate laser irradiation. With the Teem-Photonics
STG-03E-XSX laser that has a pulse energy of 2.5 yJ at a pulse rate of 2 KHz and a pulse length of 350 ps,
we observe no activity. Conversely, when employing the frequency doubled Time-Bandwidth Lynx that
has a 10000x higher pulse rate (10 MHz) and 1 nJ per pulse and a shorter than 10 ps pulse length, we
detect activity in the form of numerous bubbles followed by precipitation. While the peak-power of the
Time Bandwidth is lower than the Teem-Photonics laser it is still sufficient to enable the two-photon
reaction. The reason no activity is seen with the higher peak power laser is most likely caused by the
lower repetition rate and longer pulse length. We also observe that precise focusing and corrections for
the glass substrate’s thickness are imperative for activity induction within the precursor solution. This
emphasizes the importance of the high power density in the laser spot required to trigger non-linear
activity in the precursor solution.

We systematically examine the impact of 532 nm laser irradiation on the individual components within
the solutions. Employing the 1 nJ, 10 MHz ps-pulsed laser equipped with 60X objective (NA 0.7, ELWD)
that yields a focal spot diameter below 1 micron, we introduce various precursor combinations into the
reaction cell (appendix E, Figure Ea- E.3). Upon irradiation, we exclusively observe bubble formation in
the precursor solution containing KP. In solutions featuring both KP and MCl, (where M= Ca?* | Sr?+,
or Ba%*), coupled with high pH levels due to the presence of Na,SiOs or adjustment with NaOH, we
note substantial precipitation. Conversely, within KP solutions featuring a low pH (< 5) or lacking
MCly, only a vague residue remains post-irradiation (appendix E, Figure E.4). Consequently, we confirm
that the observed activity is primarily attributed to light interaction with ketoprofen and indicates
photodecarboxylation.

Using these insights, we aim to enable local precipitation upon ps-pulsed 532 nm irradiation according
to a user-defined pattern with micrometer resolution. We fill the reaction cell with a BaCO3/SiO,
precursor solution (20 mM BaCly, 9 mM Na,SiOs, 2.5 mM KP, and 25 mM DTAB). We focus the laser
and start irradiation with full power (Figure 6.2). After we observe bubble formation and subsequent
precipitation, we start to slowly move the sample cell. We notice that moving the sample cell too fast
causes the precipitation and bubble formation to halt, while pausing the focal spot at one location
yields a radial structural growth. Using a pace of approximately 1 um s~' with two stops (one overnight,
one of 6 hours), we laser-draw with a width of 10 um and achieve radial grown structures with a radius
of 30 um respectively.

We inspect the laser-induced precipitation and structural growth by scanning electron microscopy
(SEM) (Figure 6.2 C, D). The precipitated line exhibits a blend of organic photoproducts, BaCOs3/SiO,
co-precipitation, and unidentified shapes. In contrast, the radial structural growth distinctly resembles
BaC0s3/Si03 co-precipitates. Additionally, both structures and the substrate feature extensive additional
precipitation akin to previously observed polymerized silica and/or photoproducts.®' Further analysis
using Energy-dispersive X-ray spectroscopy (EDS) measurements demonstrates the presence of Barium
in both the drawn lines and structures, accompanied by a notable Chloride content (appendix E, Figure
E5 and Figure E.6). Moreover, the silica content is approximately twice the Barium content in the drawn
lines, whereas the EDS measurements report a 1:3 ratio at places in the radial structural growth, typical

78



6.2. Results and discussion

Figure 6.2: 532 nm laser-induced precipitation. A) Timelapse of laser irradiation with i) a moving beam, ii-iii) a
static irradiating beam overnight, iv) a moving beam. B) SEM of irradiation, the lines of precipitation are due to
a moving beam, the radial structural growth is due to a static irradiating beam with C) and D) insets that are
indicated with color boxes in (B).
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Figure 6.3: Screening of parameters to enhance 532 nm laser-induced precipitation A. Variations in A) ketoprofen
concentration, a ratio 1:10 KP:DTAB molar concentration is kept, and B) surfactants.

for co-precipitation. Raman spectra provide a peak at 1058 cm~", which is characteristic for crystalline
BaCO5 (wurtzite), 2% but only for the radial structures grown at static laser irradiation (appendix E,
Figure E5). More to the center of the radial grown structures a strong peak around 830 cm~" appears,
which can indicate a silicate form.?2%222 Conversely, spectra from the precipitated line lack these peaks,
showcasing instead peaks associated with disordered carbon as a broad band.2%

The co-precipitation of BaCO3/SiO; hinges on delicately balancing precipitation rates of both compo-
nents and remains sensitive to minor interferences.839" We realize that adjusting the precursor and
laser parameters offers a pathway to augment local precipitation and mitigate excessive silica and
photoproduct-like precipitates (Figure 6.3). Considering the presence of disordered carbon, which
may indicate overly rapid precipitation, our initial strategy involves slowing down the reaction by
reducing either the light intensity or the concentration of ketoprofen. Lowering the light intensity using
neutral density filters yields some improvement, but rapidly results in no discernible activity (below an
absorption (a) of 0.5, logarithmic scale), as the efficiency of these two-photon processes tends to scale
with the square of the laser intensity. While varying the ketoprofen concentration, we note minimal
effects. Though not optimal, concentrations ranging between 1-2.5 mM facilitate the most effective
co-precipitation with fixed beam irradiation. Concentrations exceeding or falling below this range result
in increased formation of both unidentified precipitation and excessive silica and photoproduct-like
precipitates.

The extensive coverage with side products strongly suggests significant photoproduct formation or
silica polymerization. To mitigate this issue, we investigate the efficacy of additional or altered addi-
tives and a reduction in silica content. A range of additives, including various cationic and anionic
surfactants, radical scavengers, and wetting agents, are examined. Even before irradiation, sodium
dodecyl sulfate (SDS) and the wetting agent 3-hydroxy(polyethyleneoxy)propyl heptamethyltrisiloxane,
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Figure 6.4: Screening of parameters to enhance 532 nm laser-induced precipitation B. Variations in A) variety in
MCl,, additives, silica, and B) initial BaCl, concentration.

are ruled out due to precipitation occurring in the precursor solution even before irradiation. The
addition of Tween20 and Triton-X maintains a stable precursor solution but results in deformed and
inhibited co-precipitation in the reference samples when using 365 nm LED irradiation (appendix E,
Figure E7). Subsequently, in the experiment using the 532 nm ps-pulsed laser, these additives fail to
exhibit any improvement towards growth of BaCO3/SiO, nanocomposites. Similarly, the addition of
vitamin C or doubling the surfactant DTAB concentration yields no positive effects. Reducing the silica
content maintains the coverage, and even leads to precipitation resembling pure barium carbonate
rather than the BaC0O3/SiO, co-precipitation (Figure 6.4).

Our final attempt to enhance precipitation involves varying the initial BaCl, concentration. Unfortunately,
higher concentrations (35-50 mM) merely exacerbate the coverage of the laser-induced precipitation,
likely intensifying silica polymerization. Conversely, concentrations below 20 mM (5 and 10 mM) result
in minimal co-precipitation, yielding predominantly unknown structures heavily laden with silica and
photoproduct-like precipitates (Figure 6.4).

Despite the presence of unknown structures and covered precipitation, the precipitation induced at the
532 nm focal spot unveils opportunities for three-dimensional controlled self-assembly. To showcase
this potential, our objective is to precipitate structures growing from an x,y-plane in the z-direction
(Figure 6.5). We prepare a precursor solution optimized from our previous screening (20 mM BaCly, 9
mM Na,SiOs, 1 mM KP, and 10 mM DTAB, a = 0-0.5), fill a reaction cell equipped with a 1 mm Viton®
spacer, and focus the laser on the inner top substrate. Initiating nucleation through irradiation, we
allow the precipitation to continue for several minutes. Once a base of precipitation forms, we initiate
slow movement of the focal spot downward while ensuring the end of the precipitation remains in
focus. This sequential process allows new precipitation to attach to the previous, gradually forming
a tower in 3-4 hours. Using SEM, we confirm the tower-like growth to be 175 pm in height and 10
um in diameter, comprising a blend of unidentified precipitation, BaCO3/SiO, co-precipitation, and
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Figure 6.5: Three-dimensional growth with 532 nm laser-induced precipitation. A) schematic of moving laser focal
spot with z-directional movement. B) Timelapse and C) SEM of the growth with z-directional movement of the
laser focal spot. D) Schematic of ion conversion to Cadmium carbonate. E) SEM and F) EDS of resulting converted
precipitation, cadmium is represented by orange (left) and Chloride is represented by blue (right).

silica and photoproduct-like covering. This achievement marks an initial stride in demonstrating
three-dimensional control.

Recent advancements in ion exchange conversion techniques have showcased the potential to transform
BaCO3/Si0, co-precipitates into a diverse range of compositions. We aim to investigate whether such
jon exchange processes are viable with 532 nm laser-induced precipitation (Figure 6.6). Initiating
precipitation using a precursor solution (20 mM BaCly, 9 mM NaySiOs, 1 mM KP, and 10 mM DTA, a =
0-0.5), we guide a moving focal spot, concluding in with static irradiation (overnight, a = 0.5) to create a
line in a rectangular pathway, culminating in radial structural growth. Following washing with water
and acetone, the induced precipitation on the substrate is directly immersed in a solution of CdCl, (50
mM) for 20 minutes. Subsequently, after washing the substrate with water and acetone, we analyze the
conversion of the precipitation using EDX, which indicates the characteristic signals of Cadmium in
the precipitation indicating successful ion exchange (6.6 C). Interestingly, Chloride remains detected
within the precipitation. Despite the presence of unknown structures, post-process functionalization
demonstrates the feasibility of converting 532 nm laser-induced precipitation via ion exchange.
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Figure 6.6: lon-conversion on 532 nm laser-induced precipitation. A) Schematic of ion conversion to Cadmium
carbonate. B) SEM and C) EDS of resulting converted precipitation, cadmium is represented by orange (left) and
Chloride is represented by blue (right).

6.3 Conclusion

Here, we introduce ps-pulsed 532 nm laser-induced nucleation and growth of BaCO3/SiO, structures,
marking a significant stride toward achieving 3D controlled self-assembly processes. Our findings
indicate that when peak intensity and pulse rate reach sufficient high levels, local precipitation can be
induced in a solution containing KP and MCl,. This precipitation can be directed in the z-direction from
an x,y-plane with high precision, resulting in structures that can even undergo conversion through ion
exchange reactions.

