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Abstract

CaCOs is the most common biomineral on earth and building block of many endo-
and exoskeletons of snails, sea urchins, and mussles. In these natural examples
CaCOs is often assembled as hydrated amorphous calcium carbonate (ACC)
transported to the preferred area of transformation and crystallized to aragonite or
calcite as kinetic and thermodynamic stable polymorphs. Thereby the stabilization
and polymorph-controlled transformation is often managed by ions, small mole-
cules or even proteins. After a CaCOs nucleation occurred, the crystallization in
such systems is mostly a heterogeneous growth, controlled by additives that are
finally either pushed out of the crystal lattice or incorporated within the crystal.
Crystals that contain foreign material under keeping their overall crystal orientation
over long distances are called mesocrystals. To learn from nature how it is control-
ling crystallization and which exclusion criterion rules whether an additive is in-
cluded or pushed out by fusion during transformation is still not well understood.
Only with this knowledge mesocrystalline structures as new composite materials
of extraordinary properties become synthesizable in the future. How to control the
morphology and polymorphism of CaCOs in mesocrystal synthesis is a complex
area of research one needs to investigate for future perspectives.

This work gives an overview of existing literature on calcium carbonate crystalliza-
tion with additives and the discussion of effects of mostly acidic additives on CaCOs
crystallization. The thesis research deals with soft natural as well as soft and rigid
synthetic additives containing different functional groups as studying objects to
learn how additives and their chemical nature control crystallization and which cri-

teria additives need to fulfill to be incorporated to tune mesocrystal properties.
1. Rigid synthetic additives:

Functionalized Au and Au@Fe304 nanopatrticles are studied for the effect of func-
tionalization of either domains and the effect of amphiphilic and anisotropic additive
structure on calcium carbonate crystallization. For the Au nanopatrticles the need
of carboxylic acids bound on gold surface to trigger interaction with CaCOs is iden-

tified. This moiety induces epitaxy of CaCOs on gold nanoparticles surface which



results in dumbbell shaped mesocrystals of Au@CaCOs. Au@Fes04 surface func-
tionalization is conducted on particle batches synthesized via a new simplified syn-
thesis route. The functionalization is driven out by using the HSAB concept to either
get isotropic anionic or anisotropic amphiphilic Au@FesOa4 particles to study their
influence on CaCOs crystallization and investigate them for the purpose of inclu-
sion for different functionalization patterns. The colloidal stability is hereby identi-
fied as a central need for good integration of nanoparticles within CaCOz3 crystals.

2. Flexible synthetic additives:

PolyTHF copolymers as new class of non-polar polymers have been post-function-
alized with carboxylic acids to study their effect on CaCOs crystallization. The pol-
ymers of either linear or hyper-branched structure have been synthesized by Dr.
Eva-Maria Langhammer (born Christ) as former member of the AK Frey and used
as received to study the effects on calcium carbonate crystallization. For better
comparison similar carboxylic acid loading of the non-polar polymers of similar mo-
lecular weight was ensured to study only their structural effects on the morphology
and phase of CaCOs crystals. While the linear copolymer induced formation of
scale inhibited calcites with inclusions of polymer and high degree of nano-crystal-
linity, the addition of hyper-branched copolymer results in scale inhibited dumbbell
shaped calcite crystals. So the structural motif of the additive was shown to be a

factor for the final morphology of the crystallization product.
3. Flexible “natural” additives:

As flexible “natural” additives a study on recombinantly expressed Bg-AChBP pro-
teins effect on calcium carbonate crystallization is presented in the last part of the
thesis. The proteins influence on CaCOs crystallization is a still discussed property
of the AChBP class, which has a strong sequentially similarity to the amorphous
calcium carbonate stabilizing protein family (ACCBP). In the studied Biomphalaria
glabrata snail two different isoforms of the proteins are expressed that are called
Bg-AChBP1 and Bg-AChBP2. The discussed functions are signal transduction, de-
toxification and crystallization of CaCOs. For both protein isoforms no assignment
to a specific property was conducted until yet because their exact localization within
the tissue is still unknown. The first study on the localization of the isoforms was

conducted recently by Daniela Treiber a PhD students of the group of Prof. Markl,
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who are the cooperation partners of this study and provider of the recombinant

protein.

The mechanism of binding to calcium and magnesium ions is studied for both ex-
isting isoforms and the influence on CaCOs precipitation in ammonia diffusion
method is also facilitated in this project. Bg-AChBP2 is identified to form calcium
and carbonate complexes, while Bg-AChBP1 shows only weak complexation be-
havior. With the knowledge of localization of the isoforms of the protein — Bg-
AChBP1 is expressed close to CaCOs formation while Bg-AChBP2 can only be
found in the neuronal cells of the snail brain — one can understand the role each
isoform has. Bg-AChBP1 with the good aragonite stabilizing properties and its co-
localization with CaCOs within the snail stabilizes CaCOs and ensures aragonite
selective crystallization of CaCOas. In contrast Bg-AChBP2 works as crystallization
inhibitor to circumvent urgent calcification of the snail’'s neuronal tissue. By in vitro
crystallizations of CaCOs under simultaneous presence of magnesium ions and
recombinant protein (synthesized by Daniela Treiber, AG Markl) we were able to
identify Bg-AChBP1 to be responsible for phase selectivity of the CaCOs3 crystalli-

zation within the snail.
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Zusammenfassung

CaCOs ist das meist verbreitete Biomineral auf der Erde und Baustein vieler Endo-
und Exoskelette von z.B. Schnecken, Seeigel und Muscheln. In diesen Beispielen
wird CaCOs oft als hydratisiertes amorphes Calciumcarbonat (ACC) in den bevor-
zugten Umwandlungsbereich transportiert und zu Aragonit oder Calcit als kinetisch
beziehungsweise thermodynamisch stabiler Polymorph kristallisiert. Dabei werden
die Stabilisierung und Kontrolle der Polymorphie wahrend der Transformation oft
durch lonen, kleine Molekule oder sogar Proteine gesteuert. Nach der ersten Keim-
bildung ist die Kristallisation in solchen Systemen meist ein heterogenes Wachs-
tum, das durch Additive beeinflusst wird, die schlie3lich entweder aus dem Kris-
tallgitter herausgedriickt oder durch Uberwachsen in den Kristall eingebaut wer-
den. Diese Art von Kristallen, die unter Beibehaltung ihrer gesamten Kristallorien-
tierung Uber grol3e Entfernungen Fremdsubstanzen enthalten, wird als Mesokris-
talle bezeichnet. Um von der Natur zu lernen, wie diese die Kristallisation Uber
Additive steuert und welches Ausschlusskriterium bestimmt, ob ein Additiv wah-
rend der Transformierung durch Fusion eingeschlossen oder herausgedréangt wird,
ist nicht vollstandig verstanden. Einen Zugng kénnen Untersuchungen von naturli-
chen oder synthetischen Additiven in Kristallisationsprozessen bieten. Denn nur
mit diesem Wissen kénnen in Zukunft neue Verbundwerkstoffe auf Basis des um-
weltfreundlichen CaCOs hergestellt werden, die aul3ergewthnliche Eigenschaften
bieten. Wie man die Morphologie und den Polymorphismus von CaCOs kontrollie-
ren kann, ist dabei von enormer Wichtigkeit fur diese Werkstoffe.

Diese Arbeit soll hierfir einen Uberblick Uber bestehendes Wissen zur Rolle von
Additiven in der Calciumcarbonat-Kristallisation geben. Die Dissertation beschaf-
tigt sich inhaltlich sowohl mit weichen nattrlichen als auch weichen und starren
synthetischen Additiven verschiedener Funktionsgruppen als Studienobjekte, um
zu verstehen, wie Additive die Kristallisation steuern kdnnen und welche Kriterien
fur Additive erfillt sein missen, um Mesokristalle auf Basis von CaCOs mit inte-

grierten Additiven zu erhalten.
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1) Starre synthetische Additive:

Funktionalisierte Au- und Au@Fe30Os-Nanopartikel werden in dieser Arbeit heran-
gezogen um den Effekt der aquipolaren Funktionalisierung beider Domanen und
den Effekt der amphiphilen und anisotropen Additivstruktur auf die Calciumcarbo-
nat-Kristallisation zu untersuchen. Fur die Au-Nanopartikel wird die Notwendigkeit
von an der Goldoberflache gebundenen Carbonséuren zur Wechselwirkung mit
CaCOs identifiziert. Diese funktionelle Gruppe induziert die Epitaxie von CaCO3
auf der Oberflache der Goldnanopartikel, was zu hantelférmigen Mesokristallen
von Au@CaCOs fuhrt. Au@FesOs-Funktionalisierung mit Molekulen wie z.B. 11-
MUA, 4-TBC und 1-DT wird auf gleichen Nanopartikelchargen durchgeftuhrt, die
mit einer neuen vereinfachten Synthese synthetisiert werden. Zur selektiven Funk-
tionalisierung wird das HSAB-Konzepts zur Synthese isotroper anionischer oder
anisotroper amphiphiler Au@FesOas-Partikel herangezogen. Die kolloidale Stabili-
tat der Proben kann dabei als zentrale Voraussetzung fur eine gute Integration von

Nanopartikeln in CaCOs-Kristalle identifiziert werden.
2) Flexible synthetische Additive:

PolyTHF-Copolymere als neue Klasse unpolarer Polymere wurden ebenfalls mit
Carbonséauren postfunktionalisiert, um ihre Wirkung auf die CaCOs-Kristallisation
zu untersuchen. Die Polymere mit linearer und hyperverzweigter Struktur wurden
von Dr. Eva-Maria Langhammer (geb. Christ) im AK Frey synthetisiert und zur Un-
tersuchung der Auswirkungen auf die Calciumcarbonat-Kristallisation verwendet.
Zur besseren Vergleichbarkeit wurde die gleiche Menge an Carbonsauregruppen
am unpolaren Polymergerusts gleicher Molmasse sichergestellt, um vor allem die
strukturellen Effekte auf die Endmorphologie von Calcit Kristallen zu untersuchen.
Wahrend das lineare Copolymer die Bildung von stark gréReninhibierten Calciten
mit Einschlissen von Polymeren und einem hohen Grad an Nanokristallinitét indu-
zierte, bildeten sich unter Zugabe das hyperverzweigte Copolymers hantelférmige
Calcit-Kristalle. Daraus ergibt sich, eine Beziehung zwischen dem strukturellen

Motiv und der finalen Morphologie der CaCOs Kristalle.
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3) Flexible "natlrliche" Additive:

Als flexible "naturliche" Additive wird im letzten Teil der Arbeit eine Studie zur Wir-
kung rekombinant hergestellter Bg-AChBP-Proteine auf die Calciumcarbonat-Kris-
tallisation vorgestellt. Der Einfluss der Proteine auf die CaCOs-Kristallisation ist
eine noch immer diskutierte Eigenschaft der Acteylcholin Binde Protein (AChBP)-
Klasse, die eine starke sequentielle Beziehung zur amorphen Calciumcarbonat-
stabilisierenden Proteinfamilie (ACCBP) aufweist. In der untersuchten Biomphala-
ria glabrata Schnecke werden zwei verschiedene Isoformen der Proteine expri-
miert, die Bg-AChBP1 und Bg-AChBP2 genannt werden. Die diskutierten Funktio-
nen der Proteine reichen von neuronaler Signal-Transduktion tUber Entgiftung bis
hin zur Beeinflussung der CaCOs Kristallisation bei der Schalenbildung der Schne-
cke. Eine Zuordnung der Eigenschaften zur jeweiligen Isoform der Proteinklasse
ist jedoch bis heute nicht moglich gewesen, da die histologische Verteilung bisher
nicht untersucht war. Durch die Arbeiten von Dr. Daniela Treiber in der AG Markl

(Zoologie, Universitat Mainz) wird diese Zuordnung erstmals mdglich.

Mit dem Wissen zur Lokalisation der Isoformen des Proteins - Bg-AChBP1 wird
nahe der CaCOs-Bildung exprimiert, wahrend Bg-AChBP2 primér in den neurona-
len Zellen des Schneckengehirns zu finden ist — kbnnen die Rollen der Proteine
der entsprechenden Isoform zugeordnet werden. Bg-AChBP1 mit den guten Ara-
gonit-stabilisierenden Eigenschaften und seiner Co-Lokalisation mit CaCOs in der
Schnecke stabilisiert CaCOs und sorgt fur selektive Aragonit Kristallisation von
CaCOs. Im Gegensatz dazu wirkt Bg-AChBP2 als Kristallisationsinhibitor zur Um-
gehung von unkontrollierter Verkalkung des neuronalen Gewebes der Schnecke.
Dabei konnte sowohl der Bindungs-Mechanismus Calcium- und Magnesium-lo-
nen, wie auch der Einfluss der einzelnen Isoformen auf die CaCOs-Ausféllung in
der Ammoniakdiffusionsmethode konnte untersucht werden. Bg-AChBP2 wurde
hierbei als stark komplexierendes Protein identifiziert, wahrend Bg-AChBP1 nur
schwache komplexierende Eigenschaften aufweist. Um die Rolle der Proteine in

der CaCOs Kristallisation noch genauer nachvollziehen zu kdnnen wurden in vitro
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Kristallisationsexperimenten mittels Fallung und Ammoniakdiffusionsmethode un-
ter gleichzeitiger Anwesenheit von Magnesium-lonen und rekombinanten Protei-

nen beider Isoformen durchgefihrt.
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1 Introduction

In the recent century the research on composite materials underwent a renais-
sance due to the development and perspectives of mesocrystals as underlined by

the number of publications on the topic composites and mesocrystals shown in

Figure 1.1.
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Figure 1.1: Literature analysis: (A) Number of publications on the topics “Composites” and
(B) “ Mesocrystals”. Numbers were extracted from searches on www.scifinder.cas.org on
01.07.2018.

But why are these research fields pushed in recent years?

Besides the description of mesocrystal formation in natural materials it is the diver-
sity of possible composites one can formulate via mesocrystal assemblies. As na-
ture genetically controls such assemblies, human beings need to learn from na-
tures mechanisms to achieve new so called "bio-inspired” composites such as ar-
tificial trees, nacre, bone or other extremely tough, flexible materials. Furthermore,
mesocrystals can be powerful materials by their possibility of multi-functionality.
These materials can be used as novel filler or carrier materials for industrial pur-

poses.

For mineralization studies CaCOs is known as the best researched model system.

Hence still a lot of unsolved questions especially on interactions of CaCOs with


http://www.scifinder.cas.org/
http://www.scifinder.cas.org/
http://www.scifinder.cas.org/

additives need to be answered. This thesis tries to solve a few of these key ques-
tions by studying the effects of additives with various functional groups, optical,
mechanical properties as well as different polarity. The theoretical background on
crystallization and especially non-classical growth is presented in Chapter 2. The
results and discussion paragraph 3 is splitted into three main topics of research

that have been studied during the last three years.

First the thesis gives an insight to the requirement of carboxylic acid groups mobi-
lized on gold nanoparticles as interacting and stabilizing site to occlude them in
mineralizing CaCOs. The formed mesocrystals are identified as new composite
material with interesting optical properties (see Chapter 2.3.1.1). Besides the well-
known gold nanoparticles synthesis a new synthesis approach for the formation of
monodisperse dumbbell Au@Fes04 Janus particles is presented in Chapter 3.1.1.
The synthesis aims to improve the bad reproducibility and dispersity of Au@Fe30a4
nanoparticles to yield larger amounts than usual. The effects of anisotropy of such
Janus particles is used to study the formation of mesocrystals with CaCOs. In this
second part of the work, shown in Chapter 3.1.2, we demonstrate the need of good
colloidal stability to be the central challenge for studying. Furthermore, another

identification of the epitaxy of CaCO3s on Au surfaces is conducted.

Besides these rigid inflexible inorganic additives, PolyTHF polyacid copolymers of
linear and hyper-branched structural motive are studied for the role of structural
effects of non-polar carboxylic acid groups containing copolymers in comparison

to previously reported studies (see Chapter 3.2).