We anticipate that further optimization, both in technical and chemical aspects, holds the potential to
yield the BaC03/Si0, nanocomposites within the focal resolution. With regard to the laser irradiation,
using a setup that enables the reduction of the pulse rate could be a promising avenue. This adjustment
might decrease local activity without compromising the intensity necessary for two-photon absorption.
Consequently, it could enable switching between nucleation, growth, and different modes. Alternatively,
the use of more refined attenuators could adjust the pulse energy in a more sophisticated way than
with the neutral density filters used in this work.

With regard to the sample cell, employing a flow cell could help to eliminate excess side products,
resulting in grown structures devoid of additional layers of precipitation. Moreover, we recognize that
for future research aimed at intricate designs, addressing the stability of these grown structures is
crucial. Exploring potential avenues involves utilizing different media, such as hydrogels, which can
offer support for delicate designs.2'® However, this approach might hinder the diffusion and supply of
building blocks. Furthermore, delving deeper into the unidentified structures within the precipitation
warrants investigation. While our current focus remains on familiar materials, this should not preclude
the possibility that unconventional structures may offer equally, if not more, intriguing opportunities.
Techniques such as FTIR spectroscopy could unveil different molecular structures within their chemical
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compositions. Similarly, exploring their internal structure through X-Ray diffraction analysis (XRD) might
provide valuable insights over the chemical composition and chemical reactions.

While the current precipitation is not entirely understood and does not purely consist of the familiar
BaC03/Si0, co-precipitation found in microarchitectures, these preliminary results underscore the po-
tential of utilizing a pulsed laser to induce photochemical reactions. This ability not only demonstrates
the capacity to modulate various forms of precipitation but also underscores the potential for precise
3D control in directing self-assembly systems. Advancements in tuning self-assembly processes—such
as those observed in silica gardens, 5916922 | jesegang systems, 5225 and Turing patterns®®—bring us
incrementally closer to creating materials with properties reminiscent of those found in nature, serving
structural, protective, and sensory functions. Enabling the 3D printing of those crystalline structures
heralds a new level of complexity in material sciences, where functionality emerges from the intricate
interplay among external shape, internal structure, and overall composition.

6.4 Experimental

Precursor preparation

Typically, the precursor solution was prepared by dissolving 12.6 mg (6 mM) ketoprofen (KP) (Fluorochem)
and 175.0 mg (60 mM) DTAB (VWR) in an 8 mL aqueous solution containing 10.6 mg (11 mM) sodium
metasilicate (Na,SiO3) (Sigma Aldrich). Sonication was used to enhance the dissolution of KP. In another
vial, 49.5 (100 mM) mg barium chloride dihydrate (BaCly-2H,0) (Sigma Aldrich) is dissolved in 2 mL
degassed water. The final precursor solution is made by adding the KP-DTAB-Na,SiO3 solution to the
BaCl, solution yielding a final solution with 20 mM BaCl,, 9 mM Na,SiOs, 5 mM KP, and 50 mM DTAB. For
other KP values, a concentration ratio of 1:10 KP:.DTAB was used. All solutions were kept under nitrogen
during preparation to avoid uptake of carbonate species from the air.

Set-up

Two microscopes, with different 532 nm laser sources were used for inventory. One system contained
the 532 nm Teem Photonics STG-03E-XSX laser with an intensity of 3.5 pJ, a maximum pulserate of 2
KHz and a pulse length of 350 ps. The other system contained a Time Bandwidth Lynx laser that is
externally frequency doubled to 532 nm, resulting in 1 nJ pulses at a rate of 10 MHz and with a pulse
length below 10 ps. Experiments were performed with the Time Bandwidth Lynx laser coupled into a
Nikon Ti microscope with a 60x objective (Nikon S Plan Fluor ELWD, NA 07). Neutral density filters were
used to tune the intensity of the laser.

Post growth analysis

SEM and EDX imaging was performed using an FEI Verios 460. Raman spectroscopy measurements
were carried out by a confocal Raman microscope (Witec, Alpha 300R) with an EMCCD detector (Andor,
Newton, DU970P-BVF-355). Excitation was performed with a 532 nm laser while spectra were collected
in a spectrometer, equipped with a diffraction grating with a groove density of 600 grooves mm~=". The
spectra were each 20 times averaged with an integration time of 1s.
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Chapter 7

Insights & Outlook

With this thesis, entitled "Light-Controlled Self-Assembly - Crystallization in the Spotlight," we explore
the potential of using light as a tool to precisely direct the crystallization process of biorelevant crystals.
We develop innovative methodologies that can manipulate nucleation and growth with micrometer
resolution by leveraging the versatility of light. We investigate the effectiveness of these new methods
using BaC03/Si0O, nanocomposites and biorelevant minerals (MCOs, SrSOq, calcium phosphate) as
model systems. Through our experiments, we learned the nuances of the process and discovered
that, as often, the success lies in the details. The aim of this chapter is to highlight the challenges
encountered when exploring the intricacies of the subject matter and to lay the groundwork for future
research endeavors. By recognizing the importance of the fine details and presenting preliminary data,
our intention is to foster a pathway for deeper comprehension and advancements in this field of study.
In pursuit of this goal, we explore fundamental facets of employing light-induced techniques to control
crystallization, elucidating their specific relevance to our project. Additionally, we consider potential
refinements to these methodologies and venture into diverse pathways for future exploration.
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71 Controlling local gradients by using photochemistry

In the first method, we focus on creating a local gradient of precursors by inducing a photochemical
reaction using either deep ultraviolet (UV) LED light for direct photoexcitation or a picosecond-pulsed
532 nm laser for two-photon absorption. In chapters 2, 3, 4, and 6, we explore how such photochemical
reactions integrate into the crystallization process of BaCO3/SiO, co-precipitation. We find that control-
ling nucleation and growth through photochemistry necessitates leveraging fundamental principles
and properties of light, photochemistry, crystallization, and reaction kinetics. Consequently, carefully
optimizing each parameter in conjunction with others allows us to harness the complex dynamics of
both the photochemical reaction and the crystallization process. We anticipate that a comprehensive
understanding of these subtleties will facilitate the application of this principle to various other systems.
In this section, we discuss the key insights and considerations essential for successfully implementing
this method.

Initial conditions

To use photochemistry to regulate crystallization, it is necessary to determine specific conditions in
which the crystallization process remains inactive in the absence of light, but becomes responsive when
exposed. This can be achieved by identifying a metastable phase in which all precursors are present
but remain inactive due to specific environmental conditions.”">"7722 When such circumstances arise, a
photochemical reaction, such as a change in pH, alteration in solvent, or modification in hydrophobicity,
can then trigger the crystallization process. Alternatively, the crystallization process may lack a specific
precursor building block, which can be released during the photochemical reaction.

This concept is exemplified in the case of ketoprofen and the BaCO3/SiO, nanocomposites. In this
scenario, the solution of BaCl, and NaySiOs is initially inactive because the CO, building block is missing.
However, by introducing ketoprofen and subjecting it to (deep) UV light irradiation, photodecarboxylation
is initiated, resulting in the production of a localized CO, gradient.3%'* This gradient then selectively
triggers the co-precipitation of BaCO3/SiO, architectures within the irradiated area. Furthermore, the
BaCO3/Si0, system exhibits a spectrum of sensitivity to the photochemical change of CO,, thereby
enhancing the level of control. This capability not only allows for the activation or deactivation of the
reaction, but also offers the possibility of using light manipulation to direct various modes of growth.

Photoreactive compound

To sensitize a system to a photochemical reaction, introducing a photoreactive compound becomes
necessary. Yet, dissolving photoreactive compounds in aqueous solutions presents challenges as their
UV light absorption often relies on aromatic ring structures, rendering them water-insoluble.1877120.188,228
Surfactants can be introduced to address this issue, but they might adversely affect crystal growth.
Therefore, careful selection of surfactants is crucial to avoid hindering nucleation or growth within a
specific system.?29723 Furthermore, the required quantity of photoreactive compound in the system
depends on its efficiency, determined by the induced chemical reaction upon light exposure. This
efficiency considers both light absorption and quantum yield, representing the probability of a photo-
chemical reaction per absorbed photon.23?
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The photodecarboxylation of ketoprofen has a quantum yield of 0.75, signifying a 75% occurrence of the
reaction upon photon absorption.?33 Coupled with high absorbance, this photocompound showcases re-
markable effectiveness, minimizing the need for additional substances that could impede crystallization.
However, ketoprofen’s protonated form exhibits limited solubility in water, and its released photoprod-
ucts are even less soluble.™ Consequently, upon photoproduct release, the solution becomes turbid,
scattering irradiated light and impeding monitoring. To address this, we introduce DTAB into the solution.
Fortunately, the addition of DTAB doesn't affect the co-precipitation of BaCO3/SiO,. However, CTAB,
Triton-X, Tween20, and the wetting agent 3-hydroxy(polyethyleneoxy)propyl heptamethyltrisiloxane do
affect the BaC03/Si0O, co-precipitation and even significantly impede the growth of pure CaC03.2%°

Light irradiation

The process of initiating crystallization via a photochemical reaction involves exposing the sample
to light, wherein light intensity and wavelength play pivotal roles. Adjusting light intensity directly
influences the photochemical reaction rate, while wavelength alterations govern light absorption levels.
Following Lambert-Beer's law,>3%23> optimal irradiation close to ketoprofen’s absorption peak maintains
a shallow light penetration depth, ensuring higher spatial resolution. Lower absorption wavelengths
penetrate deeper, generally reducing spatial resolution but offering directional growth aligned with
light penetration. Doubling the wavelength required for photoexcitation opens the opportunity for
two-photon absorption via a 'virtual state’ transition.?’*?'> This nonlinear effect demands extremely
high peak intensities. The advantage is that this phenomenon occurs exclusively within the focal spot,
creating a selective three-dimensional photoactive point.

In the case of ketoprofen, we modulate light intensity to control localized CO, photogeneration and
consequently influence local supersaturation. Leveraging these properties alongside insights from
nucleation theories enables us to disentangle nucleation, growth, and direct growth modes based on
supersaturation levels. Differences in wavelengths—specifically, penetration depths of 275 nm and 365
nm —establish contour shaping of BaCO3/SiO, growth following the irradiated area or for z-directional
growth, respectively.

Through picosecond pulsed 532 nm irradiation, we experiment to induce ketoprofen photodecarboxyla-
tion via two-photon absorption. Observing growth of BaCO3/Si0, nanocomposites within the focal spot
suggests CO, photogeneration. However, the presence of unidentified precipitation indicates other
effects, demanding further investigation and optimization. Understanding the impacts of high light
intensity, nonlinear processes, and secondary photoreactions is crucial in this context.

Kinetics

The kinetics of photochemistry must align with the intended reactions. In photochemistry, a distinction
exists between reaction kinetics in the excited state and those of the photoproducts. Excited states
typically have fleeting lifetimes, in the realm of nanoseconds or even shorter.%238 When using pho-
tochemistry to selectively trigger a reaction involving the photoproduct, the reaction rate with the
photoproduct, must exceed the lifetime of the excited state; otherwise, the photoproduct will quickly
return to its ground state.
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In reactions involving photoproducts, instantaneous or rapid product diffusion can impede the es-
tablishment of a gradient with spatial resolution. This challenge surfaced in our experiments with
photoacids and bases, where we aimed to create a local pH gradient. Moreover, when employing a
light pattern to establish adjacent localized gradients, diffusion kinetics becomes a limiting factor.
Rapid diffusion might homogenize gradients between illuminated areas before desired reactions occur,
causing a decrease in spatial resolution. Accelerating the kinetics of the intended reactions is crucial
to address this issue.

Our experiments reveal that the diffusion of photoreleased CO,, combined with light intensity, deter-
mines spatial resolution. Specifically, smaller illuminated areas require higher intensity than larger
areas to reach the nucleation threshold, due to greater diffusion losses and reduced photogenerated
CO,. To create a hexagonal pattern of single BaCO3/Si0O, nanocomposites with 250 um spacing, we
reduced the nucleation threshold by pre-patterning substrates with CaCOs crystals. This step shortened
the BaCO3/Si0, nucleation time before significant CO, diffusion occurred.

7.2 Future work with photochemically induced crystallization

By integrating ketoprofen into the co-precipitation process of BaCO3/SiO,, we have pioneered a novel
approach that enables exact spatiotemporal manipulation of crystallization at micrometer-scale reso-
lution. We anticipate that refining both our equipment and crystallization parameters will significantly
enhance spatial resolution, empowering advanced sculpting of BaCO3/SiO, nanocomposites. Further-
more, harnessing light for precise control over reaction conditions holds implications across diverse
scientific domains.

Technical adjustments

Technical adjustments present opportunities to enhance light irradiation on the sample. Altering
lenses or employing higher-intensity light sources, such as a UV laser, has the potential to enhance
the intensity of the projected light spot. This enhancement could stimulate nucleation and growth in
smaller irradiation areas, thereby improving precision. Varied light source configurations offer potential
for extended control in higher spatial dimensions. As discussed earlier, the choice of wavelength
impacts light absorption and penetration depth. Implementing a small, collimated UV light source
with high penetration depth, like 365 nm, could guide precise growth along the light beam, facilitating
z-directional growth. Expanding on this approach, employing two overlapping UV focal spots or an
intersecting light sheet could influence the growth tendency of BaCO3/SiO,. Initial results of this
concept reveal light-guided growth towards the bulk (Figure 71).

Alternatively, we investigated two-photon absorption using pulsed laser irradiation. We envision that
thorough exploration and refinement of these systems could lead to laser-induced nucleation and
three-dimensional growth. This selective activation of the photochemical reaction within the focal spot
holds promise for targeted growth in specific directions.
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Figure 7.1: Utilizing overlapping irradiation spots achieved by 365 nm and 275 nm LED light irradiation to direct the
growth of BaCO3/Si0,. A) Schematic of two light irradiations on a sample cell containing a precursor solution. B)
Light microscope image of the two overlapping irradiation spots, the small bright spot is due to 275 nm, the bigger
overlapping spot is due to 365 nm irradiation. C) Camera image of the resulting BaCO3/SiO, structure.

Stability of the structures and the precursor solution

Enhancing crystallization conditions shows promise in addressing limitations related to the stability of
the growth solution and the structural integrity of these formations. Particularly, larger structures with
high aspect ratios heavily rely on single nucleation sites anchored on the substrate. These formations
are prone to breakage due to limited support from the water solution, especially during the workup
step, where significant tension is exerted on their surfaces. While exploring alternative media such as
hydrogels might offer increased support, it may not completely resolve the fragility issue during the
workup process. An alternative solution could involve employing ion-exchange conversion to fortify
the silica matrix, providing the necessary reinforcement.

Regarding solution stability, challenges related to precursor depletion and aging of the silica solution
have emerged. Implementing a flow cell is anticipated to address this, ensuring a consistent supply
of fresh precursor solution. This advancement not only holds potential for scaling up growth beyond
the millimeter scale but also allows for in-situ alterations. Modifying compositional growth could
be achieved by adjusting the precursor solution or conducting an in-situ ion-exchange reaction to
manipulate the structure during growth.
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In-situ photochemical templating

Beyond its role in initiating crystallization, the photochemical reaction can act as a template that is
generated in-situ. In experiments where we do not mitigate the presence of organic photoproducts, we
observe a subtle interplay between sterically hindering colloids and BaCOs crystallization. Notably, this
phenomenon manifests itself only under specific conditions where the kinetics of both crystallization
and the colloid formation of the photoproducts were closely matched (Figure 7.2). This observation
suggests that when the in-situ formation of colloidal photoproducts competes with crystallization
kinetics, they intricately adapt to and influence each other’s constraints.

Figure 7.2: BaCO5 crystallization in presence of colloidal photoproduct precipitation. A) Schematic of the 254 nm
irradiation on a sample cell filled with 20 mM BaCl,, 1 mM ketoprofen, adjusted to pH 11. B) and C), SEM images of
the resulting precipitation found on the bottom substrate of the sample cell.

Other systems

The recent advancements in enhancing the water solubility of photoreactive compounds show promis-
ing prospects for expanding the application of photochemistry beyond the biorelevant crystallization
processes discussed here228239240 Simuyltaneously, there is a growing interest in self-assembly and pat-
terned growth, evident in phenomena such as Liesegang band formation and silica gardens.'5?156,158.225
These intriguing processes offer potential avenues for achieving precise spatiotemporal control. More-
over, the development in photoreactive compounds presents an exciting opportunity to create specific
local conditions for ion conversion, enabling the selective positioning of compositions at desired
locations and times.

Aligning the properties of various crystal systems with the appropriate photoreactive compounds, while
considering the parameters discussed above, holds the potential to establish a novel and comprehen-
sive approach for controlling crystallization systems with high spatiotemporal precision.

7.3 Controlling local gradients by NIR resonance

In chapter 5, we present a method demonstrating crystallization with precise spatiotemporal control
induced by a localized heat gradient. Many biorelevant compounds exhibit retrograde solubility, wherein
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their solubility decreases with higher temperatures.’96201204 By coupling near-infrared (NIR) resonance
heating of water with these retrograde-soluble compounds, we induce local crystallization owing to the
resultant heat gradient. This approach relies on NIR light's interaction with the solvent,?*" modifying
the crystallization environment without requiring additives that might disrupt crystal nucleation and
growth. However, achieving selective crystallization within the NIR focal spot still necessitates meticulous
alignment of all light system parameters with the crystal system'’s characteristics. In this section we
elaborate on the underlying principles that are required.

NIR resonance with vibrational modes

So far, we used NIR irradiation on water to create a local temperature gradient. The core principle of
this method is the resonance between laser irradiation and solvent vibrational modes. Key parameters
encompass wavelength and light intensity for irradiation, and heat capacity and absorbance for the
solvent.’? Additionally, consideration should extend to the light absorption of other components in
the setup.

The spectral range of the first overtone of water spans the 1300-1600 nm region, offering distinct
advantages by avoiding interference with crucial elements such as the glass substrate and the crystal
compound itself. However, owing to the relatively lower energy favorability of water's first overtone,
its absorption is reduced compared to the fundamental vibration.??' Consequently, achieving high
heating rates demands significantly elevated peak intensities of NIR light."9293 We utilize a 1435 nm
laser diode with an output power of 180 mW, focused into a 10 pm radius spot. This configuration
allows rapid heating to temperatures up to 100°C within milliseconds. Modulating the light intensity
provides precise control over the local temperature.

Retrograde soluble compound

The induction of nucleation using generated NIR heat heavily depends on a retrograde soluble
compound.’962012% |deally, this compound should exhibit broad temperature sensitivity and pos-
sess a considerable metastable zone, allowing for modulation of supersaturation and solution loading.
Maintaining slight undersaturation in the precursor solution initially, prevents spontaneous nucleation.
As a result, both the initial precursor concentration and the crystal system’s metastable phase dictate
the required light intensity for nucleation and influence the control of the nucleation rate. Additionally,
modifying the substrate’s surface energy or suppressing nucleation through complexation can effec-
tively enhance the selectivity and control of nucleation under light irradiation.??’

Our experiments reveal significant differences in stabilizing precursor solutions between BaCO3z and
SrCOs compared to CaCOs, suggesting a potentially larger metastable phase for CaCO3 and thus a
higher energy barrier slowing down nucleation. Furthermore, the introduction of sodium chloride
(NaCl) notably stabilized the solution, facilitating the nucleation of single crystals. Additionally, the
NIR absorption of ITO, leading to localized heating, significantly contributed to heightened spatial
resolution, thereby enabling localized CaCO3 precipitation. Therefore, adjustments of the experimental
conditions make it possible to increase the resolution of spatiotemporal control.
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7.4 Future work with NIR resonance

Through NIR laser resonance heating, the nucleation and growth of singular biorelevant crystals with
retrograde solubility were facilitated. We foresee that exploring the intricate technical and chemical
aspects of NIR resonance heating holds great promise, offering advanced methods for refining shape
manipulation and enabling the development of hybrid crystal structures. Additionally, heat accelerates
almost all chemical reactions and can also induce thermal reactions, such as decarboxylation. Therefore,
harnessing heat broadens possibilities, providing nuanced control across diverse spatiotemporal
scenarios.

Hybrid crystals with a flow cell and diffusion control

Employing a flow cell enables the sequential growth of various compositions, forming hybrid crystals
with multiple compositions. Yet, a major challenge in this process involves improving heating precision
while preserving the stability of the surrounding environment. Heating-induced convection, observed
in our studies, may trigger sensitive reactions or disrupt local growth, causing undesired mass transfer
and compromising precise spatiotemporal control. Exploring alternative media to limit diffusion could
be advantageous; however, we must also ensure the capability to replenish the local heated spot with
precursor materials.

Retrograde soluble perovskite

Beyond water-based retrograde soluble compounds, various compounds with intriguing functionalities
also exhibit retrograde solubility. Extending the principle of resonance heating to other solvents by
applying the appropriate wavelength and necessary peak intensity expands the potential applications
across different crystal systems. Perovskites, for instance, known to precipitate around 110°C, serve
as an excellent example.¥7242 Determining the resonance wavelength with the vibrational modes of
its solvents—primarily gamma-butyrolactone (GBL), dimethylformamide (DMF), or dimethyl sulfoxide
(DMSO) —while considering heat capacity, holds promise for achieving controlled spatiotemporal
perovskite precipitation.