As third part of this thesis the function of the isoforms of proteins called Acetylcho-
line binding proteins (Bg-AChBP — claimed to be responsible for controlled shell
growth of Biomphalaria glabrata snail) are studied. One of the isoforms is identified
to have large impact together with magnesium ions on the polymorph that is form-
ing during precipitation (see Chapter 3.3) while the other isoform is identified to
have large mineralization scaling effects that might play a role in keeping the "over-
saturated" snail body stable against random mineralization of CaCOz3 (compare
Chapter 3.3.1.1 for details).



The thesis only presents a shortcut of the large and variable topic of mesocrystal
or even composite formation, the work is concluded at the end and the findings are

compared to existing literature and interesting ideas and suggestions for future
work on CaCOs biomineralization are provided.






2 Theoretical background

2.1 Crystallization

According to Ehrenfest, a crystallization is a first order phase transition of a solid
material from a supersaturated solution, melt or gas of its building components. 1]
In general crystallization is split in two main events first the nucleation and second
the crystal growth. For both events several classical and non-classical approaches

have been conducted during the last two centuries.

2.1.1 Classical Nucleation Theory (CNT)

Each classical crystallization event is induced by a classical nucleation that only
occurs if the system overcomes its activation energy barrier (see Figure 2.19 in
Chapter 0). It prevents that the system even nucleates at low or zero supersatura-
tion. Interestingly the classical nucleation itself induces heterogeneity into the sys-
tem by the formation of a second phase. This phase is separated by a new surface
which permanently gains surface energy due to its growth. Simultaneously the
package density of the formed material gets higher than the density of the sur-
rounding material. This fact causes a loss in bulk free enthalpy due to an increased
number of attractive interactions. As shown in Equation 1 CNT phrases homoge-
nous nucleation by a surface and volume term. The system nucleates if the sum

gets negative and the system wins energy by nucleation.

AGtotal = AGsurface - AGvolume (1)

Herein a central need for nucleation is an oversaturated solution of ions (S stands
for supersaturation of the solution), which is defined as the fraction of diluted ma-
terial a and the final equilibrium concentrations of the material in solution a..

5=a—e 2)



For a binary system this equation complexifies slightly to a quotient of the activities

of the diluted components a and the solubility product Kp of the material.

aA+ * aB—

T K ®

On basis of this simple definition LaMer @ published its calculations of concentra-
tion versus time as observed on the crystallization of sulfur from an oversaturated
ethanol solution. From these observations the theory of seed nucleation and
growth has been conducted as shown in Figure 2.1.
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Figure 2.1: LaMer-model of seed nucleation and growth.

During phase (I) the concentration of building blocks in solution increases until the
critical concentration is reached. The first saturated solution is correctly already
called oversaturated, but nucleation does still not occur. Only if the maximal con-
centration c,,, is reached during phase (ll) nucleation from the meta-stabile growth
solution occurs due to spinodal demixing. The ion concentration starts to sink con-
tinuously, due to growth of nuclei. In the following phase (1) c.: is reached again
and the saturation of the solution still sinks until it reaches the equilibrium concen-

tration S = 1, which is well known as the solubility product of the precipitated solid



phase. During this phase only growth continues and no further nucleation takes
place. Over time only Ostwald repining occurs and smaller crystals dilute for growth
of the larger ones. The rate of nucleation during the describe process is defined as

the following.

_AG:) @

Herein p is the mass density of ions, AG the critical barrier of free Gibbs enthalpy
in crystal growth. B j is the speed of absorption of building units of the crystal and
Z is the so called Zeldovich factor, a correction factor that calculates the ion inter-

actions caused by Brownian motion. In Figure 2.2 the relationship between free

Gibbs energy and maximal seed radius is shown.
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Figure 2.2: Correlation of Gibbs free energy and seed radius.

The maximum of energy for a certain critical radius at a given supersaturation re-
sults from the scaling factor difference of the volume term, which scales with r3,

while the surface term only scales with the square of the radius of the seed. Thus



the radius of the maximum seed size is related to type of system and the saturation

of the system shown in Figure 2.3.
— — 4 3 2
AG = Ap, + Apg = §1‘[l‘ AG, + 4nr (5)

In Equation 5 the origin the sphere typical scaling with surface and volume is cal-
culated. The constant p_ herein corresponds to the available free energy of a given
system surface and p, of the same systems volume. For example this value is
extremely different in the case of calcite for polar and non-polar facets which gives

proof of why calcite is truncated by (104)-facets.
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Figure 2.3: Relationship of Gibbs free energy and critical seed radius for different supersaturations.

The maximum of the nuclei radius results from differentiation of Equation 5 (see

Equation 6).
L_T2Y_ 2YVm

" =7AG,  RTInS (6)

The resulting free Gibbs energy of the critical sized nuclei can be calculated by

using Equations 5 and 6 as:



16y3V2
AG; = ———=
¢ = 3(RTInS)? ()
LaMer curves have a maximum at c,,,, and the growth of the crystals (phase IlI)
starts after the c.; is passed as described above. After the concentration falls be-
neath the supersaturation, the concentration strives to the equilibrium concentra-
tion of growth and dissolution of the crystals, which is called solubility product of

the crystal.

2.1.2 Heterogeneous Nucleation

In contrast to homogenous nucleation the heterogeneous case needs a template
to proceed. Templates can either be vessle walls, phase boundaries or mobile tem-
plates such as polymers, proteins or functionalized nanoparticles. For all these mo-
bile types of additives this thesis describes an example for a rather heterogeneous

than homogenous nucleation.

Figure 2.4: Heterogeneous nucleation of a spherical droplet on a flat surface: a,, describes the

corresponding surface energy of a boundary of any type. s = liquid, surface; lc = liquid, crystal; sc
= surface, crystal.!*

In most cases of a standard lab system one of the above mentioned conditions is
present e.g. glass walls or bubbles function as nucleating surfaces. The nucleation
of a half sphere on a flat surface can be described as shown in Figure 2.4. This
model system can be developed in analogy to the relationship of Gibbs energy for
the homogenous case (compare Equations 1-7). The central relation of homoge-
nous and heterogeneous nucleation is implemented by a slight change, compared

to Equation 5, in Equation 8.
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1 /4nrd
AG = AGy +AGs =3+ (—
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From this equation we get in analogy to the homogenous case the radius r* of the
critical nucleus from heterogeneous nucleation to be:

2Q0
AG,

*

r =

(9)

Herein Q is the volume of a seed and a’ the respective surface energy.

In Equation 9 slight changes regarding optimized surface energy according to the

homogenous case are made.

o =0 - (1 - M) (10)

204
From Equation 10 one can conduct that, if oy, the energy between substrate and
seed, gets large compared to the surface energy between the nucleating crystal
and the surrounding solution (a;.) as well as the energy of the boundary of the
substrate and the solution (o) the nucleation energy o reaches its maximum
value. This circumstance is especially given if a good structural equality of lattice
parameter of the seed and substrate, called “lattice match”, is present. The growth
process of one substrate on the other caused by a good lattice congruence is called
“epitaxial growth”. Besides the small lattice mismatch strong coulomb interactions
of substrate and seed trigger the epitaxy case as well as contrary charges and
weak surface roughness of the substrate. Heterogeneous is favored against ho-
mogenous nucleation, if the seed building blocks are tightly binding to the surface
of the substrate. Thus the heterogeneous growth of CaCOs is likely on carboxylate
group carrying surfaces. Nature also uses heterogeneous nucleation by membrane

proteins working as nucleation sites for mineral material like bone.

Another typical heterogeneous nucleation is the nucleation and oriented growth of
Magnetite on Au. Au@Fe304 Janus particles are synthesized by thermal decom-
position of an iron oxide precursor under presence of Au nanoparticles. For such
an epitaxy a low-energy interface that has a reduced energy compared to homo-

geneous nucleation is the domain for heterogeneous growth. The central need
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therefore is a maximum tolerated lattice misfit of both materials a that is lower than
10 % for € in Equation 11.

_ aphase — dguybstrate

€ (11)

Agubstrate

Epitaxy is the central effect on templated nucleation of CaCOs with additives in
Chapters 3.1.1, 3.1.2 and 3.1.3.

The most important point to determine whether a nucleation and growth is either
dominated by homogenous or heterogeneous mechanisms is hard to answer.
While strong supersaturations compared to the additive concentration favors ho-
mogenous nucleation it can also be heterogeneous at some point of supersatura-
tion (importance highlighted with red S in Equation 12), because the rate of heter-
ogeneous growth overtakes the rate for the homogenous case as shown in Equa-
tion 12 and illustrated by Figure 2.5 for CaCOs.

At 1 (16ny3w25> 12)
" Jnetere P 3RT(AW)?

But one can doubtless claim that nucleation is never strictly homogenous or heter-
ogeneous due to the large number of influences on the crystallization. Thus a mix-
tures of morphologies or even polymorphs of CaCOs are an example for a typical

additive influence.

1 =116 mJim®

Introduction period (log t,.) (s)

1 1 1
0.2 0.4 0.6 0.8 1.0
Supersaturation (log S)*

Figure 2.5: Transition from homogenous (red line fit) to heterogeneous nucleation
(blue line fit)regime for CaCOs at supersaturation S = 20 depending both on frac-
tion of final supersaturation and the resulting induction period (both logarithmic
scale). Redrawn from data printed in “Crystallization” from J.W. Mullin (ISBN:
978-0-7506-4833-2). [
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Crystal Growth

Classical growth theories describe the formation of final crystals from nuclei. From
the LaMer model this is basically described by phase (1) in Figure 2.1. If the equi-
librium concentration, called solubility product of the growing crystal, is reached,
growth results from the solution of smaller particles for growth of larger ones
(known as Ostwald-ripening). Alongside with the classical approach that is de-
scribed as an ion by ion attachment non-classical approaches, that are mainly
based on pre-clustering and particle mediated attachment of building units are dis-

cussed in the following paragraphs.

2.1.3.1 Classical Crystal Growth

The classical approach describes growth as a layer-wise attachment of single
ions/molecules as non-dividable building units under ideal conditions to form a
crystal surface. In general a mass transfer from the surrounding medium to the
crystal is needed for growth. Near the equilibrium the rate of this process is pro-
portional to its driving force. The driving force is described by a gain in chemical
potential, which can be influenced by temperature, pressure, concentration, elec-
tric or magnetic fields as well as gravity or surface tension. Three different transfer
processes are involved in the crystal growth. First the mass transfer in the medium
toward a crystal, second the heat transfer caused by crystallization from the crystal
surface into the medium and last the mass transfer through the crystal/medium
interface. This mass transfer can be described in general as a combined diffusion

and interface limited growth from solution.
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Figure 2.6: Scheme to describe the relationship of driving force, here supersaturation against the
resulting crystal morphology, rate determination and overall crystal structure is shown.

A strictly diffusion-controlled process hereby is very rare. The growth regime de-
termines whether single-crystal (kinetic limit) or polycrystals (diffusion limit) are
formed. By increasing the supersaturation as driving force the process can become
diffusion controlled rather than interface controlled (resulting morphologies are
shown Figure 2.6). From this fact one can predict structures for etch pits formation

on CaCOs as shown in Figure 2.7 a-c.

No CR

1um
after 20 min

after 4h 30 min

Figure 2.7: AFM image series of calcite (104) surface under time lapse without additive (a-c) and
with Kongo red as additive (d-f).(a-c) Show classical etch pit formation over time while Kongo red
terminates the polar step edges and inhibits dissolution of CaCOs for growth of etch pits from a
supersaturated solution. The figure is reprinted with permission from Langmuir. 6]
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Thereby thermodynamic control comes into play at very low supersaturation so that
the above described rate of crystallization is very low. The surface energy of the
facets of a crystal determines the facets growth rate as shown in Figure 2.7 for
calcite facets. The lower the surface energy, the faster their growth and thus the
lowest energy surfaces are finally the facets that truncate the crystal. As energy
correlates with speed of growth the high energy facets are growing slower than the
low energy facets and thus in the state of thermodynamic equilibrium the crystals
are truncated by slow growing facets. Crystals grown under classical conditions
are described by the Wulff construction shown in Figure 2.8 [ which is the graphic
construction of the Bravais-Friedel law V,~1/d,. The law states: The larger the
inner-planar distance dy, the smaller the growth rate V,,, or the more pronounced

the crystal face.

Figure 2.8: Scheme for oriented growth along a specific direction under thermodynamic control
(Wulff construction, redrawn from original by Michael Schmid, google.de, image search).

The most prominent approach for a layer-by-layer growth is the Frank-van-der-
Merwe growth, or also called normal growth. 8 Thereby the formation of a new
monolayer occurs from building blocks. Their critical size can be calculated as a
heterogeneous nucleation event from ion by ion agglomeration on a surface. So
finally the formation is equal to a flat surface adhesion. The more prominent exam-
ple is shown in Figure 2.9.
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Py
surface atom

bulk atom

Figure 2.9 Various possibilities for crystal unit attachment on a growing surface of a crystal. Different
numbers of next neighbors result from different positions and have a different binding enthalpy.

Especially at elevated temperatures the thermal motion induces surface roughness
through formation of kinks to which step atoms can attach by overcoming a lower
energy barrier than in the case of adatom attachment. The adatom formation is
favored at higher supersaturation as the energy barrier is too high at low supersat-
uration and can only be reached by additional driving force as high supersaturation.
This can induce a two-dimensional nucleation to form etch pits as shown for CaCO3

in Figure 2.7 (a-c).

Another possible origin of growth is the permanent source of growth steps from
screw dislocations as described by the BCF theory (Burton, Cabrera, Frank) shown
in Figure 2.10. It basically describes screw dislocations to be favored as growth

locations against all other possible growth mechanism.
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Figure 2.10: AFM image series of BaSO4 (001)-surface under spiral growth around step displace-
ment from very low supersaturation (a-e) and with fresh injection of extreme supersaturated solution
(f) which results in a high rate of island growth. The figure is reprinted with permission from Mac-
millan Publishers Ltd: Nature copyright 1998. [

Defects as vacancies or adatoms can also become step sources. Furthermore the
formation of twin boundaries, absorption of impurities or even crystal edges can be
fast growing areas. Biological environments bear a plethora of crystallization influ-
encing additives. Thus the crystallization is often kinetically controlled in these
cases. Classical strictly thermodynamically controlled crystallizations are thus very
rare. In the kinetically controlled case the growth rate of the whole crystal is often
faster than the growth rate of specific facets. Thus kinetic control hinders the crystal
to reach perfect truncation with facets such as the (104) facet of calcite. Sometimes
also polymorphism of a given composition comes into play. For example aragonite
is the favored stable polymorph in the case of calcium carbonate instead of calcite
for kinetically controlled crystallizations. But in general also a plethora of possible
morphologies of polymorphs are observed in nature for kinetically controlled crystal
growth. The truncation of specific facets for example with polycarboxylates as it
occurs in nature is another path to influence morphology of crystals. Ca?* double
layer formation, complex formation with additives or addition of foreign ions for in-
fluence of lattice parameters are also key influencing factors of the work presented

in the following chapters of this thesis.
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Effect of impurities on classical growth

First the additive can absorb on a growing kink and block it. This is called Blizna-
kov-Chernov mechanism and shown in Figure 2.11 (A). The consequences of such
absorptions can be morphology changes while kinetics of growth and surface mi-
cromorphology are unaffected. Nonetheless a face selective absorption can totally

inhibit growth of facets.

A B
T Growth direction

Growth direction
—p

@ Foreign atoms
O Crystal atoms

Figure 2.11: lllustration of the Bliznakov-Chernov mechanism (A) and the Cabrera-Vermilyea mech-
anism (B) for the effect of impurities of kink absorbed foreign atoms (A) and step pinning (B).