Laser-induced phase separation

Another application of NIR resonance heating involves manipulating the miscibility of a solution, exem-
plified by the 2,6-lutidine-water mixture 298243 This binary solution showcases a lower solution critical
temperature (LSCT), signifying complete miscibility below a specific temperature and phase separation
above it?% Our initial findings reveal the induction of phase separation in this binary mixture through
NIR irradiation at 10 mW (Figure 7.3). NIR irradiation can selectively trigger reactions in one of these
phases if it is crucial for a specific reaction. For example, colloidal patchy particles exhibit significant
changes in their assembly behavior within distinct temperature ranges. By leveraging NIR resonance
heating, we can locally direct this assembly process, enabling the creation of patterned patchy particles
as per user-defined designs.
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Figure 7.3: Light microscope images of a 2,6lutidine- water (L-W) 1:2 upon 1435 nm NIR irradiation with A) 12, B) 15,
and C) 20 mW light intensity. The red solid circle indicates the NIR focal spot.

Plasmonic heating and other systems

The findings of this study underscore the efficacy of utilizing light for generating localized heat, which
significantly impacts reactions. Expanding on this insight encourages exploration into alternative
systems capable of achieving similar localized heat effects. Plasmonic heating emerges as a promis-
ing avenue for investigation, notwithstanding its need for high-powered lasers 24524 Nonetheless,
its exceptional precision in nanoparticle resolution and wide temperature range offer precise and
controlled applications. The high resolution of this method not only enables localized precipitation
but also provides valuable insights into heat-driven reactions. Moreover, besides its involvement in
crystallization, heat serves as a universal driving force in diverse reactions, including sintering, catalysis,
and racemization. The utilization of this localized heat method opens up opportunities for precise
control over a wide range of heat-dependent reactions.

In conclusion, our research underscores the potential of light in steering biorelevant crystallization with
precise spatiotemporal control. The initiation of a metastable crystal system is achieved through locally
induced environmental changes, employing either photochemical reactions or solvent resonance,
thereby enabling nucleation. By regulating the intensity of light, we can distinctly manage nucleation
separate from growth, allowing control over the shape and size of the crystals. Moreover, dynamic
modulations inirradiation facilitate manipulation of crystal growth in more intricate modes. Additionally,
the combination of light-directed growth with ion-conversion techniques enables the shaping of
materials while independently controlling their form and composition. Understanding the pivotal
roles played by parameters within light-crystal systems not only expands potential applications across
various systems but also emphasizes the potency of light as a powerful tool for controlling local and
dynamic reactions.
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Appendix A

Appendix Chapter 2: Light-controlled
nucleation and shaping of
self-assembling nanocomposites

Movies light-induced nucleation and growth of BaC0;/SiO, architectures
1. Light-controlled nucleation and growth

- Precipitation of one nucleation site.
In this movie, the nucleation and growth of a single nanocomposite is presented. The movie
consists of 87 frames that cover a timespan of 87 minutes real-time growth.

- Sequential positioned nucleation

In this movie, the sequential nucleation and growth of two different shaped nanocomposites
is presented. The blue frames with the green spot, shown prior to the frames of the growth
of the nanocomposites, represents the projection of the light spot on the substrate. The
yellow dashed lined circles in the following frames represent the projection of the UV light
spot on the substrate during growth. The first part of the movie shows the growth of the
helical-shaped composite and consists of 49 frames that cover a timespan of 190 minutes.
The second part of the movie shows the growth of the coral-shaped composite and consists
of 284 frames that cover a time span of 156 minutes.

2. Static shape contouring according to photomask

- Static triangular light pattern.
In this movie, the nucleation and growth of a nanocomposite within a triangular irradiated
light area is presented. Prior to the growth, a projection of the triangular irradiated light area
is shown. The yellow dashed lined triangle in the following frames represents the projection
of the UV light on the substrate during growth. The movie consists of 33 frames that cover a
time span of 15 hours real-time growth.

- Static circular light pattern
In this movie, the nucleation and growth of a nanocomposite within a circular irradiated
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light area is presented. Prior to the growth, a projection of the circular irradiated light area
is shown. The yellow dashed lined circle in the following frames represents the projection
of the UV light on the substrate during growth. The movie consists of 49 frames that cover a
time span of 12 hours real-time growth.

- Static cross light pattern

In this movie, the nucleation and growth of a nanocomposite within a cross-shaped irradiated
light area is presented. Prior to the growth, a projection of the cross-shaped irradiated
light area is shown. The yellow dashed lined cross in the following frames represents the
projection of the UV light on the substrate during growth. The movie consists of 330 frames
that cover a time span of 5.5 hours real-time growth.

3. Dynamic light directed growth

- Drawing a line with light

In this movie, the nucleation and growth of a nanocomposite with a moving light beam
presented. Prior to the growth, a projection of the irradiated light spot is shown. The yellow
dashed lined circle in the following frames represent the projection of the UV light on the
substrate during growth. The movie consists of 223 frames that cover a time span of 47 hours
real-time growth

Movies are accesible via dare.uva.nl
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Figure Ba: Light microscope images showing switching between growth regimes due to modulations in light
intensity at 275 nm UV in a solution of BaCO3/Si0, precursor solutions (20 mM BaClp, 9 mM NaySiO3) with A) 2
mM KP, 20 mM DTAB, pH 10.89, 250 pm radius (1. coral, 2.helix) ; B) 5 mM KP, 50 mM DTAB, pH 10.89, 200 um radius
(1.helix, 2.coral); and C) 2 mM KP, 20 mM DTAB, pH 10.85, 200 um radius (1.helix, 2.coral). The yellow circle indicates

the illuminated area.
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time

Figure B.2: Light-induced nucleation and growth of BaCO3/SiO, structures using low and high light intensity
irradiation to induce consecutive switching between coral and helical growth modes. The precursor solution
contains 20 mM BaCly, 11 mM Na,SiOs, 5 mM KP, and 50 mM DTAB at pH 11.3. The circles represent the illuminated
areas (250 um radius) for high (dark purple) and low (light purple) light intensity, moving from T1 to T3.

Figure B.3: Switching growth modes with single structures using first (T1) high light intensity irradiation of 275 nm
on a precursor solution of 20 mM BaCly, 9 mM Na,SiOz, 5 mM KP, 50 mM DTAB, pH 10.9, 200 pm radius, followed by
(T2) low light intensity irradiation. Consistent transitioning from coral to helical growth is observed upon reduction
of the light intensity.
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Figure B.4: Switching growth modes with single structures using first high light intensity irradiation of 275 nm on a
precursor solution of 20 mM BaCly, 11.5 mM NaySiO3, 5 mM KP, 50 mM DTAB, pH 10.9, 150 pm radius, followed by low
light intensity irradiation.

Figure B.5: Sculpting of BaCO3/SiO, structures by decreasing and increasing the light intensity, causing narrowing
and opening of the growth direction respectively. A) Timelapse and B) resulting SEM images of 275 nm UV irradiation
on a precursor solution of 20 mM BaCl,, 9 mM NaySiOz, 5 mM KP, 50 mM DTAB, pH 11.5, 100 pm radius.
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Movies light-controlled switching in growth modes of BaCO;/Si0O, architectures

1. Light-controlled switching from coral to helical growth mode.

In this movie, the light-controlled transition from coral growth to helical growth of a single
BaC03/Si0, nanocomposite is presented. The first 2 seconds show the growth of an architecture
with light intensity (lyy) = 75 um mm~2, yielding growth of a coral shape. Then Iyy is reduced to 10
pm mm~2, inducing helical growth. The purple line is an indicative representation of the light
intensity. The movie consists of 78 frames that cover a timespan of 140 minutes real-time growth.

2. Light-controlled switching from helical to coral growth mode.

In this movie, the light-controlled the transition from helical growth to coral growth of a single
BaC03/Si0, nanocomposite is presented. The first 4 seconds show the growth of an architecture
with lgy =10 pm mm~2, yielding helical growth. Then lyy is briefly increased to 100 um mm~2,
and subsequently set to 50 um mm~2 inducing the growth of a coral shape. The purple line is
an indicative representation of the light intensity. The movie consists of 35 frames that cover a
timespan of 120 minutes real-time growth.

Movies are accesible via dare.uva.nl
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Appendix C

Appendix Chapter 4: Compose and
convert controlling shape and chemical
composition of self-organizing
nanocomposites

Conversion reactions
Conversion of BaCO; to CdCO,

Anhydrous CdCly (458 mg, 5omM) was dissolved in 50 mL demineralized water. A substrate containing
fresh BaCO3; nanocomposites was placed in the solution for at least 12 minutes. This yields a CdCO3/Si0,
nanocomposite.

Conversion of CdCO; to CdSe

A quartz substrate containing CdCO3 nanocomposites was placed in a single zone tube furnace. An
alumina boat, containing 99.9% pure selenium, was added upstream to the single zone tube furnace.
The furnace was purged of oxygen and filled with nitrogen until a pressure between 20 and 50 mbar
was reached. This pressure was maintained with a 6 sccm flow of N, as the furnace was heated to
500°C at a rate of 60°C/min and maintained at this temperature for 1 hour.

Conversion of CdCO; to CdS

A quartz substrate containing a CdCOs nanocomposite was placed in a single zone tube furnace. The
furnace was purged of oxygen and filled with argon at atmospheric pressure with an argon flow rate
of 90 sccm. The tube furnace was heated to 290°C at a rate of 10°C/min and maintained for 1 hour.
Once 290°C was reached 10 sccm of H,S was added to the flow for 50 minutes. Afterwards the oven
was purged using argon and allowed to cool. This resulted in a CdS nanocomposite.
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Conversion of CdCO; to CdO

A quartz substrate containing a CdCO3 nanocomposite was placed in a single zone tube furnace. The
furnace was purged of oxygen and filled with nitrogen gas till a pressure of 500 mbar was reached.
This pressure was maintained with a 50 sccm flow of Ny as the furnace was heated to 290°C for 4 hours.
This resulted in a CdO nanocomposite.

Conversion of BaCO; to Co(CO;)x(OH),-,x) (basic cobalt carbonate)

Cobalt nitrate hexahydrate (Co(NOs),) (727 mg, 2.50 mM) was added to a sealable jar together with a
quartz substrate containing BaCOs nanocomposites. The air in the jar was replaced by argon and 50
mL of degassed and demineralized water was added to the jar. After 50 minutes the substrate was
removed and carefully washed using demineralized and degassed water followed by a drying step
using acetone. This yields a Co(CO3),(OH),-2,/SiO, (basic cobalt carbonate) nanocomposite.

Conversion of basic cobalt carbonate to Co;0,,

A quartz substrate containing basic cobalt carbonate nanocomposites was placed in a single zone tube
furnace and left open to air. The furnace was heated to 300°C at a rate of 20°C/min before approaching
the final temperature of 380°C at a rate of 5°C/min. The final temperature of 380°C was maintained for
8 hours. This resulted in Co304 nanocomposites.

Conversion of BaCO; to MnCO,

Anhydrous MnCl, (650 mg, 01 M) was added to a sealable jar together with a quartz substrate con-
taining BaCO3 nanocomposites. The air in the jar was replaced by argon and 50 mL of degassed and
demineralized water was added to the jar. After 60 minutes the substrate was removed and carefully
washed using demineralized and degassed water followed by a drying step using acetone. This yields a
MnCO3; nanocomposite

Conversion of MnCO; to MN,O;

A quartz substrate containing an MN,0O3 nanocomposite was placed in a single zone tube furnace and
left open to air. The furnace was heated to 540°C at a rate of 10°C/min and maintained for 24 hours.
This yields a MN,O3 nanocomposite.

Conversion of MnCO; to MnS

A quartz substrate containing a MnCOs nanocomposite was placedin a single zone tube furnace. The
furnace was purged of oxygen and filled with argon at atmospheric pressure with an argon flow rate
of 90 sccm. The tube furnace was heated to 400°C at a rate of 10°C/min and maintained for 1 hour.
Once 400°C was reached 10 sccm of H,S was added to the flow for 50 minutes. Afterwards the oven
was purged using argon and allowed to cool. This resulted in a MnS nanocomposite.

Conversion of BaCO; to Ag,CO;

Silver nitrate (1.7 grams, 10 mM) was dissolved in 15 mL of degassed and demineralized water. A quartz
substrate containing a fresh BaCO3 nanocomposite was placed in this solution for 1 second before
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being removed and washed in water followed by a wash with acetone. The resulting nanocomposite
consists of Ag,CO3 which will naturally decay to Ag,0 in air over the course of a few days.

Conversion of Ag,CO; to Ag,0

A quartz substrate containing a Ag,CO3 nanocomposite was placed in a single zone tube furnace. The
furnace was purged of oxygen and filled with nitrogen at atmospheric pressure with a flow of 30
sccm. The furnace was heated to 120°C at 5°C/min and maintained for 24 hours. This yields a Ag,0
nanocomposite.

Conversion of SrCO; to PbCO;

Lead Nitrate (Pb(NQO3),, 15 g, 906 mM) was dissolved in 50 mL degassed and demineralized water under
a nitrogen atmosphere. A quartz substrate containing a fresh SrCO3 nanocomposites was placed in this
solution for 45 seconds. Afterwards, the substrate containing the white nanocomposite was removed
and washed in three demineralized water baths followed by an acetone bath. This yields a PbCOs
nanocomposite

Conversion of PbCO; to MAPbBr; perovskite

A quartz substrate containing a PbCO3 nanocomposite was placed in a saturated solution of MABr in
IPA for 5 seconds before removing the substrate and washing with methanol. This yields a MAPbBr3
perovskite nanocomposite.

Table conversion reactions

Related figure

Cationic conver-
sion

Anionic conver-
sion

Additional comments

4.3 - An array of
corals

BaCO3 to CdCO3

CdCOs to CdO.

4.4 — triangular
shaped

BaCO3 to
Co(CO3)x(OH)2-2x
/Si0; (basic
cobalt carbon-
ate)

basic cobalt car-
bonate to CO304.

Slower initial heating rates cause more
breakage of the nanocomposite.

4.5- a line with
two turns

BaCO3 to MnCO3

MnCO3 to MnS

The cationic conversion time was extended
to 120 minutes to compensate for the
denser structure.

4.6, 3 in a row,
first structure

BaCOs5 to Ag2C03

Ag2C03 to AgZO

46, 3 in a row,
second structure

BaCO3 to MnCO5

MﬂCO3 to MI’]QOg

This reaction goes over 300°C. At this tem-
perature Ag,0 is known to be converted
from Agy0 to Ag
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4.6, 3 in a row,
third structure

BaCOs3 to
Co(CO3)x(OH)2-2x
/Si0, (basic
cobalt carbon-
ate).

basic cobalt car-
bonate to CO304

47, 3 in a row,
first structure

BaCO3 to CdCOs

CdCOs3 to CdSe

47, 3 In a row,
second structure

BaC03 to Cd CO3

CdCO3 to CdS

47, 3 In a row,
third structure

BaCO3 to Cd CO3

CdCO3 to CdO

4.8, triangle w cir-

BaCO3 to CdCOs

CdCOs3 to CdSe

cle. Triangle

4.8, triangle w cir-  BaCOs to Ag,CO3  Ag,CO3 to Ag,0

cle. Circle

430, Perovskite SrCOsto PbCOs  N/A

Pb core

430, Perovskite N/A PbCO5 to

overgrowth MAPbBr3  per-
ovskite
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Schematic overview of light-microscope set-ups

A Camera B Camera
90/10 90/10
Beam splitter Beam splitter
White light LED White light LED
4_ Dichroic mirror ‘_ Dichroic mirror
365nmLED  Photomask 365nmLED  Photomask
I ] T |
Objective 10x Objective 10x
A Sample I Sample
Photomask Photomask
275 nm LED 1435 nm laser

diode

Figure C.1: Schematic overview of a double UV irradiation using (A) a 365 nm and 275 nm LED and (B) a 365 nm LED
and 1435 nm laser diode.
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Table light schedules for nucleation and growth of MCO;/SiO,

Fig.

Precursorsor solution
(mm)

Light irradiation for nu-
cleation (A= area, I=
light intensity, t= time)

Light irradiation for
growth (A= area, I= light
intensity, t= time)

4.3 An array of corals

20 mM BaCl,C, 9 mM
Na,SiOs3, 5 mM Ketopro-
fen, 50 mM DTAB

275 nm, A= radius 50
um, 1 =100 pW/mm?, t =
15- 35 S per nucleation-
site, in a constant irra-
diation of overlapping
365 nm, A= radius 250
um, | = 4.5 pW/mm?

365 nm, A= radius 250
pm, =45 uW/mm? t =
1h 20 min

4.4 — triangular shaped

20 mM BaCl,C, 9 mM
Na25i03, 5 mM KP, 50
mM DTAB

275 nm, A= triangular
shaped projection with
arms of 350 um, 1 =75
pW/mm?2, t = 60 s per
nucleation site

275 nm, A= triangular
shaped projection with
arms of 350 um, | = 75
pW/mm?, t =55 h per
nucleation site

4.5 a line with two turns

20 mM BaCl,C, 9 mM
NapSiOs3, 5 mM KP, and
50 mM DTAB

365 nm, A= radius 125
pm, | =535 yW/mm?, t
:35

1. 365 nm, A= radius 125
pm, I=32 pW/mm? t =
3min

2. 365 nm, A= radius 25
pum, | =400 pW/mm?, t
=5min

3. 365 nm, A= radius
25 um, | = 435 pW/mm?,
t = 3 h 20 min, addi-
tional 1435 nm overlap-
ping with UV, ramping
I=10-25 mW within the
first 10 min, then after
50 min to 30 mW.

4.6,3ina row, first struc-
ture

20 mM BaCl,C, 9 mM
Na25i03, 5 mM KP, 50
mM DTAB

275 nm, A= radius 50
pum, | =100 pW/mm?
t =6 s per nucleation-
site, in a constant irra-
diation of overlapping
365 nm, A= radius 250
pm, | =10 yW/mm?

365 nm, A= radius 250
pum, | =10 yW/mm?, t=
1h 45 mi

4.6, 3 in a row, second

20 mM BaCl,C, 9 mM

275 nm, A= radius 100

275 nm, A= radius 100

structure Na,SiOs, 5 mM KP, 50 um, | =100 pW/mm?2 t= um, | =10 uW/mm?, t=
mM DTAB 4s 2 h

4.6, 3 in a row, third 20 mM BaCl,C, 9 mM 275 nm, A= radius 100 275 nm, A= radius 100

structure Na,SiOs, 5 mM KP, 50 pm, | =100 pW/mm?2, t= um, | =25 pW/mm?, t=
mM DTAB 125 2h
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47,3 inarow, first struc-

20 mM BaCl,C, 9 mM

365 nm, A= radius 75 pm,

365 nm, A= radius 75 um,

ture NaySiOs, 3 mM KP, 30 =400 pW/mm? t=7s |=45uW/mm?2 t=1h20
mM DTAB min

47,3 in a row, second 20 mM BaCl,C, 9 mM  365nm, A=radius75um, 275nm, A= radius 75 um,

structure Na,SiOs, 5 mM KP, 50 | =400 pW/mm?2 t=2s |=25uW/mm? t=1h40
mM DTAB min

47, 3 in a row, third 20 mM BaCl,C, 9 mM  365nm, A=radius75um, 275nm, A= radius 75 um,

structure Na,SiOs, 5 mM KP, 50 | =535 yW/mm?2 t=10 |=45uW/mm? t=1h
mM DTAB S

4.8, triangle w circle. Tri- 20 mM BaCl,C, 9 mM 275 nm, A= triangular 275 nm, A= triangular

angle Na,SiO3, 5 mM KP, 50 shaped projection with  shaped projection with
mM DTAB arms of 250 ym, 1 =100 arms of 250 ym , | = 50

PW/m pW/mm? t=3s

pW/mm2 t=6h

To grow a line with an arbitrarily shaped line we prepare a precursor solution of 20 mM BaCly, 9 mM
Na,SiOsz, 5 mM KP, and 50 mM DTAB. We fill the reaction cell and upon irradiation of an area with a
radius of 125 pm with high intensity 365 nm light (535 pW/mm?) for 3 seconds we induce nucleation.
We directly lower the light intensity to 32 pW/mm? to enable growth for 3 minutes. Then we reduce the
illuminated area to a spot size with a radius of 25 um. We place the growing structure in the middle
of the spot and increase the light intensity to 400 uW/mm? to continue growth. After 5 minutes we
additionally turn on the 1435 NIR laser irradiation, which focal spot is located in the middle of the UV
spot. We ramp the intensity of the NIR laser from 10 mW output power to 25 mW in 10 minutes, while we
simultaneously increase the UV light irradiation to 435 pW/mm?. We start moving the sample away from
the light spots with a pace that matches the growth rate to keep the growth front in a constant location
in the irradiated area and selectively enable growth in one direction. After 50 minutes of growth we
increase the NIR output power to 30 mW. We change direction of movement after 75 minutes of growth
in x- direction, to movement in y-direction. After one hour in growth in y-direction, we change the
movement again in x-direction. We enable growth for another 50 minutes to complete a total growth
time of 3 hours and 20 minutes. We observe a faster growth at the end, which can indicate a gradual
increase of the bulk solution.