The second effect can be a step pinning, the so-called Cabrera-Vermilyea mecha-
nism, that describes binding of an impurity as an inducer of a dead zone and trig-
gers tapering and formation of curved surfaces as shown in Figure 2.11 (B). Addi-
tives can by occluded by overgrowth as shown for PAA by de Yoreo et al. (1%

As already mentioned, occlusion of additives can result in a zoning, sector-zoning
or concentrating of additives in twin boundaries or dislocations. This can change
the crystals morphology as well as its properties as demonstrated in the results

and discussion part of this thesis and by many examples in literature. [11-15]
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2.1.3.2 Non-classical Crystal Growth — Mesocrystals

Currently the non-classical nucleation approaches are under controversial discus-
sion in literature as findings could also be describable by the classical approach.
Although non-classical nucleation is still a discussed field of research the non-clas-
sical crystal growth is a central and widely accepted approach that describes find-
ings from natural and synthetic composites. Non-classical growth is based on the
formation theory of crystals build of pre-formed complexes, agglomerates or parti-
cles. If the final crystal lattice is disturbed by the occlusion of additives or defects
(e.g. holes, multiple twinning, nano-crystallinity) under keeping an overall ordered
orientation of the crystal building blocks the crystal is called a mesocrystal. If the
crystal does no longer have a common axis of orientation of its building blocks it is

called a polycrystal as described by Schenk et al. (see Figure 2.12 (C)). [16]

crystal
growth
temporary
primary @ stabilization
nanoparticles —_—
>3 nm Polycrystal

N T i

S Oriented
Amplification Attachment =

v v

Single crystal Iso-oriented

crystal
G

Amplification

L

~L5

Yy

Mesocrystal

Figure 2.12: Scheme of classical and non-classical crystallization to (A) single crystals (B) oriented
crystals of nano-building-blocks (C) polycrystals and (D) mesocrystals. Scheme is adapted from
literature. 1171

In the above shown graphic pathway (A) describes the classical way of crystalliza-

tion starting from small primary nanoparticles as building blocks for ordering and
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classical growth which reaches to the formation of a single crystal. If non-classical
growth comes into play, two different cases can be distinguished as (B) oriented
attachment of primary nanoparticles with a subsequent oriented fusion to an iso-
oriented crystal with subdomains which can undergo amplification to become a
single crystal over time or temporary stabilization of such building blocks for exam-
ple by stabilizing molecules. The stabilized nanocrystals can subsequently agglom-
erate either misoriented to become a polycrystal (C) or oriented along the crystal

lattices axis to form a mesocrystal (D).

Another important way to form a crystal is via amorphous, liquid like pre-phases as
already discussed in Chapter 2.1.3.1 for CaCOz. The Ostwald rule of stages [18]
gives an explanation why the formation of this phase especially for large supersat-
uration (easily soluble material) is favored compared to others. That this amor-
phous species can adapt many different internal and external structures is another
way of explanation of mesocrystal formation of complex morphologies as given by
Colfen et al. [*% The most important point to distinguish between polycrystals and
mesocrystals is the common crystallographic orientation of nano-crystal building
blocks within mesocrystals which is not the case for polycrystals. There is a pleth-
ora of mechanisms that can result in mesocrystal formation. Doubtless there are
molecule and substance classes that favor mesocrystals against single or poly-
crystals assemblies. The most common mechanisms and systems are discussed

in the following subparagraphs.
Orientation along organic skeleton

In this mechanism an organic structure defines the space for crystallization. The
organic matrix is pre-assembled and thus this mechanism is dynamic in inorganic
material transport than the other mechanisms (see Figure 2.13 (A)) The most
prominent example is the hierarchical growth of bones nano-sized mineral building
blocks of hydroxyapatite as shown in Figure 2.13 (B). Especially for this system the
role of collagen fibrils is commonly accepted but still partially bad understood.
Wang et al. [2% have shown that collagen is initiating the crystallization on the one
hand but on the other it is also able to orient the precipitated platelets by control of

the atomic assembly of hydroxyl apatite nanomaterial.
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Figure 2.13: Orientation along organic skeleton: (A) Scheme for alignment on organic skeleton.
Reprinted with permission. [21 Copyright 2016 Wiley-VCH. (B) Scheme on its most prominent ex-
ample: The hierarchical structure of bone with the oriented alignment of hydroxylapatite nanocrys-
tals. Reprinted with permission. (221 Copyright 2017 American Chemical Society.

Alignment by physical forces

An example for the assembly by physical forces is the electrical field assisted align-
ment of CdSe nanoparticles on a TEM grid is shown in Figure 2.14 (B). The second
possible technique to assemble magnetic material is shown in Figure 2.14 (C). By
evaporation of solvent on a QCM mesocrystal formation can be monitored by phys-

ical parameters.

Toluene vapour N, gas

=4

—_—
fluorosilane-
functionalized 1 Quartz crystal sensor

Assembly of nanoparticles

Figure 2.14: Alignment by physical forces: (A) Scheme of physical forces between building blocks
of a mesocrystal. Reprinted with permission. (211 Copyright 2016 Wiley-VCH. (B) CdSe nanocrystals
assembled under application of an electric field perpendicular to the paper plane. Reprinted with
permission. 231 Copyright 2016 American Chemical Society. (C) Scheme on the assembly of super-
paramagnetic iron oxide nano-cubes by evaporation with monitored dissipation with a quartz micro-
balance. Reprinted with permission. 24 Copyright 2017 American Chemical Society.
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Besides these mechanisms the application of dipole or even within the earth grav-
itation field can lead the crystal assembly to the wanted pathway to assemble un-
usual structures under keeping the nanoscale level unchanged. Another not negli-
gible force is the capillary force which can push CaCOgs into unusual shape to form

speculi as published elsewhere. 9]
Epitactic growth by assembly of mineral bridges

Another way of mesocrystal formation is the interaction of nano-sized building-
blocks via mineral bridges. This concept first has been found for mother pearl nacre
platelets shown in Figure 2.21 (D) in Chapter 0, and furthermore described for the
mineral skeleton of sea urchins as shown in Figure 2.15 (B a) and the during egg-
shell formation see (B b,c). The description shown in Figure 2.15 (C) explains for-
mation of mineral bridges by a mineralization through a defect within an additive
cover of nano-building-blocks wherefrom it penetrates the next additive layer to
grow together with a second building block. [?81 This mechanism can continue until
the polymer layer is either occluded within a mesocrystal or pushed out by further

fusion.

>

sequential
growth

Figure 2.15: Epitactic growth by assembly of organic bridges: (A) Scheme of interaction via mineral
bridges (red). Reprinted with permission. 211 Copyright 2016 Wiley-VCH. (B) Example of mineral
bridges in a sea urchin (a) and during egg shell formation (b, c). (C) Theoretical mechanism of
mineral bridge formation. Both (B) and (C) are reprinted with permission. 261 Copyright 2016 Wiley-
VCH.
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Assembly within confinement

This theory is based on the central finding that crystalline spherical nanopatrticles
perform oriented growth within confinement for entropy reasons. Precursor parti-
cles are assembled loosely at the beginning of growth but further precipitation
within the confinement results in mechanical stress and thus in a constrained ori-

entation as shown with the green crystallite in Figure 2.16.

Figure 2.16: Assembly within confinement: (A) Scheme of assembly of a mesocrystal with external
constraint. Reprinted with permission. 211 Copyright 2016 Wiley-VCH. (B) CaCOs precipitated within
a polymer membrane. Reprinted with permission. 271 Copyright 2016 American Chemical Society.
(C) SEM of an microlens array of the dorsal arm plate of the brittlestar O. wendetii using calcites

birefringance for focusing objects, which is described in Chapter 2.2.4 128 Copyright 2004 RSC
Publishing.
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Oriented attachment

The basis of this theory has already been described above and is often called Ost-
wald-ripening. [*8 This theory assumes that the growth of larger crystallites from
small subunits is accelerated by the gain in surface energy. By lowering distinct

surface energies unusual orientations of attachment can be observed.
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Figure 2.17: Oriented attachment: (A) Scheme of assembly of a crystal building blocks to form a
mesocrystal under oriented attachment. Reprinted with permission.l2X Copyright 2016 Wiley-VCH.
(B) TEM image of a-Fe20O3 nanoparticles that assemble to nano-rice of sub-micrometer size. (C)
Mechanism of assembly that describes oriented growth by absorption of phosphate anions on build-
ing blocks for truncation of growth facet perpendicular to the growing direction. Both (B) and (C) are
reprinted by permission from Macmillan Publishers Ltd: Nature, 291 copyright 1995.

Also assemblies of nano-sized building blocks to mesocrystal structures can be a
result therefrom and are furthermore driven by a gain in entropy of the solution of
particles due to particle attachment. A nice example for such a process is the as-
sembly of a-Fe203 nanoparticles triggered by phosphate addition to assemble sub-

micrometer sized mesocrsystal structures, so-called nano-rice (see Figure 2.17).
Orientation by face selective binding of additives

Another method to describe mesocrystal formation is the truncation of specific fac-
ets by selectively binding additives. For example the binding of Silicatein-a on
nano-size CaCOs building blocks and subsequent maturation of about 100 um long
spicules occurs in a distinct orientation ((100)-direction, see Figure 2.18 (B)). The
final spicule waveguides light and is highly flexible for bending. Even relaxation

after bending 360° does not break the spicule and it relaxes back to 180° after
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bending. The origin of the flexibility is the weak coordination of the silica specialized

protein on CaCOs building blocks within this brick-mortar structure.

Self-assembled
spherical particles

Basic unit

+ @R

B Synthetic spicule

Figure 2.18: Orientation by face selective binding of additives: (A) Scheme for mesocrystal assem-
bly due to molecules face selective binding. Reprinted with permission. 21 Copyright 2016 Wiley-
VCH. (B) Mechanism of assembly of mesocrystalline calcitic spicule grown along (100)-direction
via precipitation of CaCOs by desiccator ammonia diffusion method under presence of Silicatein-o
Reprinted with permission. [131 Copyright 2013 American Association for the Advancement of Sci-
ence.

For instance crystallization from solution can also have further influencing path-
ways not shown here, for example magnesium ions are famous to trigger aragonite
precipitation by lattice distortion due to incorporation of smaller ions with larger
water association and strip-off energy. This also shows the complexity of crystalli-
zation with additives, one needs exact knowledge about the added substances
such as charge, mass, volume, reactivity and other physical and chemical proper-
ties. Hence the coexistence of two or more of the above shown pathways of influ-
ence can trigger crystallization into complex assembly cascades with abstract
structural results that are challenging to describe. Chapter 3.3.1 describes such a
dual mechanism that plays an important role for the formation of the shell of the
pondsnail Biomphalaria glabrata. Another example for additives with complex in-

fluence pathway are nanoparticles added into the CaCOs precipitations.



25

2.2 Calcium carbonate

Three hydrated (monohydrocalcite, ikaite and ACC) and three non-hydrated poly-

morphs (vaterite, aragonite and calcite) of calcium carbonate are known.
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Figure 2.19: Thermodynamic stability of CaCOz polymorphs.

Two of the three hydrated phases called monohydrocalcite % CaCOs - H20, that
crystallizes in symmetry group P3121 in a trigonal unit cell with eightfold coordina-
tion of calcium 3132 and ikaite CaCOs - 6 H20, that crystallizes in space group C2/c
in a monoclinic unit cell with eightfold coordination of calcium 3334 are very rare in
nature. As for the structure of ikaite [¥-37], monohydrocalcite shows an eightfold
coordination of calcium ions, of which some oxygen coordination are direct car-
bonate oxygen coordination and some to oxygen of water molecules. In monohy-
drocalcite the eightfold Ca coordination consists of bonding to four neighboring
carbonate groups and two water molecules. Two of the carbonate groups are in-
volved in two bonds from Ca to two separate oxygen atoms, and two others are
involved in one bond from calcium. The reason for their rarity is that both poly-

morphs only form under non-ambient conditions (high pressure, low temperatures
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or very high supersaturation respectively) and have an extremely good solubility
what makes them unstable at ambient conditions. 3841 Thus these polymorphs
are not discussed in closer detail. The relative energy level order of each named
species shown in Figure 2.19. Calcite is the thermodynamic stable phase while
Aragonite is the kinetic stable phase. Besides these phases also metastable va-
terite, ACC or the mentioned phases ikaite and monohydrocalcite can form. (8 But
still the main product under thermodynamic optimal conditions is Calcite and mainly

the phase shown in the discussion paragraphs of this thesis.

2.2.1 Amorphous CaCOs

Amorphous CaCOs (ACC) is of high interest as metastable precursor phase which
is often observed in nature and in laboratory precipitations of CaCOs. The most
relevant precipitation process has been published by Faatz-Wegner in 2004. 42
They report on an industrial relevant process to form synthetic spherical ACC par-
ticles from hydrolysis of carbonic esters at extreme basic aqueous conditions. It
has been shown in the range of biological relevant temperatures that ACCs has
very high solubility and crystallization to vaterite is induced within minutes and sub-
sequent transformation to calcite within hours due to a solution-reassembling pro-
cess. 3 Thus the key point for investigations on ACC is to keep ACC stable within
the time of measurement to study its structure. This is mostly facilitated by additives
or precipitation routes in anhydrous environment as published by Colfen et al. 44
They used ammonia diffusion method into a solution of CaClz in ethanol to enrich
CaCOs and separate it from a faded solution of about 50 nm large particles. An-
other route is the addition of polymer additives that hinder dissolution and recrys-
tallization and restrict ion mobility in the ACC that is needed for transformation to
crystalline phase. The phase one precipitates with this process is formerly known
as PILP phase of calcium carbonate. 51 Besides this phase that stands in strong
conformational relationship to ACC another name was called for the structure.
DOLLOPs, written dynamically ordered liquid-like oxyanion polymer, were investi-
gated by calculations of Gale et al. in 2012 and popped up the question about the

number of existing amorphous species. [*¢! As long as non-classical nucleation
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pathways are still under controversial discussion in literature 748 to be also de-
scribable with classical approaches this chapter stops discussing in to close detail

because there is no need of discussion for the goals of this thesis.

2.2.2 Vaterite

Vaterite as thermodynamically metastable non-hydrated form is very rare as bio-
mineral in sediments because of its thermodynamic instability against reordering

and phase transformation.

Figure 2.20: Vaterite: (A) SEM snapshot of a classical vaterite crystal. (B) Unit cell of Kolb et al.
TEM reconstructed structure with two different coordination environments for calcium ions. Black:
Carbon, Red: Oxygen, Green: Calcium position 1, Blue: Calcium position 2. 9]

According to the beforehand described Ostwald rule for transformation processes,
vaterite is formed as intermediate phase and plays an important role as inor-
ganic/organic hybrid material as it will be described in the discussion part. Vaterite
usually forms spherical flower like structures as shown in Figure 2.20 (A). The com-
plexity of coordination environments results in the huge number of nano-domains
such a crystal usually forms, which makes structural research on this biomineral
highly complex. Nowadays two general structural solutions from electron diffraction
are published by Kolb et al. [*°l and Pokroy et al. [5% Kolb et al. overcame the prob-
lem of nano-crystallinity by ADT of a 50 nm crystal. The resulting crystal structure
is shown in Figure 2.20 (B) and the calculated parameters for the unit cell, solubil-

ity, and density are shown in Table 2.1.
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Table 2.1: Crystallographic data of vaterite. [49.51

Space group C2/c (15), monoclinic, Z = 12

Lattice parameters a=12414A,b=7144A c=9414A B=11585"°
p 2.66 g/cm?3

K 25°C 3.31-10°° mol?/L?

A hexagonal coordination of calcium ions by bridging carbonate ions results in total
coordination number eight for each calcium atom. In contrast to the more stable
Calcite and Aragonite modifications the vaterite lattice has higher calcium atom
coordination numbers and two different coordination environments of carbonate

sub-lattices which result in split modes in Raman- and IR-spectroscopy.
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2.2.3 Aragonite

The coordination of calcium ions in aragonite is a ninefold coordination of car-
bonate oxygen atoms to form an orthorhombic crystal as shown in Figure 2.21 (A)

with in Table 2.2 shown physical parameters.

Table 2.2: Crystallographic data of aragonite. 49.51]

Space group Pmcn (62) orthorhombic, Z =4
Lattice parameters a=496A4 b=7974 c=5744
P 2.93 g/cm?3

K¢ 4.57-10° mol?/L2

Synthetically aragonite can form under increased temperature 52 or under pres-
ence of foreign bivalent ions as Fe?* or Mg?* ions which is one central aspect in the
discussion on the precipitation of described bundles of aragonite in Biomphalaria

glabrata as shown in Figure 2.21 (C) and discussed in paragraph 3.3.1.

This polymorph of CaCOs is mostly precipitating in bundles as shown in Figure
2.21 (B) in the lab which differs from the most relevant biomineral structure of this
modification, nacre, wherein it forms dense platelets of 500 nm thickness that are
stacked over egde and glued with a biopolymer mixture to one another which gives

extreme fracture toughness (see Figure 2.21 (D). 53



30

Figure 2.21: Aragonite: (A) Coordination sphere of a single calcium atom in aragonite structure
Black: Carbon, Red: Oxygen, Grey: Calcium. (B) Aragonite bundle as usual structure of crystalline
material from synthesis. (C) SEM image from snail shell of Biomphalaria glabrata showing 90°
crossed bundles of aragonite as building units (D) SEM micrograph of a part of the nacre layer of
Leymeriella, a Lower Cretacoeus (Albian) ammonite, showing the typical stacks of tabular hexago-
nal crystals (Image taken by Dr. René Hoffmann).

2.2.4 Calcite

Calcite is the thermodynamically stable polymorph of calcium carbonate and crys-
tallizes in the diagonal-scaleonedric crystal class 32/m with a sixfold coordination
of each calcium ion by oxygen atoms as shown in Figure 2.22 and has the following
properties (see Table 2.3).
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Figure 2.22: Coordination sphere of a calcium ion within calcite lattice with sixfold geometry caused
by carbonate ion coordination.Black: Carbon, Red: Oxygen, Grey: Calcium

Table 2.3: Crystallographic data of calcite. (51,54

Space group R3-c (167), trigonal, Z=6

Lattice parameters a,b=4994, ¢c=17.064, B=102°
0 2.72 g/lcm3

K25°C 3.31:10° mol?/L2

These usually rhombohedral shaped crystals shown in Figure 2.23 (A) are trun-
cated by the (104)-lattice plane which is over all neutral and thus lowest in surface
energy and thus slowest growth layer. In Figure 2.23 (C) the (010)-lattice plane is
shown as an example for a polar lattice plane within the calcite lattice due to its
truncation with calcium and carbon atoms of carbonate groups pointing out of
plane. Figure 2.23 (D) shows the most relevant polar facet for binding of negative
charged additives, the (001)-lattice plane. Its high polarity results in strong interac-
tions with anionic additives which often results in elongation along the c-axis which

is perpendicular to the (001)-layer.
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Figure 2.23: Calcite: (A) SEM image of classical rhombohedra of calcite. (B) Calcite lattice with an
exemplary {104} facet in green. Black: Carbon, Red: Oxygen, Grey: Calcium for all structures (C)
{010} facet colored in magenta showing calcium and carbon atoms of carbonate groups on their
surface. (D) Assembly of atoms on {001}-layer of calcite with the view along c-axis (plane is not
colored) showing undersaturated calcium ions on its surface.

Another important property of calcite is its birefringence that is caused by two dif-
ferent refractive indices one perpendicular to the mentioned c-axis and one parallel
to this axis. [°° Calcite has the lowest solubility in agueous media and also the
highest density of all polymorphs. Thus it can happen that during transformation
from amorphous to crystalline material holes form inside the crystal. This, so-called
Kirkendall effect, forms holes due to densification for example by crystallization of
amorphous to crystalline phase of a crystal of constant volume. [58]
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2.3 Additives for Crystallization

2.3.1 Nanoparticle

In general nanoparticles are defined as all particles within the size range from 1 to
100 nm. 571 The truncation of this definition is basically due to the extraordinary
properties of many materials in comparison to bulk material, which is also called
size quantification effect (e.g. optical properties of conducting metal particles). Na-
noparticles show often more pronounced heterogenic catalytic activity compared
to bulk material due to their much larger relative surface. 8 Furthermore nanopar-
ticles can be synthesized as a custom toolbox for drug delivery and tumor therapy
[59.60] as well as environmental chemistry purposes. 61 For synthesis of such ma-
terials there are two general mechanisms possible: First bottom-up from the basis
of a precursor and second the top-down method from bulk material to nanometer
sized particles by physical treatment such as grinding. Either solvo-thermal, micro-
emulsion, direct precipitation or sol-gel-synthesis as bottom-up approaches are
methods of choice for good particle monodispersity and distinct morphology.
Hence a basic disadvantage of the bottom-up approaches is the relatively small
yield of each synthesis. To reach satisfying yields continuous synthesis ap-
proaches (e.g. microfluidic) are needed to overcome polydispersity issues due to
bad reproducibility in batchwise synthesis. In the following paragraphs basically the
non-continuous decomposition method starting from a precursor solution is pre-

sented.
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2.3.1.1 Au-Nanoparticles

Already the Romans have used colloidal gold particles for coloring of cups during
the fourth century after Christ. Sure it was unclear which great potential colloidal
gold particles will have nowadays. So as the beginning of scientific research on
synthetic and physical chemistry of Au nanoparticles the work of Michael Faraday
in 1856 can be seen. 62631 pesides this work also Mie described the origin of plas-
monic activity and its significance for research. The smart approaches within the
last centuries are that plasmon resonance can be tuned by surface functionaliza-
tion [%3] for example with small molecules 4 as well as size 6469 shape [6470-72
and assembly to [73-76] resonance relationships demonstrated for gold nanoparti-
cles. The synthesis and growth of Au nanopatrticles can be described by the LaMer
model for homogenous nucleation as described in Chapter 2.1.1. Caused by dif-
ferent timing due to different nucleation temperature one can control the size of the
final nanoparticles in organic solution as described by Peng et al. and shown in
Figure 2.24.[77]

10

Diameter / nm

5 10 15 20 25 30
Temperature / °C

Figure 2.24: Graphic of relationship between reaction temperature and nanoparticle diameter. Re-
drawn from literature. [7]

The size depended properties caused by the size-quantification effect as for exam-

ple shown for the plasmonic activity of Au nanoparticles in the wavelength range



35

of visible light which results in the reddish to purple color of the particle dispersions
in Figure 2.25. [78]

LLLLLTETT

Figure 2.25: Plasmon absorption shift of Au nanopatrticles f.l.t.r. up to 20 nm diameter.Image
Source: Sigma Aldrich Webpage February 2015.

Gold nanoparticles are still en vogue systems due to their extraordinary surface
chemistry 8] easy signal transduction due to electrical conductivity and coopera-
tive behavior of conduction electrons with other (semi-)conductors [7%-81 and their
large polarizability of optical frequencies caused by the excitation of the surface
plasmon. 821 Especially the knowledge of HSAB concept for functionalization with
small and described influences on the particles optical properties make gold nano-
particles an often used optical and spectroscopic sensor in science. 83861 Thus the
easy optical detectability via dark field and UV-Vis spectroscopy so either using Au
nanoparticles emission or absorption properties is an often used Au nanopatrticle
property 87-921 Furthermore X-ray diffraction and scattering (XRD, SAXS, WAXS)
can easily facilitated with these particles due to their large X-Ray scattering cross-
section. The synthesis of spherical gold nanoparticles usually starts from auric acid
that is either reduced in aqueous medium by the famous citrate route [®3-%I or via
using strong reducing borane complexes in organic solvents. "/l Instead of the
mentioned temperature control during nucleation of gold nanoparticles, which often
results in polydispersity, an increase in diameter of such small gold nanopatrticles
is managed by further thermal decomposition of HAuCls under presence of oleyla-
mine as capping and reducing agent. ¢ This approach yields nice monodisperse
particles but small overall reaction yields which is a key capability for the following

Chapter on Au@Fes04 Janus particles.
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2.3.1.2 Au@Fe304 Janus Particles

The synthesis of Janus particles with a single Au and FesO4 domain can be de-
scribed as a preliminary heterogeneous overgrowth of (111)-truncated gold seeds
with more gold to increase the gold domain size and a subsequent heterogeneous
growth of a single FesO4 (magnetite) domain. The counting of domains of FesOa is
mainly influenced by the solvent polarity and the amounts of oleic acid and oleyla-
mine during the thermal decomposition of an iron oxide precursor as iron oleate,

iron pentacarbonyl or iron actylacetonate.

Generally the single domain growth occurs between magnetite (220) and the gold
(111) lattice-plane by heteroepitactic growth. In recent years such heterodimer par-
ticles gain increasing attention due to their extraordinary combination of optical and
magnetic properties under simultaneous existence of different surfacial properties
due to the different oxyphilicity of the particles domains. Thus a plethora of possible
structure-property relationships that even can be used for complicating functional-
ization combinations have been explored in history. [?6-101 Byt the synthesis of such
particles needed a lot of synthesis development research to control the reaction
which is facilitated between kinetic and thermodynamic control. Thus heterodimers
[97.101.102] can been synthesized by right mixing and temperature control as well as
solution polarity and precursor supersaturation instead of tri- or tetramers or even
flower like particles with multiple FesO4 domains. 1°U Therefore atomic diffusion
and interactions as well as surface reactivity are mainly controlled by the addition
of the right amount of oleylamine and oleic acid as key parameters of synthesis

control.
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Figure 2.26: Au@Fes04 Janus particles: (A) Electronic influence of the contact of FesOsand Au
domain within Au@Fe304 Janus particles. Fermilevel gets equalized due to charge carrier transport
between Au as metal and FesO4 as semiconductor with a 0.14 eV band gap. Resulting color of
Janus particles with small gold domain (B) and large gold domain (C).

One can simply use small Au nanoparticles as seeds to synthesize brownish non-
plasmon-active Au@Fes04 Janus particles shown in Figure 2.26 (B). The reason
of missing plasmon activity is the charge carrier flux of almost all free oscillating
electrons from the metal Au domain to the semi-conducting FesO4 domain through
the heteroepitactic contact plane. This effect, called Schottky barrier as schemati-
cally presented in Figure 2.26 (A) and reported in literature 193, is much weaker in
the case of using large (above 8 nm in diameter) Au nanopatrticles to grow FeszOas
on as a large number of charge carriers remains on the gold domain where they
oscillate and cause the greyish color of the nanoparticles (see Figure 2.26 (C)).
Particle and their functionalization and inter-particle interaction detection gets
much easier for this case due to the plasmon activity these particles still show. The
synthesis of reproducible large amounts of equally sized Janus particles is essen-
tial for the use of such particles as additives for the formation of composites with
extraordinary optical and magnetic properties or to study the surface functionaliza-
tion effects on CaCOs crystallization as they will be studied in Chapter 3.1.3. This

motivated the development of a seed mediated one pot synthesis with small waste
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of particles due to intermediate cleaning steps and good reproducible monodisper-

sity.

2.3.1.3 Functionalization of Nanoparticles

As already mentioned the Au as well as the Au@Fe304 Janus particles need to be
functionalized with so called self-assembled monolayers (SAM) of CaCOs interact-
ing molecules or even molecules that ensure good solubility in water. From organic
synthesis the particles both bear a self-assembled mono- or even multilayer of
Oam and/or Oac respectively. 194 This needs to be retarded and the blank surfaces
need to be functionalized with the liked molecules mostly thiol containing ones for
Au and catechol or carboxylic acid containing ones for the FesO4 domain. The total
detachment of ligand and surface is unfortunately impossible due to immediate
Ostwald ripening occurring especially for Au particles causing unwanted shape and
size changes. The surface chemistry in general is based on the famous HSAB
concept and the oxyphilia or oxophobia of the domains ensures orthogonal func-
tionalization to become possible. [10] To get good water solubility, often silica in
combination with silano-PEG coverage is used to make oxides water soluble. As
long as this results in no direct contact of the precipitating CaCOs and the magnet-
ite domain, which is liked to be studied, in this thesis simple carboxylic acids and
catechol chemistry is used to functionalize the FesO4 domain to get water solubility.
[59.106] The gold domain has also been functionalized by using the described thioph-
ily of the Au domain with different functional molecules to study the need of car-
boxyl termination of gold particles and Janus particles for interaction with CaCOs.
This step has been facilitated first for the Janus particle Au@Fe304 and second
the FesO4 domain has been functionalized. The toolbox of particles that are studied
in Chapters 3.1.1 and 3.1.3 for Au and Janus particles respectively, are shown in
Figure 2.27.



39

H,0, 1h 1. 11-MUA,
g o CHCI,, 16 h
- 2.TBC, 1h
\ ﬁm: > %
11-MUA, CHCI,, 16h * Riteat
1. 11-m e
CHCI,, 16 h -

A B 1.1-DT,CHCL, 16 h
2. TMAH washing :
PEGZOOOI}' % 3. 4-SBA, V

2.4-SBA, 1h
= = = HN A A~ A A~ Oam —a —_—
= = = HOOC _~_~ o~~~ QOac 4-SBA TBC
— HS A~~~ 1-DT ©’s°3“ HODX
Hs HOOC HO
O HS A~ ~~CcooH 11-MUA

Figure 2.27: Functionalization of nanopatrticles of this thesis: (A) Representation of gold nanoparti-
cles functionalized with 11-MUA or PEG2000/11-MUA to study effect of carboxylic acid group on
the interaction with CaCOs and (B) Tool box of Au@Fe3O4 Janus particles to study for the effects
of anisotropy and general functionalization pattern on different domains of the integration of parti-
cles into CaCOs.

2.3.2 Polymers

Polymers as large molecules synthesized from monomer units with a plethora of
different possible solubility, functional groups and physical properties are a good
toolbox to study their structural as well as functional effects on CaCOs crystalliza-
tion. For sure all these examples show an effect of adding a polymer during pre-
cipitation, but the mostly used interaction of polymer and CaCOzsis the fabrication
of blends with non-polar polymers without functional groups such as PP, PE or
PVC. Therein CaCOsworks as filler material to stiff the polymer framework by en-
larging the shear viscosity of the plastic material. For example PE and PP filled
with CaCOs is used as packing plastic and PVC filled with CaCOz3 is used to fabri-
cate tough window frames by superposition of expensive polymer by cheap mineral

filler, [107]

Polymers are such prominent additive because of their scale inhibition properties
on CaCOscrystal growth by strong calcium binding and lowering of supersaturation

in aqueous solutions. In combination with other anionic additives in an acidic pH
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moeity anionic polymers such as PAA have been used as detergents for cleaning
solutions. [1%8] Even block-copolymers such as PAA-PAMPS have recently been
identified by the group of Tremel et al. to have more efficient scale inhibiting prop-
erties than neat PAA polymers due to effective calcium ion complexation as shown
by DLS and crystallization experiments in Figure 2.28. 44
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Figure 2.28: PAA-PAMPS as additive for scale inhibition: (A) Degree of complexation of acidic
groups of PAA-PAMPS polymers of various relative amounts of AA and AMPS monomers in relation
to the degree of dissociation. (B) The apparent hydrodynamic radius evolution of precipitating
CaCO:s in a desiccator experiment from PAA-PAMPS polymer of various relative PAA and PAMPS
amounts. (C) Light microscopy image of CaCOz precipitated without polymer addition and (D) with
addition of 5 mM PAAsoPAMPS2 to 10 mM CaClz solution in ammonia carbonate method precipi-
tation. Both samples were taken after 1 h. Reprinted with permission. 11 Copyright 2013 American
Chemical Society.

While these examples show the variety of possible influences on CaCOs precipita-
tion, the effect of linear PEG has only been studied by the addition of PEG 6000
on the thermal decomposition of Ca(HCOs3)2. The resulting polymorphs from this

method usually are a diverse mixture of small amounts of aragonite and large



41

amounts of both vaterite and calcite. By addition of the PEG polymer the polymorph
aragonite was found to be favored against calcite. 191 Hence the main reason for

Aragonite formation in this work is the increased synthesis temperature.