Crystal lattice shrinkage

Due to the different size of the crystal lattice between BaCOs; and Co3Q4, the converted structures
shrinks in volume (Figure C2).

109



Appendix C. Appendix Chapter 4: Compose and convert controlling shape and chemical composition of
self-organizing nanocomposites

B

Overlay of before a‘nd after—s'—=~

Figure C.2: Comparision of the volume change due to conversion. A) triangular shaped BaCO3/SiO, structures
before conversion (top left). B). Co304 triangular shaped after conversion. C) overlay of B (colored) on top of A
(greyscale).

Preferable nucleation sites

We investigate the nucleation and growth of new BaCO3/SiO, structure in presence of other grown and
converted structures. We first enable nucleation and growth of BaCO3/Si0O, structures upon irradiation
of 365 nm LED light for 90 minutes in precursor solution of 20 mM BaCl,, 9 mM NaySiOz, 1 mM KP, and
10 mM DTAB. We convert the grown structures to CdCOs subsequently to CdO by using the procedure
in section 1. Afterwards we heat the tube furnace to 500°C and 500 mbar which is maintained for 72
hours. This experiment is repeated on a separate substrate except a pressure of 1 mbar is used in the
heating step resulting in the sublimation of CdO and subsequent emptying of nanocrystals from the
nanocomposite.

Then we prepare a new precursor solution (20 mM BaCly, 9 mM Na,SiOs, 2.5 mM KP, and 25 mM DTAB).
We position a small UV spot with a radius of 50 um at the substrate with the converted structures.
When the UV spot overlaps with already grown and converted structures, we observe no new nucleation,
but selectively overgrowth on the illuminated structure and the neighbouring structures. When the
UV spot is positioned at locations on the substrate where no structures were grown, we observe new
nucleation site within minutes (Figure C3). This indicates that despite of the different crystal structure,
growth on the converted structures is preferred over the substrate.
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Start. 10 min, 175 pw/mm2

A 200 pm

Start. 10 min, 175 pW/mm?*

Figure C.3: Nucleation and growth of BaCO3/SiO, structures in presence and absence of converted structures. A)
left, start of irradiation with an overlap and neighboring converted structures. A) right, after 10 minutes irradiation
with 175 pW/mm?2 growth is only observed at the converted structures. B) left, start of irradiation with a no
neighboring converted structures (same substrate and reaction cell). B) right, after 10 minutes new nucleation
sites in the UV irradiated area is observed. The yellow circle represents the position of the UV irradiated area.

M






Appendix D

Appendix Chapter 5: Light-driven
nucleation, growth, and patterning of
biorelevant crystals using resonant
near-infrared laser heating

Interfacial temperature measurements at the center of the heating NIR beam.

The choice of wavelength (400 nm) allows us to excite HPTS at its absorption maximum:

/
€atr ~ 20000—_1 (D)
mol -cm

For the UV light, this yields a penetration depth (‘; transmission, ca. 37%) of

guv - lo8e 43um (D2)
€att * C

which is much shorter compared to the ~ 370 um penetration depth of the NIR beam.?47248 Because
d¥ « dNIR we essentially sample the interfacial temperature of the heated solution. We find that the
temperature a) changes within seconds, and b) increases approximately linearly with NIR intensity,
and c¢) reaches ca. 90 + 5 °C upon a NIR heating of 180 mW (Supplementary Figure 1c-e). For reaction
cells built with ITO coated substrates, we find a higher maximum temperature change upon NIR light
intensity, reaching ca. 110 + 10 °C upon a NIR light intensity of 180 mW (Supplementary Figure 1f).
Note that the irradiated part of the ITO coated substrate will be even higher in temperature than the
measured solution due to additional heating (Supplementary Figure 3). Using the thermocouple, the
bulk solution measured at ca. 1 mm from the heating spot rises only from ca. 26 °C to 30 °C during 17 h
of NIR heating.
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Figure Da: To monitor spatially resolved interfacial temperature changes upon NIR laser irradiation, we developed
a fluorescence-based experimental method that utilizes the photoacid 8-hydroxypyrene-1,3,6-trisulfonic trisodium
salt (HPTS). HPTS has two emission bands, centered at 440 and 510 nm. These bands almost perfectly overlap with
the green (G) and blue (B) channels of the CMOS sensor in our transmission microscope, which allows monitoring
their ratios without a spectrometer. To excite HPTS, we illuminate the sample cell from the same side as the NIR
laser diode, using a commercial, low-intensity 400 nm UV LED. To evaluate local temperature changes induced by
the NIR laser heating, we construct a calibration curve based on G:B ratios. To this aim, we heat the HPTS solution
in the reaction cell with a bath and circulation thermostat (Huber CC-K6) to 83 °C under illumination of a 400
nm LED and record the RGB channels. A) Mean values of blue, green, and red channel of the color CMOS camera
upon externally controlled heating. Blue, green, and red dots and lines represent experimental and fitted data
respectively of the different blue, green, and red channels. B) Calibration curve of the RGB ratio values with the
absolute temperature. Data points are fitted with a second order polynomial. C) Solution temperature upon NIR
light intensity in the beam area. D) Spatial temperature distribution upon 180 mW NIR irradiation. The dashed red
circle represents the NIR focal spot. E) Time-dependent solution temperature upon with 180 mW NIR irradiation, at
the beam center (red dots) and in the bulk of the solution, ca. 150 pm away from the NIR focal point (blue dots).
The NIR was manually turned on and off after 10 and 110 seconds, respectively, indicated by the grey dashed lines.
F) Solution temperature upon NIR irradiation on an ITO coated substrate.
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Figure D.2: To investigate how the NIR light intensity determines the nucleation rate of CaCOs, four reaction cells
with a freshly prepared precursor solution of fixed concentrations (1.5 mM CaClp, 1 mM Na,CO3, 300 mM NaCl, pH
107) are prepared and a NIR light beam is focused with different light intensities on the substrates of the reaction
cells. Per reaction cell, one NIR light intensity (90, 120, 150, or 180 mW) with which we subsequentially irradiate
three light spots is used, each for 45 s. After the NIR light irradiation, the cell with is directly washed with water and
ethanol and let it dry in air. To analyze and compare the induced nucleation upon the irradiation with different
light intensity, we use insitu monitoring, light microscope imaging, and SEM imaging. For the freshly prepared
solutions, we find the nucleation of mainly vaterite and aragonite in a small radius (35-110 pm) of the irradiated
area with all light intensities. A) Plot of the area in which nucleation is observed upon NIR light intensity. Within
the regime of 90-180 mW, the area where nucleation is observed increases almost linearly for increasing light
intensities. B) Light microscopy images of the NIR light induced nucleation. The results indicate a light intensity
offset with respect to nucleation, since with 9o mW NIR light intensity almost no nucleation is observed. C) SEM
images of NIR light induced nucleation at the center of the NIR irradiated area. For light intensities of 120 mW and
higher, the nucleation density at the center of the light spot does not significantly differ within this time span of 45
S.
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Figure D.3: NIR absorption of glass and ITO coated glass. Steady-state external absorbance measurements of glass
(orange line) and ITO-coated glass (purple line) in the range of 1000-1600 nm using a LAMBDA 750 UV/vis/NIR

spectrophotometer (Perkin Elmer), equipped with a deuterium and tungsten excitation source, an InGaAs detector,
and an integrating sphere.
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200 pm

Figure D.4: Dissolution test. Monitor of NIR light induced CaCO3 when placed outside the NIR light spot. To test
if dissolution of NIR light induced crystals occurs when placed outside the NIR light spot, we closely monitor a
reaction cell filled with a 2 days old CaCO3 precursor solution (0.5 mM CaClp, 1 mM NayCOs3, 400 mM NaCl, pH 10.7)
with and without NIR irradiation. First, we induce the nucleation and growth of CaCOs3 upon high intensity (180 mWw).
We continue NIR light irradiation until no further growth is observed (48 h). We turn off the NIR laser light, but
we continue to monitor the grown crystals (60 h). A) Light microscopy image of NIR light induced CaCOs crystals
att = 0 min, directly, placed outside the NIR light spot and B) t = +60 h. No dissolution is observed dissolution
for neither the large grown crystals nor small nucleated calcite-like crystals, indicating that the NIR light grown
calcite crystals remain stable and that the growth solution is only slightly undersaturated at room temperature
after the NIR irradiation. To evaluate the thermodynamic stability between polymorphs after irradiation, we induce
the nucleation of a mixture of calcite and vaterite with a freshly prepared precursor solution which contains rather
high precursor concentrations (5 mM CaCly, 1 mM Na,COs, 100 mM NaCl pH 107). We irradiate for several hours
with high light intensity to induce nucleation and growth of mixed CaCO3 (180 mW for 3 h). C) Light microscopy
image of NIR light induced vaterite and calcite crystals at t = 0 min, directly placed outside the NIR light spot, and
D) t = +12 h. Red circles point out the dissolution of vaterite and growth of calcite. We observe slow dissolution of
small vaterite crystals and further growth of calcite crystals which indicates that the light induced small vaterite is
thermodynamic less stable than calcite.
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Figure D.5: Raman spectra of NIR light induced CaCO3 polymorphs. A) Light microscope imaging of the probed
area for Raman spectroscopy of CaCO3 grown in presence of MgCly, B) CaCO3z grown in presence of NaCl without
equilibration time, and C) CaCOs3 grown in presence of NaCl after 3 h of equilibration time. D) Raman spectra of

CaCOs indicated by colored boxes and indices corresponding with (a-c), top (yellow) aragonite, middle (green)
vaterite, and bottom (pink) calcite.
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Figure D.6: Raman spectra of NIR light induced MCO3 crystals. A) Light microscope imaging of the probed area for
Raman spectroscopy of BaCOs, B) SrCOs, and C) CaC0O3. D) Raman spectra of the MCO5 crystals indicated by colored
boxes and indices corresponding with (a-c), top (blue) CaCO3, middle (orange) SrC0O3, and bottom (green) BaCOs.
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Figure D.7: Raman spectra of NIR light induced SrSO4 and calcium phosphate crystals. A) SrSO4, and B) calcium
phosphate crystals with the light microscope image of the probed area in the inset.
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Movie NIR light induced nucleation and growth of CaCO; crystals

In this movie, the nucleation and growth of CaCOs crystals positioned in a line (described in the main
text) are presented. The red dashed circle represents the location of NIR light spot. The total movie
consists of 453 frames that cover a time span of 61 h real-time growth. Due to the long timespan the
video contains some time jumps. The real-time of crystallization per crystal as numbered in the movie
is (times of nucleation are an estimation):

1. 16 h (growth 120 mW, nucleation within first minute with 180 mw)

2. 6 h (growth 120 mW, nucleation within first hour as well with 120 mWw)
3. 14 h (growth 130 mW, nucleation within first hour with 140 mWw)

4.9 h (130 mW, nucleation within first 2 h as well with 130 mw)

5. 17 h (120 mW, nucleation within first 3 h as well with 120 mW)

Movies are accesible via dare.uva.nl
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bubbles, line of
precipitation, with
leica not findable

again
Silica Bubble formation, | Nothing Nothing Not done Not done
coffee ring happens

precipitation, not
findable in leica

KP Local Bubble Not done High pH needed, line Not done
formation, some of precipation +
dark line spontaneous calcite
precipation, not precipitation
findable in leica
Silica + KP +DTAB Mot done +DTAB
Bubbleformatio Bubbleformation
n and structure and structure
formation formation
KP+ DTAB Not done Local bubbles, line Not done

formation, lightening
stuff in there, SEM:;
photoproduct, but it
was low pH.