Besides the research on these linear polymers, which is still not completed, the
effect of hyper-branched polyglycerol polyacids has given surprising results both
in solution and immobilized as a SAM on a gold surface. As polyglycerol is less
good in binding calcium and thus less effective in scale inhibition, it shows pro-
nounced face selective binding affinity from solution, which results in dumbbell
shaped crystals of fluorapatite reported by Kniep et al. Besides the unusual shaped
CaCOs crystals from solution the same polymer class allows control of polymor-
phism to precipitate aragonite phase of CaCOs3s on polyglycerol polyacid functional-

ized SAM. Both results are shown in Figure 2.29. [110]

200 um

Figure 2.29: Influence of polyglycerol polymers on CaCOs: (A) SEM images of calcium carbonate
crystals precipitated from a solution containing COOH terminated hb-polyglycerol (5 g/L) and 25
mM CaCl. 111 Reprinted with permission. Copyright 2004 RSC Publishing. (B) Crystals formed on
a COOH-terminated SAM with adsorbed hb-polyglycerol (Mn = 5000 g/mol). Both samples were
taken after overnight ammonia diffusion method precipitation. Reprinted with permission. 119 Cop-
yright 2005 American Chemical Society.

The introduction of two additional methylene groups, so the use of tetrahydrofurane
(THF) instead of ethylene oxide (EO), as main monomer for the formation of a
linear statistical block-copolymer with cyano ethylene oxide (CEO) arises a new

class of copolymers to study for effects on scale inhibition of CaCOs. The CEO
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subunits are post-oxidized to carboxylic acid groups, which are known to strongly

interact with CaCOs during its precipitation.
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Figure 2.30: Influence of linear Poly(THF) polyacids on CaCOzs crystallization: (A, B) SEM images
of calcium carbonate crystals precipitated from a solution via ADM containing no additive at 5 mM
Ca?* giving about 15 pm edge length calcite rhombohedra. (C, D) Crystals formed after 15 h and
the addition of linear PTHF-CEO polyacid copolymer (Mn = 10900 g/mol, 3.3 % acid groups) result-
ing in maximum 5 pum edge length multi step edged rhombohedra with micro-structured surfaces.
(E, F) Relationship between amount of acid groups and average crystal size showing a linear rela-
tionship of scale inhibition. Reprinted with permission. (1121 Copyright 2016 American Chemical So-
ciety.
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In Figure 2.30 the relationship of amount of carboxylic groups to scale inhibition of
these copolymers is demonstrated. The linear relationship is an evidence for the
strong interaction of the polymer with CaCOs during precipitation. We started to
ask ourselves after our study if the polarity of the backbone is changed, we see
analogous difference in crystal shape resulting from the addition of a hyper-
branched analogue during CaCOs synthesis as reported for the polyacids PAA and

the PEG/polyglycerol system.

2.3.3 Proteins

Proteins are natural polymers formed from a pool of amino acids as monomers by
the formation of peptide bonds. The protein synthesis code of a living animal or
human body is saved in its DNA and thus high genetic controlled reproducibility is
ensured. The tertiary structure of the amino acid sequence of proteins is the key to
understand its function within an organism. Thus especially the interaction with ions
and small molecules for catalysis (enzymes) or signal transduction needs to be
understood. Especially acidic amino acids like glutamic, aspartic acid or even as-
paragine or serine have been identified as key needs for the complexation of ions
such as Ca?*. Sequence alignment raised the question of binding motives to predict
functions of proteins and predict their effects on calcium binding and CaCOs pre-
cipitation. By comparison of many obviously calcium binding sites the identification
of the so-called EF-Hand model for calcium binding has been conducted. (see Fig-
ure 2.31 (A) for the exemplary p11 protein). 1131141 Such proteins have often been
found bound to membranes wherein they often fulfill the equilibration of ion gradi-
ents. But also soluble EF-Hand bearing proteins have been identified and espe-
cially their influence on CaCOs precipitation has been studied extensively for mol-
lusk shells of Pnicata funcata to understand the Aragonite platelet formation pro-
cess (see Figure 2.21). [*15 Besides these effects the agglomeration of proteins
with addition of calcium ions and formation of calcium carbonate is an extensively

studied field during recent years.
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Figure 2.31: Proteins as additives: (A) The EF-hand motif (a) as symbolic representation. Helix E
and Helix F wind together and Helix F moves from the closed (F’, apoprotein, light grey) to the open
(F, holoprotein, dark grey) conformation if calcium ion binds. (b) Geometry of calcium ligand amino
acid side groups. Positions X and Y represent aspartic acid or asparagine while Z position corre-
sponds to either aspartic acid, asparagine or serine. -Y position represents peptide carbonyl oxygen
and -Y usually corresponds to a water molecule and -Z to a conserved bidentate ligand as glutamic
acid or aspartic acid. (c) The modified EF-Hand loop of p11 (S100A10) with stabilizing hydrogen
bonds (dashed lines). Reprinted with permission. 124 Copyright 2000 Elsevier. (B) Light microscopy
image of fibrous structured Ovalbumin after aggregation induced by calcium ion interaction. Protein
is stained with comassie brilliant blue dye. Reprinted with permission. (1161 Copyright 2008 American
Chemical Society. (C) 6 A TEM reconstruction of Isoform 1 of Bg-AChBP protein showing twelvefold
geometry of the centro-symmetric 20 nm large protein subunit assembly. (D) Predicted structure by
TEM reconstruction of SEM images of Isoform 2 of Bg-AChBP showing protein pentamer as final
quaternary assembly. Both are reprinted from open access from PLOS One. 119 (E) (i-vi) Bending
of natural siliceous speculi by micromanipulator showing fragile material and fracture between im-
age (v) and (vi). (vii-xii) show micromanipulation of synthetic CaCOs-Silicatein-a speculi which does
not break even after bending by 270° and relaxes to original shape. Reprinted with permission. [15]
Copyright 2013 American Association for the Advancement of Science.
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The structural changes of the egg-white protein ovalbumin during precipitation of
the eggs shell has been found to be a calcium ion mediated polymerization mech-
anism for the formation of up to millimeter long fibrils of a protein CaCOs composite
as shown in Figure 2.31 (B). [116.117] Besides this calcium specialized protein, the
interaction of Silicatein-a with CaCO3 was found to form an interesting brick-mortar
structure spicule composite. Silicatein-a has been identified as enzymatic catalyst
for the hydrolysis of silica subunits to silicate structures as building units for the
exoskeleton of Demospongiae domuncula M8, The found spicules from CaCOs
precipitation with protein added were able to be bend to almost 180° with relaxation
to its original shape without fracture which has been observed for the natural silica
species formed with Silicatein-a (for the experiment see Figure 2.31 (E)). [*5] Be-
sides the binding to bivalent (e.g. calcium and magnesium) ions by known amino
acid motives as the EF-Hand motif a lot of other structures especially found in
CaCOs precipitating animals as mollusks, shells and snails have been studied in
literature for centuries. The role of ACCBP analogue protein sequences in snails
such as Biomphalaria glabrata is interesting to study to find new CaCOs polymorph
controlling amino acid motifs in the structures, for example in Bg-AChBP1 and Bg-
AChBP2.
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3 Results and Discussion

3.1 Functionalized nanoparticles as
additives in CaCOgs crystallization

The idea to use nanoparticles as additives has its origin in a publication of Kuther
et al. about the effect of Au nanoparticles functionalized with a SAM of p-Mercap-
tophenol on the crystallization of CaCOs published by our group in 1999.°71 The
authors unfortunately did not have the equipment available to monitor the assembly
and occlusion of the nanoparticles during the process of crystallization. In this work
the extraordinary optical and spectroscopic properties of plasmonic gold nanopar-
ticles are used to track the interaction of calcium ions and the CaCOs mineral. The
need of the carboxyl function for good interaction with CaCO3s and thus good oc-
clusion of the particles to form a new composite material with extraordinary prop-
erties is underlined by grafting a PEG 2000 polymer on the 11-MUA to get water
soluble but loosly CaCOs interacting particles. To study the effect of anisotropy of
nanoparticles as well as to give another example for the need of anionic stabilized
nanoparticles to produce a well interacting additive Au@Fes04 Janus particles are
synthesized via an alternative route combining two separate steps within a single
step of better yield and monodispersity. For both the amphiphilic non-isotropic
Au@Fes304 and anionic isotropic Au nanoparticles epitaxy between die Au and
CaCO:s lattices are also demonstrated in the following chapters.
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3.1.1 Inclusion mechanism of 11-MUA and PEG/11-MUA
functionalized gold nanoparticles within CaCO3

The article “Inclusion mechanism of 11-MUA and PEG/11-MUA functionalized gold
nanoparticles within CaCO3” will be submitted to Crystal Growth & Design by the
American Chemical Society. The following chapter is based on the most recent

draft of this main manuscript and the supporting information.
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Figure 3.1: Studied system of 11-MUA@Au and PEG2000/11-MUA@Au with addition of calcium
ions to observe aggregation and subsequent CaCOs precipitation by applying the ammonia diffu-
sion method.

Most work on additive inclusion within CaCOs has been conducted through many
different integration strategies to tune properties, polymorph (calcite, vaterite, arag-
onite) and shape of the CaCOs crystals. Most integration mechanisms for additives
into CaCOs base on postulates from the final crystal morphology of poly- or even
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mesocrystalline assemblies. This simplified way might be useful for flexible mate-
rials such as small molecules or even polymers as they can easily be incorporated
into grain boundaries of the crystal. In contrast the inclusion of inflexible inorganic
nanoparticles to introduce the particles properties into the final crystal is very com-
plex. The nanoparticle functionalization, their inflexibility and material type influ-
ence the CaCOs host material simultaneously. In this chapter the first systematic
assembly approach of Au@CaCO3s mesocrystals via an amorphous core shell pre-
cursor material to dumbbell shaped mesocrystals is presented. The need of car-
boxylic acid groups for this specific interaction is pointed out by giving an insight
into the growth mechanism of epitactic metal/biomineral composite mesocrystals
and the integration of nano-sized additives into grain boundaries of the CaCO3s host

lattice.

3.1.1.1 Introduction

Inclusion of synthetic additives into biominerals is of high interest for understanding
the influence of natural additives like amino acids [, peptides > or even proteins
[56] on the inorganic framework material during composite formation. A plethora of
publications on the incorporation of surfactants like polymers and even more com-
plex additives into CaCOz have been published in the recent two decades. 3712
While foreign bi- or trivalent cations integrate easily into CaCOs under unit cell ex-
pansion or changing the crystallized polymorph, 1315 Pokroy et al. postulated
amino acids of a few angstroms size to get integrated into the unit cell of CaCOz3
as well. 11 Hence broad XRD reflexes were an evidence for inclusion into grain
boundaries but not an expansion of the calcite unit cell size. ! Some publications
also discuss integration of nanoparticles (NPs) into the calcite unit cell, with one
order of magnitude larger size than the unit cell parameter of CaCOs. 16171 Sure
the cut-off criteria for size and surface charge of additives is still not well understood
for CaCOs to provide a reliable statement neither pro nor contra this conclusion.
Nonetheless integration of Au-NPs published by Meldrum et al. was triggered via
a functionalization of Au-nanocrystals with a pH responsive copolymer, which ex-
presses carboxylic acids on its surface at basic pH. '’ Hence the HR-TEM analyt-

ics in this publication do not show epitaxy of CaCOs on Au-NPs. We postulate the
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strong interaction of the polymer in which the nanoparticle is embedded is the clue
of Au nanocrystal integration within the CaCOs nano-crystal grain boundaries. 18-
20 This also describes the final red color of the composite as this strong color can
only be seen, if the refractive index of the NPs surrounding medium remains the
same as in aqueous phase, because the refractive index of solid CaCO3s next to
the oscillating surface plasmon charge of Au would red-shift the plasmon absorp-
tion. [21-231 A similar integration strategy has been published to use carboxylic acid
containing polymers as surface coverage for Fe3sO4 nanocrystals by the same
group. For this case the inclusion can also be described as an integration of a
polymer micelles into CaCOs, which contains FeszO4 nanocrystals, to get a mag-

netic nanocomposite material. [16]

Above mentioned literature on integration of NPs within CaCOs crystals can be
concluded as integration of nanocrystals fixed in functional polymer matrices to get
them included in crystalline CaCOs. 24l None of the studies observed a direct
CaCOs to Au-NP epitaxy. This relationship has already been demonstrated to be
possible for flat Au templates functionalized with a self-assembled monolayer
(SAM) of 11-Mercaptoundecanoic acid (11-MUA) almost 15 years ago. 125261 On
the topic of using SAM-like functionalization on nanoparticles to study for ligand
and substrate influence on crystallizing CaCOzs the work of Kiither et al. on Au-NPs
functionalized with p-Mercaptophenol as hydrophilic additive for CaCOs can be
called a breakthrough work. 2”1 The CaCOz assembles in dumbbell and spherical
shaped mesocrystals if the nanoparticles are added, but no evidence was given
for nanopatrticle incorporation. Lee et al. later used a similar system with p-Mercap-
tophenol functionalized Au-NPs as additive in CaCOs precipitations. 28 They
showed vaterite phase forms instead of calcite as in reference crystallization for
short duration of CaCOs formation. This gives a hint for an inhibiting role on the
additive in the CaCOs crystallization. 2% Grzybowski et al. developed the research
on functionalized Au-NPs and used 11-MUA and N,N,N,N-Trimethyl(11-
maercaptoundecyl) ammonium chloride (TMA) functionalized Au-NPs of various
molar fractions to study the particles self-assembly. [2% Nevertheless the pure 11-
MUA/Au-NPs to CaCOs interaction is still almost undiscovered in the concern of

crystallization influence by carboxylic nanopatrticles. The question on requirements
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for the integration of Au-NPs arises. To study the need of the calcium interaction
of 11-MUA the water soluble non-calcium interacting ligand PEG2000/11-MUA was
used to functionalize the NPs. 2 First the mentioned functionalized NPs (analyzed
by UV-Vis, SAXS, TGA, IR) were used to study the interactions of the ligand with
calcium and carbonate ions and second microscopic structure details (FIB-SEM,
HR-TEM, rocking curve measurements) on the control of CaCOs3 precipitation and
inclusion of Au-NPs to form a functional composite are presented by using the am-

monia diffusion method for CaCOg3 precipitation.

3.1.1.2 Experimental

Materials and handling details

Chloroauric acid dihydrate (99.999% trace metals basis abcr GmbH), borane tert-
butylamine complex, (97%, Sigma Aldrich) oleylamine (80-90%, Acros), sodium
hydroxide (98%, Sigma Aldrich), 11-mercaptoundecanoic acid (95%, Sigma Al-
drich), PEG2000 monomethylether (99%, flakes, Sigma Aldrich), calcium chloride
(0.5M, Fluka), ammonia carbonate (>30%, NHz basis, Sigma Aldrich), cyclohexane
(p.A., Fisher scientific), ethanol (p.A., Fisher scientific), chloroform (>99%, Sigma
Aldrich), hexane (p.A. Fisher scientific) were used as received without further puri-

fication.
Synthesis of Au-NPs

The Au-NPs were synthesized using a modified procedure reported by Peng et al.
[33] For getting a diameter about 4 nm the whole reaction was conducted at room
temperature. The process of washing has been improved by adding 5% Oam to
precipitation solution of 1:1 EtOH:MeOH due to aggregation taking place other-
wise. The product was precipitated from solution by centrifugation (9000 rpm, 10
min). Washed with the mentioned solution once, redispersed in hexane and refrig-

erated.
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Surface functionalization of Au-NPs

The Au-NPs were functionalized by using either 11-MUA or the 11-MUA/PEG2000
polymer synthesized as reported in literature. 132 For surface functionalization ten-
fold excess (in relation to surface Au-atoms) of 11-MUA or PEG2000/11-MUA was
solved in 20 mL of CHCIs or water respectively and a solution of 10 mg Au-NPs in
10 mL CHCIs was added. After 3 hours of stirring or 5 min of intense shaking the
functionalized Au-NPs were centrifuged (9000 rpm, 10 min) and washed once with
CHCIs, once with ethanol and once with MQ water to extract unbound 11-MUA. For
the PEG2000/11-MUA ligand on Au-NPs the samples were washed with water and
lyophilized to get powdered particles. A part of these NPs than have been solved
in a small amount of water and dialyzed over a 3000 kDa cut-off membrane for
72 h to filter out any unbound polymer ligand. This sample is named with the par-
aphrase “dia” while the non-dialyzed sample with free ligand is paraphrased “no

dia”.
Crystallizations of CaCOs and titration experiments

All reagents for crystallization and titration experiments were purchased from
Sigma Aldrich and were used as received, unless otherwise stated. Quarz glass-
slides for crystallization as well as TEM and scanning electron microscopy (SEM)
equipment was received from Plano GmbH, Wetzlar, Germany. For water deioni-
zation a water purification setup from Millipore (Millipore GmbH) was used. The
guarz glass slides were cleaned by subsequent washing with Ethanol, NaOH, MQ
water, HCI and threefold MQ water in an ultrasonic bath for 10 minutes each. To
finalize cleaning the slides have been dried under nitrogen flow. All calcium ion
selective electrode (Ca-ISE) titrations were done with volumetric standard solutions
purchased from Fluka. CaCOzs crystallization experiments were carried out using
the standard ammonia diffusion method (ADM). [5:348:35.36] The reaction has a short
induction time during which desiccator atmosphere was supersaturated with am-
monia and carbon dioxide via subsequent thermal decomposition of the ammonium
carbonate (7g) placed on the bottom of a desiccator. From the atmosphere the

solution starts to (super-)saturate with NHz and CO2 and the hydrogencarbonate-
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carbonate equilibrium is generated. Crystallization was performed on quarz-glass
slides with a diameter of 13 mm and a thickness of 1 mm placed on the bottom of
5 mL beakers. The beakers were filled with 2 mL of aqueous solutions of 5 mM
CacClz2 and certain amounts of Au-NPs with variable functionalization as mentioned
in the TOC graphics. The beakers were covered with perforated Parafilm (Neenah,
WI, USA) to prevent external impact by dust or other impurities. The pH of the
solution subsequently increased from about 7 to 9.75 during crystallization. After
15 h crystallization time the glass-slides were removed from the solution, washed
carefully with saturated CaCOs solution on both sides to ensure complete removal
of ammonium carbonate crystals and unbound NPs without inducing dissolution /

recrystallization processes.
Instrumentation

Optical imaging was performed with a confocal Keyence VK8710 laser light micro-
scope equipped with a A = 658 nm diode laser to get height information of the

precipitated samples.

For SEM the CaCOs crystals were sputtered with 7.5 nm Ag or 4 nm Pt respectively
and analyzed using a JEOL-JSM 5610LV (JEOL Ltd., Tokyo, Japan) or FEI Phe-
nom (Hillsboro, OR, USA). Images were acquired with an accelerating voltage of
20 kV or 10 kV respectively.

For FIB cuts, a FEI 600 Nanolab focused ion beam (FIB)/SEM dual beam instru-
ment (FEI, Hillboro, Oregon) equipped with an Omniprobe micromanipulator (Om-

niprobe Inc. Dallas, Texas) was used.

TEM images were recorded using a FEI Technai F20, F30 or T12, all equipped
with a 4K CCD camera and a LaBes or FEG cathode working at 200 kV or 120 kV
acceleration voltage respectively. The HR-TEM was furthermore equipped with
EDX system by EDAX and a STEM detector by FEI.

Titration experiments were carried out using the Tiamo system (Metrohm AG) with
a pH-, a turbidity (A = 523nm) and a calcium ion selective electrode (Ca-ISE). Ex-

ternal calibration of the Ca-ISE was done with a four-point calibration with various
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concentrations of a CaClz solution in a 0,1 M KCI solution. The influence of car-
bonate species is not considered in this way of calibration. External pH calibration

was carried out with standard solutions of pH 4, 7 and 9 purchased from Metrohm.

Simultaneously to the titration experiments the SAXS measurements have been
performed from the same solution. For a simultaneous measurement a distinct
probe volume from the sample titration vial was circulary pumped through both
instruments by a peristaltic pump with a flow of 6.8 mL/min. SAXS data was col-
lected using the SAXSess (Anton Paar) equipped with a sealed copper X-ray tube
(A=0.154 nm) and a 1D X-ray detector (MYTHEN R 1K, Dectris). Data acquisition,
reduction, and deconvolution were performed with the SAXSquant program (Anton
Paar). All data were corrected for the effect of slit smearing, transmission and back-
ground scattering. The corrected scattering curves were fitted using a homogenous

sphere as model, and with a structure factor model of a hard sphere using SASFIT.

TGA data has been collected with a Perkin ElImer TGA sampler controlled by the
Pyris 8 software. The instrument ran a temperature program with constant 50 °C
for 10 min, a slope with 5 °C/min to 650 °C and a plateau at this temperature for
another 10 min. For all measurements particle amounts between 2 and 10 mg have

been used.

Raman and IR-spectroscopy measurements for phase identification and NP func-
tionalization verification were carried out using a confocal HR800 p-Raman by
Horiba Scientific and a NicoletTM iISTM10 FT-IR spectrometer from Thermo
Fischer scientific. Both instruments used a A = 633,318 nm He-Ne laser for excita-
tion of vibrational modes fulfilling the Raman- and/or IR-selection rules. Each spec-

trum was taken with resolution of 1 cm* at 16 iterations.

CLSM images were recorded using a confocal Leica SP5 system. All images
shown were collected by exciting the gold plasmon resonance with a visible Ar-
Laser beam and detecting in bandwidth between A = 629 — 762 nm. By switching
the detection window lower than A = 629 nm no emission from the particles has

been observed anymore.
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UV-Vis-spectra were collected from 1 mL NP solutions in a standard quartz glass
cuvette by a Varian Cary 5000 UV Vis/NIR-spectrometer equipped with a tempered

stage at constant 25°C.

Calcite crystals for AFM with a sample size of 4 x 4 mm2 were purchased from
Korth Kristalle GmbH. The crystals were freshly cleaved and cleaned with a nitro-
gen flow prior to each experiment. We conducted all in-situ AFM measurements in
the frequency modulation (FM) mode using a modified [¥7:38] commercial AFM from
Bruker Corporation (MultiMode V with Nanoscope V controller) for high-resolution
imaging in liquid environment. All AFM images shown were taken at a constant
temperature of 28 °C and with a liquid cell from Bruker Nano Surfaces Division.
The used cantilevers were gold-coated and p-doped silicon (PPP-NCHAuUD, Na-
nosensers and Tap300GD-G, BudgetSensors) and exhibit a typical eigenfre-
qguency in liquids of 100-150 kHz and a spring constant of ~40 N/m. For all meas-
urements, we kept the oscillation amplitude of the cantilever constant at 1 nm. In
all AFM images shown here, we display the slow and fast scan direction and the

measured channel in the schematics in the upper right corner.

XRD measurements were conducted with a Bruker D8 Discover equipped with a
proportional counter and a vacuum stage on a Eulerian cradle. All measurements
were facilitated with Cu-Ka radiation and a 0.4 mm slit after the X-Ray source and
in front of the detector. Rocking curve measurements were conducted at the 26
angle of maximum intensity of the calcite (104) reflection within the w angle range
of 5° - 24° at 1s measurement time at increments of 0.02°. To ensure calcite is the
measured CaCOs phase of all samples, a 26 scan around the characteristic 29.4°

angle was conducted with 0.02° increments at 1s measuring time.
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3.1.1.3 Results & Discussion
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Figure 3.2: Schematic presentation of the effects of functionalization (A), agglomeration by calcium
ion addition (B) and interaction with CaCOs during ADM desiccator experiments (C) on 11-
MUA@AuU NPs and PEG2000/11-MUA@AuU NPs.UV-Vis, TEM and inlays of solubility tests (upper
phase: hexane, bottom phase: water) show successful functionalization without morphological
changes of Au-NPs. The UV-Vis data in (B) shows the effect of addition of calcium ions: aggregation
in the case of 11-MUA ligand (black) by direct coulomb interactions of calcium cations and anionic
NP surface. The plasmon shift is caused by plasmon coupling due to the direct contact of the NPs.
PEG2000/11-MUA@AuU (red: “no dia” and blue: “dia”) both show no plasmon absorption changes
due to missing coulomb interactions with added calcium ions. The effect of addition of carbonate
ions over the duration of the ammonia diffusion experiment for CaCOs on the functionalized NPs is
shown in the plot of UV-Vis absorption maxima against crystallization time ((C), legend similar to
(B)). Calcium and carbonate assemble around the anionic 11-MUA@Au NPs (see also Figure 3.4
and Figure S 3.3 and Figure S 3.4 of the Supporting Information). This results in separation of the
Au-NPs and interruption of plasmon coupling. None to only a weak shift is observed for
PEG2000/11-MUA@Au, which indicates missing interactions of NPs to calcium and carbonate ions.

As first step Au-NPs were functionalized with 11-MUA and PEG2000/11-MUA re-
spectively using the presented reactions (see TGA (Figure S 3.1), IR (Figure S
3.2), UV-Vis (Figure 3.2, A) and solubility tests (Figure 3.2, A)). While only 18 w%
ligand coverage was found for 11-MUA on gold nanoparticles, almost 92 w% of
PEG2000/11-MUA corresponds to a nice Au particle coverage. By dialysis free
unbound ligand was successfully removed for the PEG2000/11-MUA case. For 11-

MUA, washing of nanocrystals with ethanol did not change the relative mass of
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ligand bound on the surface of Au clusters (see Figure S 3.1, Supporting Infor-
mation). If a certain amount of calcium ions is added to both particle fractions 11-
MUA@AuU-NPs and PEG2000/11-MUA@AU-NPs a redshift of the surface plasmon
resonance (SPR) can be observed for the 11-MUA ligand sample, while the maxi-
mum of the plasmon absorbance keeps constant for the PEG2000/11-MUA ligand
carrying particles. This redshift is caused by plasmon coupling of the SPRs due to
agglomeration of small Au-NPs. The agglomeration can also be observed in the
turbidity and the SAXS measurements of the particles shown in Figure S 3.3 and
Figure S 3.4 of the Supporting Information. For both the non-dialyzed and dialyzed
samples of PEG2000/11-MUA@AuU-NPs no agglomeration of the particles has
been observed by UV-Vis plasmon coupling. Hence the SAXS measurement also
shows a weak aggregation for PEG2000/11-MUA@AuU-NPs which can be caused
by the flow technigue which has been used. However, this aggregation starts and
completes at much higher concentration of Ca?* and is less pronounced compared
to the 11-MUA stabilized Au-NPs. If the particle clusters are added to an ammonia
diffusion CaCOs precipitation experiment the agglomeration of 11-MUA@Au is lost
after 4 h duration of the experiment. This can be described by the precipitation of
ACC around Au-NPs as shown in UV-Vis and TEM (see Figure 3.2 (C) and Figure
3.4 (A)). In contrast to that the ligand corona of PEG2000/11-MUA@Au suppresses
direct contact of early stage precipitating ACC as demonstrated by missing plas-
mon shift, if CaCOs crystallizes after 4 h in the desiccator (Figure 3.2 (C) and Figure
3.4 (C)). If the particles are not dialyzed the distance between gold and ACC in-
creases to several nanometers as shown in Figure S 3.10, Supporting Information.
The addition of particles has an influence on faster CaCOs precipitating methods
such as titrations with millimolar concentrations of calcium and carbonate ions.
Hence it is not possible to distinguish between the particles. The titration and SAXS
measurements show a shift from mostly homogeneous nucleation and growth with-
out particles to a strictly heterogeneous growth with particles addition (see Figure

S 3.3 and Figure S 3.4 C and D, Supporting Information).

The differences of interaction with calcium ions or even a calcium carbonate sub-
strate of both species of functionalized nanoparticles can also be observed by AFM

measurements of aqueous particle solutions on (104) calcite surfaces. The 11-
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MUA@AuU-NPs agglomerate if their solution is flown on a calcium carbonate sub-
strate. The agglomerates mainly attach to polar step edges of the (104) surfaces
as shown in Figure 3.3 (A) and (B). In contrast PEG2000/11-MUA@AuU-NPs only
weakly agglomerate on the CaCOs and precipitate non-specifically all over the
crystal (see Figure 3.4 (C) and (D)). For the non-dialyzed particles, more than for
the dialyzed patrticles, the absorption of unbound ligand on polar step-edges can
also be observed as a 1 nm thick layer of molecules (see Figure S 3.5 A and B).
The ligand attachment is also the reason for the surface restructuring observed in
Figure S 3.5 (B), Figure S 3.8 and Figure S 3.9 of the Supporting Information.
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Figure 3.3: AFM images of freshly cleaved (104) calcites under addition of a solution of 0.2 g/L 11-
MUA@AuU-NPs (A) and dialyzed PEG2000/11-MUA@AuU-NPs(C) the profile plots in (B) and (D)
showing height of agglomerates lying on the white line. 11-MUA@Au NPs agglomerate to spherical
agglomerates of 10-20 nm diameter and height mainly close to polar step edges (B). The dialyzed
PEG2000/11-MUA@AuU NPs also agglomerate, but much weaker (agglomerates 5-10 nm in height,
see (D) and do not interact specifically with step edges. Small amounts of free ligand favor absorp-
tion along (010) direction on polar step edges.
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To identify the influence of both types of particles on CaCOs precipitation crystalli-
zations with the ammonia diffusion method were facilitated. Concentrations be-
tween 0.05 and 0.2 g/L of 11-MAU@AuU-NPs, dialyzed PEG2000/11-MUA@Au-
NPs, non-dialyzed PEG2000/11-MUA@AuU-NPs and neat PEG2000/11-MUA lig-
and in a5 mM CacClz solution were prepared and used for crystallizations. The neat
11-MUA ligand has not been added to the crystallizations as it is almost insoluble
in water at pH 9.75. The 11-MUA@AuU-NPs as a solid and rigid polyacid polymer
analogue form dumbbell shaped mesocrystals of CaCO3s with many polar kinks and
edges as shown in Figure 3.4 and Figure S 3.6 of the Supporting Information. For
the 11-MUA@Au system the increase of nanoparticle concentration increases the
degree of inhibition of crystallization significantly. This is due to calcium complex-
ation and nanopatrticle absorption on crystalline material as described above. While
the composites shown in Figure 3.4 with 0.05 g/L nanoparticle addition give me-
dium sized dumbbell shaped crystals, an increase to 0.1 g/L triggers strong elon-
gation to a cigar shaped crystal morphology. Further increase to 0.2 g/L almost
only gives maximum 2 pum edge length rhnombohedra with rounded edges of the
(12-1) surface (see Figure S 3.6, Supporting Information). For all cases the Raman
spectra show Au-NPs binding on the crystal surface and a decrease of crystallinity
by the shift and broadening of the 283 cm? lattice peak. The nano-crystallinity in-
creases with decrease of nanoparticle concentration, which has also been found
in a previous study by Gryzbiowski et al. 39 (see Figure S 3.11 (A), Supporting

Information).
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Figure 3.4: Microscopy images of precursors and final crystals of CaCOs: (A) Agglomerates of Au-
NPs and amorphous CaCOs form after 8 h of CaCOz crystallization (ADM), that subsequently ag-
glomerate, densify and crystallize under formation of dumbbell shaped mesocrystals of CaCOs (B).
The inlay locates surficial bound Au-NPs by CLSM of plasmon active particles excited by 532 nm
wavelength laser light. Dialyzed PEG2000/11-MUA@Au@CaCOs from amorphous precursor with
PEG stabilized NPs showing coronal shielding against direct ACC contact (C) to typical rhombohe-
dral shaped CaCOz crystals with slightly rounded step edges and scattered crystal defects (D).