Figure Ea: Observations of the irradiation of a 532 nm ps-pulsed laser (Time Bandwidth Lynx laser) with an intensity
of 10 mW and a pulserate of 10 MHz equipped with 60X objective (Nikon S Plan Fluor ELWD, NA 07) on precursor
solution with various components.
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Figure E.2: Schematic overview of the 532 nm Time Bandwidth Lynx laser with an intensity of 1 nJ and a pulse rate
of 10 MHz equipped with 60X Nikon S Plan Fluor ELWD, NA 0.7, objective.
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Figure E.3: Line intensity-plot of the focal spot of the ps-pulsed 532 nm laser
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Figure E.4: Resulting precipitation due to 532 nm ps-pulsed laser irradiaton on a solution containing 5 mM KP with
5 mM CaClp, pH 5.
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Figure E.5: Raman and EDX spectra of 532nm ps-pulsed laser-induced precipitation. A) and B) SEM images of 532
nm ps-pulsed laser-induced precipitation. C) Raman spectroscopy pectra of color matching indicated points in (A)
and (B), showing either a peak at 1058 cm~', or a peak at 830 cm~', or both peaks. D) EDS image demonstrating
Barium in the 532 nm laser-induced precipitation.
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Figure E.6: Full EDX spectra of 532nm ps-pulsed laser-induced precipitation. The precipitation is lifted on a carbon
sticker and measured in absence of a silica substrate. Spectrum 6 (top), representing the radial grown structures,
indicated by the blue lining in the SEM image, contains 3.6% Si, 7.5% Ba, and 0.8% Cl of atomic weight. Spectrum 8
(bottom), representing the fast precipitation with a moving beam, indicated by orange lining, contains 5.5% Si, 3.8%
Ba, and 1.6% Cl of atomic weight.

Triton-X

Figure E.7: SEM images of BaCO3/Si0O, growth upon 365 nm irradiation in presence of A) Triton-x, B) Tween 20, and
C) wetting agent 3- hydroxy(polyethyleneoxy)propyl heptamethyltrisiloxane. The samples were used as reference
samples to compare with the 532 nm ps-pulsed laser irradiation.
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Summary

Controlled self-assembly forms the basis of how organisms construct functional materials in nature. In
this process, the intricate interplay of chemical reactions and biophysical environments results in an
autonomous mechanism that builds patterns and structures with sub-micrometer precision. These
ordered arrangements exhibit advanced optomechanical properties, including strength, toughness,
and sensory capabilities. Examples include the alignment of calcium phosphate crystals in teeth,
making them the strongest part of the human body, and the alignment of calcite crystals in brittle
stars, enabling optical features.

Intrigued by these self-assembling systems, researchers aim to mimic the self-assembly of biorelevant
crystals in laboratory settings to gain a deeper understanding of nature and create new functional
materials with high-precision. However, achieving control over local gradients that drive self-assembly
on the submicro scale, both in time and space, remains challenging in chemical synthesis.

Addressing this challenge, the addition of external stimuli, particularly light-driven reactions, emerges
as a promising solution. Light, being clean, precise, selective, and tunable in time and space, opens
new opportunities. While light-driven reactions have been demonstrated in (colloidal) crystal self-
assembling systems, limited research has been conducted for biorelevant systems, mainly due to the
incompatibility of used principles with aqueous systems.

The thesis, titled "Light-controlled self-assembly - Crystallization in the Spotlight," explores the potential
of using light-induced reactions in biorelevant crystallization. The exploration includes the use of
photochemical reactions with deep ultraviolet (UV) light, vibrational resonance with near-infrared light
(1435 nm), and two-photon absorption with a picosecond-pulsed 532 nm laser. Demonstrating the
potential of light-driven reactions, the thesis focuses on the co-precipitation of barium carbonate
nanocrystals with amorphous silica, and various pure biorelevant minerals such as metal carbonates,
calcium phosphates, and strontium sulfates as model systems.

In Chapter 2, we explore the use of a 275 nm UV LED to initiate the photodecarboxylation of ketoprofen
(KP). The photoreleased CO, creates a local CO, gradient, inducing the self-assembly of nanocrystalline
BaCO3 and SiO, within the UV light spot. Through modulation of the light irradiation intensity, we are
able to tune the local CO, concentration and disentangle nucleation from growth. Properly balancing
the essential reaction, diffusion, and crystallization processes confines this growth within the light



Summary

irradiation and allows for light-directed control.

Building on these insights, we utilize photomasks to pattern the light irradiation in a user-defined
manner, steering the growth towards this pattern and controlling the contour of its shapes. Furthermore,
employing a photomask that projects a field of spots onto the sample enables the nucleation and
growth of multiple BaCO3/Si0O, nanocomposites simultaneously in a patterned arrangement. Addition-
ally, by strategically moving the light spot ahead of the growth of a BaCO3/SiO, nanocomposite, we can
direct the growth while controlling the development of millimeter-sized structures from nano-sized
building blocks.

In Chapter 3, we delve into the nuances of steering the morphology of BaCO3/SiO, nanocomposites
through the photodecarboxylation of KP. We observe that, in addition to the pH sensitivity of growth, the
morphological development heavily relies on the balance in the precipitation rates of BaCO3 and SiOo,
consequently influenced by the local concentration of CO,. Revisiting the use of photodecarboxylation of
KP, we successfully guide the growth mode of the BaCO3/SiO, nanocomposites through light modulation.

Specifically, employing high light intensity, corresponding to a heightened local CO, concentration,
results in outward growth, producing coral-shaped nanocomposites. Conversely, applying lower light
intensity (5-10 times) on the same precursor solution, corresponding to a low local CO, concentration,
induces inward growth, yielding helically-shaped nanocomposites. Furthermore, dynamic modulation
and subtle, regular, short, intense adjustments in light intensity enable the growth of hybrid nanocom-
posites with both coral and helical shape, as well as patterned thickening of the nanocomposites,
respectively.

In Chapter 4, we combine the light-directed growth of BaCO3/SiO, nanocomposites with an ion exchange
conversion reaction. This approach leads to the development of a two-step assembly/conversion
method aimed at disentangling and ultimately controlling both shape and composition. Initially, we
regulate the nucleation and growth of BaCO3/SiO, through the photodecarboxylation of KP. Subse-
quently, we introduce a compositional change through ion exchange conversion reactions.

Taking into account thermodynamic stability and chemical reactivity, we strategically design orthogonal
reaction pathways to sequentially position nanocomposites of different metal chalcogenide semiconduc-
tors next to each other. This comprehensive approach also allows us to apply the assembly/conversion
method to the same nanocomposite, resulting in the formation of complex hybrid architectures with
combined properties attributed to both composition and shape.

In Chapter 5, our focus shifts to pure minerals. The crystallization process of pure minerals proves
susceptible to the influence of additional compounds, rendering the use of KP and its required
surfactants. To overcome this limitation, we explore the utilization of 1435 nm light, resonating with
the first overtone of water -generating heat in combination with retrograde solubile mineral compounds.

128



Summary

Employing a laser diode with a 180 mW laser output focused on a spot with a 15 radius on an agueous
sample, we observe an almost instantaneous temperature increase of up to approximately 100 °C within
the focal spot of the laser. Capitalizing on this temperature surge, we can locally induce the nucleation
and growth of biorelevant crystals with retrograde solubility- a decreasing solubility as temperatures
rise- such as metal carbonates, calcium phosphate, and strontium sulfate. We discover that modulation
of light intensity facilitates control over nucleation independent of growth. Furthermore, we establish
that this method complements established techniques for controlling polymorphism, allowing us to
position the three polymorphs of CaCO3 next to each other.

In Chapter 6, we present the preliminary results of employing a picosecond-pulsed 532 nm laser. The
utilization of such a laser allows us to generate exceptionally high peak intensities in the focal spot,
capable of inducing non-linear optical effects, including two-photon absorption. Our exploration aims
to determine whether this property can be harnessed to facilitate two-photon absorption, thereby
inducing the photodecarboxylation of KP and initiating the nucleation and growth of BaCO3/Si0O,
nanocomposites with three-dimensional (3D) control.

Upon reaching sufficiently high levels of peak intensity and pulse rate, we observe the local precipitation
resembling the BaCO3/Si0O, nanocomposites. Moreover, we successfully direct this precipitation in the
z-direction and even apply ion conversion reactions to it. However, alongside the desired precipitation
of BaCO3/Si0, nanocomposites, we observe additional unidentified precipitation that, upon inspection
with Raman spectroscopy, result peaks corresponding to silicate-like species and disordered carbon.
This discovery necessitates further optimization and analysis of the proposed method.

In conclusion, this work represents the initial strides in developing spatiotemporal controlled artificial
self-assembly systems. We demonstrate the feasibility of utilizing light for controlled, biorelevant
crystallization, albeit with the caveat that all technical and chemical elements must align, as outlined
in Chapter 7. We anticipate that these findings can be extrapolated to regulate nucleation and growth
across a diverse array of biorelevant minerals and functional crystals, including perovskites, employing
similar light-induced, photochemical, and non-photochemical reactions.

Moreover, the implications of this research extend to potentially influencing the advancement of
carbonate-silica nanocomposites as a versatile platform for functional materials. This could pave the
way for an unprecedented application of artificial self-organization processes in materials science. With
that, we introduce new perspectives on the fabrication techniques of functional materials, opening up
opportunities for innovative approaches in the field where we employ precise hands-on command
when necessary, and simple hands-off autonomy when possible.
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Samenvatting

Gecontroleerde zelfassemblage vormt de basis van de bouw van functionele materialen door natuurlijke
organismen. In dit proces resulteert het ingewikkelde samenspel van chemische reacties en biofysische
omgevingen in een autonoom mechanisme dat patronen en structuren bouwt met submicrometer-
precisie. Deze geordende arrangementen vertonen geavanceerde optomechanische eigenschappen,
waaronder sterkte, hardheid en sensorische vermogens. Voorbeelden hiervan zijn de uitlijning van
calciumfosfaatkristallen in tanden, die ze het sterkste deel van het menselijk lichaam vormen, en de
ordening van calcietkristallen in zeesterren, die optische eigenschappen mogelijk maakt.

Geintrigeerd door deze zelfassemblerende systemen willen onderzoekers de zelfassemblage van biorel-
evante kristallen in laboratoria nabootsen om de natuur beter te begrijpen en nieuwe functionele
materialen met hoge precisie te maken. Echter, het bereiken van controle over de lokale gradienten
drijven zelf-assemblage op submicroschaal, zowel in termen van tijd en ruimte, blijft een uitdaging in
de chemische synthese.

Het gebruiken van externe stimuli, met name lichtgestuurde reacties, lijkt een veelbelovende aanpak te
zijn. Licht, dat schoon, precies, selectief en afstembaar is in tijd en ruimte, opent nieuwe mogelijkheden.
Hoewel lichtgestuurde reacties zijn toegepast in (colloidale) kristal zelfassemblerende systemen, is er
beperkt onderzoek gedaan naar biorelevante systemen, voornamelijk vanwege de incompatibiliteit van
de gebruikte principes met waterige systemen.

Het proefschrift, getiteld "Light-controlled self-assembly - Crystallization in the spotlight", onderzoekt
de potentie van het gebruik van lichtgeinduceerde reacties in biorelevante kristallisatie. Het onderzoek
omvat het gebruik van fotochemische reacties met diep ultraviolet (UV) licht, vibratieresonantie met
nabij-infrarood licht (1435 nm) en tweefotonabsorptie met een picoseconde gepulste 532 nm laser.
Om het potentieel van lichtgestuurde reacties aan te tonen, richt het proefschrift zich op coprecipi-
tatieprocessen met bariumcarbonaat nanokristallen, amorf silica en verschillende zuiver biorelevante
mineralen zoals metaalcarbonaten, calciumfosfaten en strontiumsulfaten als modelsystemen.

In hoofdstuk 2 onderzoeken we het gebruik van een 275 nm UV-LED om de fotodecarboxylering van
ketoprofen (KP) te starten. De vrijgekomen CO, creéert een lokale CO, gradiént, waardoor de zelfassem-
blage van nanokristallijne BaCO3 en SiO, binnen de UV-lichtvlek geinduceerd wordt. Door de intensiteit
van de lichtbestraling te moduleren, kunnen we de lokale COz-concentratie afstemmen en nucleatie
en groei van elkaar scheiden. Door de essentiéle reactie-, diffusie- en kristallisatieprocessen goed
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in balans te brengen, wordt deze groei beperkt tot de bestraalde ruimte en is lichtgerichte controle
mogelijk.

Voortbouwend op deze inzichten gebruiken we fotomaskers om een patroon te maken van de lichtbe-
straling op een door de gebruiker gedefinieerde manier, waarbij de groei naar dit patroon wordt gestuurd
en de contouren van de vormen worden beheerst. Door gebruik te maken van een fotomasker dat een
patroon van lichtplekken op het monster projecteert, kunnen meerdere BaCO3/SiO, nanocomposieten
gelijktijdig in een patroon groeien. Bovendien kunnen we, door de lichtspot strategisch te verplaatsen
voor de groei van een BaC0O3/Si0; nanocomposiet, de groei sturen en tegelijkertijd de ontwikkeling van
millimetergrote structuren uit nanometergrote bouwstenen controleren.

In hoofdstuk 3 gaan we dieper in op de nuances van het sturen van de morfologie van BaCO3/SiO,
nanocomposieten door de fotodecarboxylering van KP. We stellen vast dat naast de pH-gevoeligheid
van de groei de morfologische ontwikkeling sterk afhankelijk is van de ratio in de neerslagsnelheden
van BaCOs en SiO,, en dus beinvloed wordt door de plaatselijke CO,-concentratie. Door opnieuw
gebruik te maken van fotodecarboxylering van KP hebben we met succes de groeimodus gestuurd door
lichtmodulatie.

Het gebruik van een hoge lichtintensiteit, die verhoogde lokale CO,-concentratie geeft, resulteert in
naar buiten gerichte groei, waarbij koraalvormige nanocomposieten ontstaan. Omgekeerd leidt het
toepassen van een lagere lichtintensiteit (5-10 keer) op dezelfde precursoroplossing, wat overeenkomt
met een lage plaatselijke CO,-concentratie, tot inwaartse groei, wat schroefvormige nanocomposieten
oplevert. Verder maken dynamische modulatie en subtiele, regelmatige, korte, intense aanpassingen
van de lichtintensiteit de groei van hybride nanocomposieten met zowel koraal- als spiraalvormige
groei mogelijk, evenals een patroonvormige verdikking van de nanocomposieten.

In hoofdstuk 4 integreren we de lichtgerichte groei van BaCO3/Si0O, nanocomposieten met een omzetting
via ionenuitwisselings. Deze benadering leidt tot de ontwikkeling van een assemblage/conversie meth-
ode in twee stappen die gericht is op het ontwarren en uiteindelijk controleren van zowel vorm als
samenstelling. In eerste instantie reguleren we de nucleatie en groei van BaC0O3/SiO, door de fotodecar-
boxylering van KP. Vervolgens introduceren we een verandering in samenstelling door omzettingsreacties
met ionenuitwisseling.

Rekening houdend met thermodynamische stabiliteit en chemische reactiviteit, ontwerpen we strate-
gisch orthogonale reactiepaden om nanocomposieten van verschillende metaalchalcogenide halfgelei-
ders achtereenvolgens naast elkaar te plaatsen.Deze uitgebreide aanpak stelt ons in staat om de
assemblage/conversie methode toe te passen op hetzelfde nanocomposiet, wat resulteert in de vorm-
ing van complexe hybride architecturen met gecombineerde eigenschappen die worden toegeschreven
aan zowel samenstelling als vorm.

In hoofdstuk 5 verschuift onze aandacht naar de kristalsystemen van zuivere mineralen. Het kristallisatiepro-
ces van pure mineralen blijkt gevoelig te zijn voor de invloed van additieven, waardoor het gewenst is
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om hydrofobe verbindingen zoals KP en de benodigde oppervlakteactieve stoffen te vermijden. Om
deze beperking te overwinnen, onderzoeken we het gebruik van 1435 nm licht, resonerend met de
eerste boventoon van water, dat warmte genereert. Deze warmte gebruiken we in combinatie met de
groei van mineralen die een verminderde oplosbaarheid vertonen bij hogere temperaturen.

Door gebruik te maken van een laserdiode met een laservermogen van 180 mW, gericht op een punt
met een straal van 15 micrometer op een waterig monster, observeren we een bijna ogenblikkelijke
temperatuurstijging tot ongeveer 100 °C binnen het brandpunt van de laser. Door gebruik te maken
van deze temperatuurstijging kunnen we lokaal de nucleatie en groei van biorelevante kristallen met
retrograde oplosbaarheid (een afnemende oplosbaarheid bij stijgende temperatuur) opwekken, zoals
metaalcarbonaten, calciumfosfaat en strontiumsulfaat. We ontdekken dat modulatie van de lichtinten-
siteit controle over de nucleatie vergemakkelijkt, onafhankelijk van de groei. Verder stellen we vast dat
deze methode een aanvulling is op gevestigde technieken om polymorfisme te sturen, waardoor we de
drie polymorfen van CaCOsz naast elkaar kunnen plaatsen.

In hoofdstuk 6 presenteren we de eerste resultaten van het gebruik van een picoseconde gepulste 532
nm laser. Het gebruik van een dergelijke laser stelt ons in staat om uitzonderlijk hoge piekintensiteiten
te genereren in het brandpunt, waardoor niet-lineaire optische effecten kunnen worden opgewekt,
waaronder tweefotonabsorptie. Ons onderzoek is erop gericht om te bepalen of deze eigenschap kan
worden gebruikt om tweefotonabsorptie te vergemakkelijken, waardoor de fotodecarboxylering van KP
wordt geinduceerd en de nucleatie en groei van BaCO3/Si0, nanocomposieten met driedimensionale
(3D) controle wordt geinitieerd.

Bij het bereiken van voldoende hoge niveaus van piekintensiteit en pulsfrequentie, observeren we
de lokale neerslag die lijkt op de BaCO3/Si0O, nanocomposieten. Bovendien richten we deze neerslag
met succes in de z-richting en passen we er zelfs ionenconversiereacties op toe. Naast de gewenste
neerslag van BaCO3/Si0, nanocomposieten, observeren we echter bijkomende niet-geidentificeerde
neerslag met Raman-pieken van silicaatachtige materialen en ongeordende koolstof. Deze ontdekking
vereist verdere optimalisatie en analyse van de voorgestelde methode.

Samenvattend, presenteert dit werk de eerste stappen in de ontwikkeling van spatiotemporele gecon-
troleerde kunstmatige zelf-assemblage systemen. We tonen de haalbaarheid aan van het gebruik van
licht voor gecontroleerde, biorelevante kristallisatie, zij het met het voorbehoud dat alle technische en
chemische elementen op elkaar moeten zijn afgestemd, zoals beschreven in hoofdstuk 7.

We verwachten dat deze bevindingen geextrapoleerd kunnen worden om nucleatie en groei te reguleren
in een breed scala aan biorelevante mineralen en functionele kristallen, waaronder perovskieten, door
gebruik te maken van vergelijkbare lichtgeinduceerde, fotochemische en niet-fotochemische reacties.
De implicaties van dit onderzoek strekken zich bovendien uit tot het mogelijk beinvloeden van de
ontwikkeling van carbonaat-silicaat nanocomposieten als een veelzijdig platform voor functionele
materialen. Dit zou het pad kunnen effenen voor een ongekende toepassing van kunstmatige zelfor-
ganiserende processen in de materiaalkunde. Daarmee introduceren we nieuwe perspectieven op de
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fabricagetechnieken van functionele materialen, wat mogelijkheden biedt voor innovatieve benaderin-
gen op dit gebied, waarbij we nauwkeurige hands-on besturing toepassen wanneer dat nodig is, en
eenvoudige hands-off autonomie wanneer dat mogelijk is.
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