For the dialyzed PEG2000/11-MUA@Au the crystallization result is shown in Fig-
ure 3.4 (D) and Figure S 3.7 of the Supporting Information. All samples show only
weakly altered rhombohedral calcite crystals. This underlines the effect of binding
the PEG2000 on the 11-MUA to have a water soluble but no longer calcium inter-
acting additive. The influence on the crystals turns out to be weak because the
solubility of the particles is better in water phase than in solid CaCOs, which is
totally different in the case of 11-MUA@AuU-NPs. This finding is also underlined by
the Raman spectra shown in Figure S 3.11 (B), which have much sharper signals
than for the 11-MUA@AuU-NP@CaCOs composite. The free ligand PEG2000/11-
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MUA has a strong influence on the morphology of the calcite as shown by crystal-
lizations before dialysis and with neat ligand without gold particles (see Figure S
3.8 and Figure S 3.9 of the Supporting Information). The microscopic details of the
non-dialyzed PEG2000/11-MUA@Au@CaCOs composite shown in Figure S 3.10
of the Supporting Information also shows no inclusion of particles. Only small
amounts of particles absorb on the rough surface of the crystals. The influence on
the morphology merges with less crystallinity of the CaCOs as shown by Raman
spectra shown in Figure S 3.11 of the Supporting Information. FIB cut preparation
of CaCOs crystal from the precipitation with 0.05 g/L 11-MUA@Au-NPs added,
gives an insight into the crystalline structure. The core part of the cut crystal con-
tains scattered holes caused by the Kirkendall effect. [*°! Hereby the amorphous to
crystalline material transformation that occurred after the outer massive part crys-
tallized results in hole formation due to higher density of crystalline matter. The
reason can be visualized by HR-TEM imaging of certain areas of the crystal. The
outer, massive part does not contain particles, only surficial bound particles can be
found by Raman spectroscopy, CLSM and TEM imaging (see Figure S 3.11 (A),
Figure 3.4 (B) and Figure 3.5 (A)). The crystals periphery underwent a fusion pro-
cess while the core area bears large amounts of Au-NPs. These particles interact
through the functionalization with 11-MUA with the crystallizing calcite. A possible
structure relationship would be an epitaxial growth of calcites (100) and the ex-
pressed Au (111) surfaces of the nanoparticles. This combination is the most fa-
vorable combination due to small lattice mismatch of only 0.2%. It can be con-
cluded from Rocking curve XRD measurements that the addition of 11-MUA@Au-
NPs causes the large increase of mosaicity. This is due to the oriented growth of
nanocrystallites and their interparticular mismatch, caused by the large quantity of
included particles (compare Table S 3.1 and Table S 3.2 as well as Figure S 3.12
and Figure S 3.13 of the Supporting Information). For the PEG2000/11-MUA@Au
the whole situation is different. After 15 h the final precipitated crystals on the glass
slides are not red but transparent. The final crystal morphology is unaffected by the
added NPs (see Figure 3.5 B and Figure S 3.7). All concentrations added have
weak effects on the crystals size and crystallinity and only show weak absorption
of Au-NPs on the crystals surface (see Figure 3.4 and Figure 3.5 as well as Figure

S 3.7, Figure S 3.11 (B) of the Supporting Information). The effect on the crystal
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size reveals to be much weaker than in the above described 11-MUA case, which
is also due to the missing binding of free calcium ions, resulting agglomeration,
stabilization of ACC on the NPs surface and epitactic and thus heterogeneous
growth of crystalline CaCOs. The FIB preparation from the 0.2 g/L PEG2000/11-
MUA@AuU-NPs CaCOs sample gives insight into the crystal cross-section that all

over the size looks single crystalline and massive.

Figure 3.5: HR-TEM analysis of final CaCOs crystals : (A) Image assembly on crystallographic de-
tails on 11-MUA@Au@CaCOs growth. The cross-section shows two domains inside the crystal of
an onion like structure. At the inside widely scattered holes caused by the Kirkendall-effect %I from
the ACC to calcite transformation (see Figure S 3.11 for Raman spectra) show up. By a closer look
(blue and orange box) one can find epitaxy of CaCOs (100) on the Au (111) facets (TEM-EDX
identification of Au is shown in Figure S 3.13, Supporting Information). This causes nano-crystallin-
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ity and formation of a mesocrystal. The outside is built from massive (104) truncated CaCO3s rhom-
bohedra without inclusions. Agglomerates of Au-NPs are pushed out of the crystal from the outer
1 um thick area by a fusion process (see the red and orange framed inlay image). SEM-EDX (Figure
S 3.12, Supporting Information) also identifies Au-NPs on the polar step edges outside of the crys-
tal. (B) In contrast to the cross-section of 11-MUA@Au@CaCOz almost no holes are observed in
the crystallization product for the addition of PEG2000/11-MUA®@AuU-NPs to the CaCOs crystalliza-
tion. As shown in the red box only around scattered holes a few particles are included as agglom-
erates (see Figure S 3.14 for STEM-EDX measurements). This causes defects in the rhombohedra
of CaCO:s.

A closer look with HR-TEM shows a much smaller mass of Au-NPs included. Only
a few NPs are assembled by unspecific absorption within defects (holes) in the
truncating (104) surfaces of the precipitated rhombohedra (Figure 3.5 (B) and in-
lays). This fact can also be underlined with Rocking curve XRD measurements
(compare Figure S 3.14, Table S 3.2 of the Supporting Information). The NPs
added have almost no influence on the crystals nano-crystallinity and mosaicity.
Instead for free PEG2000/11-MUA ligand and the non-dialyzed particle batch, the
Rocking curve measurement shows well pronounced nano-crystallinity and nano-
structuring of the samples (compare Table S 3.1 and Table S 3.2 as well as Figure
S 3.8, Figure S 3.9 for SEM and for XRD Figure S 3.12 and Figure S 3.16 of the
Supporting Information). The dialysis mainly ensures to remove unbound ligand
that induces surface restructuring on AFM (104) calcite crystals by face selective
absorption (Figure 3.4 and Figure S 3.5 of the Supporting Information). For the
non-dialyzed particles as additives also the formation of more vaterite is observed
after 15 h precipitation (Figure S 3.6, Supporting Information), which might be

caused by free ligand.

3.1.1.4 Conclusion

The integration of Au-NPs covered with 11-MUA as CaCOzs interacting ligand has
been approved in this study. The details on agglomeration of the Au-NPs and mi-
croscopic details on CaCOs interaction of as functionalized particles have been
distinguished for both ligands: 11-MUA and the less Ca?* interacting PEG2000/11-
MUA ligand. We have facilitated integration of Au-NPs with a functionalization with

w-thiol carboxylic acids (11-MUA, 18% ligand by mass) into CaCOs and clearly
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identified integration to be caused by a direct surface interaction of the Au and the
CaCaO:s lattices. The presence of a high density of calcium ions and subsequently
also carbonate ions induces a close contact precipitation of amorphous CaCOs3
around the 11-MUA@AuU-NPs. The material densifies and subsequently crystal-
lizes to dumbbell shaped composite particles with high mechanical brittleness (data
not shown). This is caused by nano-crystallinity, misalignment of latticies and the
Kirkendall effect, which is due to density increase from ACC to calcite phase. [*1]
Thus integration of nano-sized foreign particles with fitting lattice parameters has
been shown to be rather a forming agent for nano-crystalline CaCOs composites,
than integration of nano-sized objects into a single crystal of CaCOs as has been
reported for polymer covered NPs. The need of carboxylic acid groups on gold
surfaces to trigger epitaxy due to closest contact to ACC has also been proven by
secondary functionalization with PEG2000 monomethylether that still ensures Au-
NPs to be water soluble. The weaker interactions with calcium ions and polymer
layer formation on the Au-NPs make them better soluble in aqueous phase than in
densifying ACC, which causes a push-out mechanism. On the non-polar (104) fac-
ets an agglomeration of PEG2000/11-MUA@AuU-NPs has been found which is in
strong contrast to the 11-MUA@Au-NPs. The final crystal is also almost unaffected
by the addition of 11-MUA/PEG2000@Au NPs and thus forms single crystalline
rhombohedra as shown by AFM, SEM, TEM, titrations and SAXS measurements.
We were able to identify carboxylic acid group as a key requirement for surface
functionalization of Au-NPs to accomplish the formation process of an Au@CaCOs
composite by epitaxy on NP facets. The clue to stabilize ACC, the crystalline ma-
terials precursor around the Au-NPs turned out as key achievement and need for

inclusion of nanopatrticles.
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3.1.1.5 Supporting Information
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Figure S 3.1: TGA data of 11-MUA@AuU-NP samples (A) and PEG2000/11-MUA@Au (B). Dashed
lines correspond to ligands Oam (blue) and 11-MUA (red). Solid lines represent NP fractions
Oam@Au (blue), 11-MUA@AuU-NPs (red directly from synthesis, black washed three times with
ethanol). Maximum surface coverage for Oam and thiol ligand 11-MUA is 18 w%. A denser func-
tionalization with the PEG2000/11-MUA ligand (black dashed) on Au-NPs is observed directly after
reaction (black solid line) with about 92 w% ligand detected. Hence dialysis of these patrticles for
72 h in water shows a decrease to 82 w% ligand (red solid line).
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Figure S 3.2: IR spectra of (A) 11-MUA (black) and 11-MUA@Au (red) as raw data in relative trans-
mission. Black arrows highlight symmetrical —S-H and asymmetrical —S-H bending modes at 2550
cm and 655 cm respectively. The shift of -COOH vibrational modes in the red spectrum 11-
MUA@AU is due to the strong inter-ligand interactions of the particles. For the PEG-Ligand in (B)
the red line shows PEG2000 monomethylether, 11-MUA is shown in black. The mentioned 11-MUA
modes can not be any longer observed in IR due to its low concentration (compare blue line for
pure PEG2000/11-MUA). Hence the ligand synthesis was identified as successful by adding Au-
NPs for functionalization. The particle spectrum in magenta is almost identical with the blue spec-
trum of the neat ligand. The PEG2000/11-MUA@AuU spectrum occurred to be similar even after
dialysis and washing, which indicates a successful functionalization by the thiol functionality of the
PEG.
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Figure S 3.3: (A, B) Titration of 0.05 g/L TRIS buffered solutions of non-dialyzed PEG2000/11-
MUA@AuU-NPs (magenta), dialyzed PEG2000/11-MUA@AuU-NPs (blue) and 11-MUA@AuU NPs
(red) with calcium chloride solution at pH 9.75. For all samples lower concentrations were detected
then theoretically determined (black line), which can be due to ligand dissociation from surface or
conductivity changes of the solution during detection. In plot (B) the turbidity can be used as indi-
cator of absorption and scattering of particles or particle agglomeration in the solutions over the
course of time, which corresponds to the amount of added calcium ions. For this sample a contin-
uous increase of the signal can also be observed after clustering which can be addressed to pre-
cipitation of particle clusters. Diagrams (C and D) show nucleation titrations of CaCO3z from car-
bonate buffer at pH 9.75 by continuous addition of CaClz solution. The color coding is the same as
in (A and B). In (C) classical LaMer curves show the nucleation of CaCOs. The addition of each
functionalized particle batch induces heterogeneous nucleation and early nucleation. Graph (D)
shows the corresponding turbidity measurement, which indicates the differences in growth. A
smooth decrease in turbidity over a long period of time as in reference (black) identifies nucleation
and growth dominated by the homogenous path, while the sharp decrease as in blue indicates
heterogeneous nucleation on Au-NPs. For the 11-MUA ligand one can also identify the previous
clustering followed by a nucleation event.
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Figure S 3.4: SAXS patterns of (A) 11-MUA@AuU-NPs (red) and PEG2000/11-MUA@AuU-NPs
(green) in TRIS buffer. Graph (B) shows the SAXS pattern if CaCl2 solution is continuously added
to the TRIS buffered particle solution. (C) 11-MUA@AuU-NPs (red) and PEG2000/11-MUA@AuU-NPs
(green) in carbonate buffer at pH 9.75. (D) Pattern if CaClz is added to the solutions. In carbonate
buffer the Au-NPs are competing with the bicarbonate ions for Ca2* for complexation or nucleation
of CaCOs. While for 11-MUA@AuU-NPs (red) a structure factor contribution at around 1 nm- clearly
indicates an aggregation of the Au-NPs. This can’t be observed for PEG2000/11-MUA@AuU-NPs
(green) due to small Ca?* concentration compared to the experiments in TRIS buffer (B and D).
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Figure S 3.5: AFM of PEG2000/11-MUA@AuU-NPs on (104) calcite shows small amounts of nano-
particles and free ligand attached to surface (A). The free ligand attachment and the functionalized
particles differ in height as shown in the profile plot (C). The particles are randomly distributed on
the non-polar (104) facet without specific interaction. The ligand is attached to the polar step edges
and restructures the surface if neat ligand solution is measured on (104) facet of CaCOs (B).
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Figure S 3.6: SEM images of CaCOs crystals from ammonia diffusion method CaCOs precipitation
with addition of (A-C) 0.05 g/L (D-F) 0.1 g/L and (G-I) 0.2 g/L of 11-MUA@AU-NPs. Inlay of (1) shows
photograph of glass slides with precipitated CaCOs crystals shown in SEM images indicating na-
noparticle absorption/inclusion by red to violet color of the slides.
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0.05 g/L

Figure S 3.7: SEM images of CaCOs crystals from ammonia diffusion method CaCOs precipitation
with addition of (A-C) 0.05 g/L (D-F) 0.1 g/L and (G-I) 0.2 g/L of dialyzed PEG2000/11-MUA@AuU-
NPs.
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0.05 g/L

Figure S 3.8: SEM images of CaCOs crystals from ammonia diffusion method CaCQOs3 precipitation
with addition of (A-C) 0.05 g/L (D-F) 0.1 g/L and (G-lI) 0.2 g/L of non-dialyzed PEG2000/11-
MUA@AuU-NPs. Inlay of (G) shows photograph of glass slides with precipitated CaCOs crystals
shown in SEM images.
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0.05 g/L

Figure S 3.9: SEM images of CaCOs crystals from desiccator experiments with addition of (A-C)
0.05 g/L (D-F) 0.1 g/L and (G-I) 0.2 g/L of PEG2000/11-MUA ligand and increasing zoom-in on
kinks from left to right. The main polymorph changes with increasing amount of PEG2000/11-MUA
from calcite to vaterite that indicates an inhibition of crystallization.
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Figure S 3.10: HR-TEM images of (A) agglomerated ACC around non-dialyzed PEG2000/11-
MUA@AuU-NPs after 8 h of desiccator crystallization (ADM). The polymer corona is larger than for
the dialyzed sample shown in the main paper Figure 3.4. (B) Exemplary crystal after 15 h ammonia
diffusion method CaCOs precipitation with beechnut shape. Note the high amount of surface kinks
and holes (red line: cut of cross-section). (C) STEM overview image of the cross-section with areas
of interest for detailed lamella analysis. The red box of the crystal surface area shows cross-section
of wholes in STEM with absorbed Au-NPs on the surface. The core area shows nano-crystalline
CaCOs with inclusions of polymer identified in STEM mode (light areas).
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Figure S 3.11: Raman spectra of CaCOs crystals (I) 11-MUA@Au-NP, (II) PEG2000/11-MUA@AuU-
NP dialyzed, (lll) PEG2000/11-MUA@AuU-NP non-dialyzed and (V) PEG2000/11-MUA@Au-NP
blank with addition of no patrticles (black), 0.05 g/L (red), 0.1 g/L (blue) and 0.2 g/L (magenta). Au-
NP occlusion of 11-MUA@AuU-NPs is indicated by bands 1550-1650 cm-! and peak shift and broad-
ening of the lattice peak at 283 cm™.
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EDS Quantitative Results
Element Wt% At%

OK 60.23 75.98

SiK 23.19 16.66

AuM 2.49 0.26

CaK 14.09 7.10

Counts
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Figure S 3.12: SEM-EDX of surface of final mesocrystal from precipitation of 11-MUA@AuU-NPs in
the desiccator experiment over 15h. Agglomerates of gold nanoparticles found on the surface.
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Figure S 3.13: TEM-EDX of surface of core area of cross-section of mesocrystal from precipitation
of 11-MUA@AU-NPs in the desiccator experiment of 15h duration.
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Figure S 3.14: TEM-EDX of occluded nanoparticles crystal from precipitation of CaCOz with
PEG2000/11-MUA@AuU-NPs in the desiccator experiment of 15h duration.
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Figure S 3.15: XRD 26 scan of calcites (104) reflex for different crystal samples with as labeled
additives added to the crystallizations. For all samples Gaussian fits were used to find the reflex
maximum and FWHM for average crystallite size determination shown in Table S 3.1.

Table S 3.1: Calculations for 26 scans of reference example and calcite precipitated with 0.2 g/L
of differently functionalized Au-NPs. FWHM of the reflex increases if any additive is added. This
means a smaller average crystal size within the crystal assemblies is present.

Sample FWHM (°) | d (nm) 20 ()
Reference 0.120 76.1 29.42
11-MUA@AuU 0.142 61.3 29.41
PEG2000/11-MUA 0.152 60.1 29.41
PEG2000/11-MUA@AuU no dia 0.149 61.3 29.41
PEG2000/11-MUA@AuU dia 0.146 62.5 29.41
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Figure S 3.16: Rocking curve analysis in the range of 4° and 24° w angle. The 26 angle was kept
constant at of 29.42° to analyze the (104) truncated nano-crystals of the precipitated CaCOs crys-
tals. For the reference sample a sharp reflex indicates well oriented crystallites in the sample. The
side reflections result from random orientation of crystals on the glass substrate. For addition of 11-
MUA@AuU-NPs the main reflex is sharper than the reference sample, which indicates low mosaicity
of parts of the crystals, which can be assigned to the (104) truncation of the dumbbell structures.
The nano-crystalline interior of the CaCOs crystals, causes large mosaicity background signal. For
the CaCOs formed with addition of PEG2000/11-MUA ligand (see Figure S 3.8 and Figure S 3.9 for
nano-structuring) also large mosaicity is measured, which might be due to the incooperation of the
polymer into grain-boundaries of the mesocrystals. If the polymer is bound to Au-NPs and added
to the CaCO:s crystallization procedure without dialysis, still large mosaicity is observed (see Table
S 3.2 for calculations). If this type of NPs is dialyzed and added to the crystallization almost no
influence and nice oriented (104) crystals of CaCOs can be found. This is due to the small amount
of free polymer in the particle batch and also the very weak interaction of the particles with the
CaCOs substrate (see Figure 3.3, Figure 3.4 and Figure 3.5 of the main paper).
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Table S 3.2: Calculations from Gaussian fits for Rocking curve data. All samples show reflections
of different FWHM and small variations in the w angle. Addition of 11-MUA®@AuU-NPs causes large
mosaicity with FWHM = 1.904°. Hence a well oriented sharp reflex with a FWHM value of 0.145° is
also observed and assigned to the nicely crystalline (104) rhombohedra truncating the surface. The
addition of PEG2000/11-MUA with a FWHM value of 2.036° and 0.859° has large effect on the
mosaicity of the mesocrystals. By functionalization of Au-NPs with PEG2000/11-MUA the effect of
the additive weakens but is still present if the particles are not dialyzed prior their use. The mosaicity
mainly has its origin in free unbound polymer influencing the crystal structure of CaCO3s as shown
in Figure S 3.8 and Figure S 3.9. The dialysis of the particles ensures removing of the unbound
polymer from the particles and thus results in an even sharper and more oriented reflex than the
reference sample is with FWHM of 0.055°. As shown in the main paragraph, there is almost no
structural influence of the CaCOs crystals by addition of dialyzed PEG2000/11-MUA@AuU particles.
For all samples the w angle difference is almost zero for all samples, which are weakly influenced
by the additive. A shift of the reflex to smaller angles is only observed if 11-MUA@Au or if neat
PEG2000/11-MUA ligand is added to the crystallization.

Sample FWHM (°) | w(®) Wiheo (°) | Aw (°)
Reference 0.251 14.63 14.7 0.07
11-MUA@AuU 0.145 14.59 14.7 0.11
1.904 14.53 14.7 0.17
PEG2000/11-MUA 0.859 14.55 14.7 0.15
2.036 14.55 14.7 0.15
PEG2000/11-MUA@AuU no dia 0.597 14.66 14.7 0.04
PEG2000/11-MUA@AuU dia 0.055 14.63 14.7 0.07
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3.1.2 Seed-mediated one-pot synthesis of Au@Fez04
Janus Particles

The article “Seed-mediated one-pot synthesis of Au@Fe304 Janus Particles” will
be submitted to Crystal Engineering Communication by the Royal Society of Chem-
istry. The following chapter is based on the latest version of the manuscript and its

supporting information.

Two steps

Single step

Figure 3.6: Scheme of simplification step for synthesis of Au@Fe304 Janus particles. A seed growth
step for large Au nanoparticle formation in tetraline with a subsequent washing and seed mediated
growth of single FezO4 domains on these gold seeds is conducted in the literature synthesis. The
new approach combines both reactions in a single reaction for synthesis with octadecene as solvent
toproduce a high yield of similar shaped nanopatrticles.

The synthesis of Janus-type Au@FesO4 nanoparticles (NPs) with large gold do-
mains requires two separate reactions with a purification step in between. The
large number of reaction variables limits the reproducibility, yield and morphologi-
cal control of the products. Thus a one-pot synthesis of highly monodisperse
Au@Fe304 Janus particles with large Au domains grown from Au seeds was de-
veloped. The Au domains serve as epitaxial templates the formation of the FezOa4

domains during the thermal decomposition of Fe(CO)s in the presence of oleic acid.
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Phase composition, morphology and optical properties of the Au@Fes304 Janus
particles were characterized by UV-Vis spectroscopy, DLS, HR-TEM and PXRD.

This one-step synthesis has a certain potential for being scaled-up by microfluidics.
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3.1.2.1 Introduction

Janus-type heteroparticles composed of organic [*-3 or inorganic 5 materials can
impart two or more physical properties to a single particle like magnetism, 671 opti-
cal absorption, 84 electrochemical anisotropy, [*% hydrophilicity, hydrophobicity,
[11.12] or even different catalytic activity '3 due to chemical surface anisotropy. 14
This makes them versatile nano-tools B! with applications as surfactant, [*° drug
carrier 141617 or diagnosis tool. [119 The morphology of heteroparticles can range
from rod- to disc-like, stars, dumbbell, cubic, spherical or wire-like. 2921 The parti-
cles can exhibit motility by virtue of a propulsion force, 1?2 controlling their orienta-
tion, (231 or they can have them anisotropic optical 24l or magnetic properties. [6:25]
Janus particles (JPs) are not only intriguing for basic science, but also in biochem-
istry, physics, and colloidal chemistry, because of practical applications in elec-
tronic devices 2% and for optical 24 or magnetic biosensors. 27l Their surface chem-
istry allows to enhance the particle anisotropy, e.g. to study the rheology in the

living cell or as a tracer in microfluidics. [28:2°]

Inorganic heteroparticles can be synthesized e.g. by thermal 2% or electrochemical
(311 decomposition of metal-oxide or metal sulfide precursor on a crystalline metal
nucleus with lattice parameters suitable for epitaxial growth. 32-34 Many possible
combinations of binary or ternary materials % like Au@Ag, 38! Au@Fesz04, 13738
Pt@Fes04, 281 Au@ZnO, B9 Pd@Fe20s3, 4041 Au@SiO2, 42 Fes0s@SiO2, 3
Ni@Fe203, [*1 Cu@Fes304 I have been reported. Orthogonal functionalization of
the domains relies on thiol chemistry for the metals (especially gold) and carbox-
ylate/catecholate chemistry for metal oxide (often FesOa) surface, respectively.
[17.46.47] This allows tailoring their use as MRT diagnosis tool or cancer cell agent
with low cytotoxicity for a variety of cell lines. [*8 The synthesis of Au@Fes04 JPs
bases on a strategy that involves the synthesis of Au NPs in cyclohexane as seed-
ing particles for a sequentially following growth step via reductive decomposition
of HAuCls in tetraline and Oam. 91 The subsequent epitaxial growth of Fes04 on
the Au domains % in 1-octadecene (ODE) by thermal decomposition of iron pen-
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tacarbonyl in the presence of the capping agents oleic acid (Oac) 5 and oleyla-
mine (Oam) B2 ensures the formation of a single FezOs domain on an Au (111)
facet. 3853 The synthesis of JPs is often tedious, and the yields and reproducibility
of the synthesis call for improvement. The maximum yield of a batch starting with
20 mg Au seeds was ~ 60 mg of Janus particles. The need of many different reac-
tion agents and solvents as well as temperature programs preclude a high repro-
ducibility of the reaction. Therefore, a simple one-step synthesis with the potential
for scale-up (e.g. by microfluidics) is an important goal. This contribution presents
a one-step synthesis that allows the formation of large Au nanoparticles from Au
seeds that serve subsequently as a template the epitaxial growth of the Fez04 do-

main in a one-pot reaction.
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3.1.2.2 Experimental

Materials

Chloroauric acid dihydrate (99.999% trace metals basis, abcr GmbH), borane tert-
butylamine complex, (97%, Sigma Aldrich), Fe(CO)s (>99%, Sigma Aldrich), octa-
decene (>80% techn., Acros), oleylamine (>50%, TCI), oleic acid (>90% techn.,
Sigma Aldrich), cyclohexane (p.A., Fisher scientific), ethanol (p.A., Fisher scien-
tific), acetone (>99%, Sigma Aldrich) and isopropanol (>99%, Sigma Aldrich) were

used as received without further purification.

Synthesis of Au nanoparticles

All reactions were carried out using standard Schlenk techniques with argon as
inert gas. Gold seed nanopatrticles (Au NPs) were synthesized using a modified
procedure reported by Peng et al. “°! Au NPs were synthesized at room tempera-
ture (RT). The process of washing has been improved by adding 5% of Oam to a
1:1 mixture of EtOH:MeOH (that was used for Au NP precipitation) in order to pre-
vent aggregation. The product was precipitated from the solution by centrifugation
(9000 rpm, 10 min, RT), washed one with EtOH:MeOH (1:1 + 5% Oam) and redis-

persed in octadecene to obtain a stock solution that was stored at 7 °C.

Synthesis of Au@FesO4 heterodimer JPs

The Au NPs were diluted in ODE and used as seeds. 1 mg of Oam capped seeds
were diluted from the stock solution in 20 mL of ODE and 4 mL of Oam. 23.6 mg
(0,07 mmol) of HAuCl4 - 2 H20 were added in a three-necked round bottom flask
and stirred magnetically while the solution was heated to 100 °C in argon atmos-
phere for 40 minutes and kept at this temperature for another 120 minutes. Subse-
quently, 0.05 mL (0.0038 mmol) of Fe(CO)s were added simultaneously with 4 mL
of Oac before the reaction mixture was heated to 310 °C within 30 min and kept at
this temperature for 120 min (see Figure 1 (ll) for the temperature program). The

Janus patrticles formed during this reaction were separated by adding isopropanol
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and washing three times with acetone/isopropanol mixtures and subsequent cen-
trifugation (9000 rpm, 10 min, RT). The overall yield was about 30 mg of Oam/Oac
capped Au@Fes304 JPs per batch.

Instrumentation

Copper 400 mesh carbon film TEM grids were received from Plano GmbH, Wetz-
lar, Germany. TEM images were recorded on a FEI Technai F20 or T12, both
equipped with a 4K CCD camera and a FEG or LaBs cathode working at 200 kV or
120 kV acceleration voltage, respectively. The HR-TEM was equipped with an
EDAX EDX system and a STEM detector by FEI to facilitate dark field EDX line
scans with the TIA software.

XRD measurements were carried out on a STOE STADI P in transmission geom-
etry, Mo-Ka radiation and a DECTRIS MYTHEN 1K detector. The sample was pre-
pared on acetate foil with dried powder of particles. Rietveld refinements were per-
formed with TOPAS Academic V6 applying the fundamental parameter approach.
[54]

UV-VIS-spectra were collected on a Varian Cary 5000 UV-VIS/NIR-spectrometer
equipped with a temperature-controlled stage for measurements at 25°C. A stand-
ard quarz glass cuvette with an optical window of 300 — 900 nm was used for UV-
Vis spectroscopy.

All DLS experiments were performed on an instrument from ALV GmbH, Germany
consisting of an electronically controlled goniometer and an ALV-5000 multiple tau
full-digital correlator. A He-Ne laser with a wavelength of 632.8 nm and output
power of 25 mW (JDS Uniphase, USA, Type 1145P) was used as the light source.
The nanoparticle solutions were filtered through Millex-VV 100 nm filters into cylin-

drical quartz cuvettes (18 mm core diameter, Hellma, Germany).
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3.1.2.3 Result & Discussion
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Figure 3.7: (A) Comparison of a conventional reaction and a one pot seed-mediated synthesis of
Au@Fes304 JPs.(B) Heating program for the synthesis of large gold seeds in ODE and a subsequent
heating step to 310°C for the formation of FesO4 domains. (C) UV-Vis spectra of aliquots from re-
action mixture after different reaction times. The data was normalized to the Au concentration (ex-
cept for the spectrum of the Au@FesO4 particles after 310 min). (D) Position of the maximum of the
Au plasmon absorbance and the normalized absorption (proportional to the diameter of the NPs).
The slight shift between 160 min and 190 min corresponds to matrix changes due to the addition of
Oac and Fe(CO)s and heating of the solution.

The conventional route to Au@Fes04 Janus type particles was described by Yu et
al. in 2005 28 and later used by Schick et al. '8 The first step comprises the syn-
thesis of seed particles. *° The second step requires the growth of the gold domain
for sensing of free oscillating charge carriers. 8 Tetraline, the solvent for this
growth step, is harmful and malodorous. The high boiling point of ODE, which al-

lows the thermal decomposition of Fe(CO)s, avoids this drawback. The intermedi-
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ate growth step for larger Au nanoparticles requires a proper Au seed concentra-
tion (23.6 mg of HAUCls in 20 mL of ODE with 4 mL of Oam yields 1 mg of Oam
capped gold seeds). The intensity of the plasmon band (Figure 3.7) shows the
growth of gold seeds within 2 h at 100 °C. TEM images and particle diameters
derived from DLS diameter of Au-NPs during the grow stage are shown in Figure
3.8.
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Figure 3.8: Size evolution of Au domains during the growth phase.Top: TEM images (scale bars:
20 nm) starting from seeds at 0 min (t1) to 40 min (t2), 100 min (t3), 160 min (t4), 190 min (ts). (A)
Temperature program with thermal decomposition of HAuCl4 until t4 and subsequent ODE, Oac and
Fe(CO)s addition at 160 min.(B) Diameter of nanoparticles from TEM (black) and hydrodynamic
radii from DLS measurements (red, see Supporting Information Figure S 3.17 for details concerning
DLS).

The addition of 0.05 mL (0.00018 mmol) of Fe(CO)s with 4 mL of Oac at t4 and
heating to 310°C (within 30 min) followed by an annealing period of 120 min yielded
monodisperse Au@Fes304 JPs with average sizes of 10.3 = 0.3 nm for the Au and
15.1 + 1.4 nm for the Fe3sO4 domains. The nucleation of the FesO4 domains during
phase t4 (30 min) and their growth during phase ts (120 min) at 310 °C is associated

with a damping of the plasmon and an increase of the overall particle size (Figure
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3.9). Figure 3.9 shows (individual) JPs obtained from the one-pot (I) and the con-
ventional two-step synthesis (Il) to have the same morphologies and selected area
electron diffraction (SAED, Ib, lIb) patterns. Figure 3.9 and the XRD diffractograms
(average properties of a bulk sample) in Figure 3.10 demonstrate that the JPs con-
tain indeed Au and Fe3O4 domains. The morphology in STEM mode (Figure 3.9 c)
and gold to iron contribution derived from EDX line scans (Figure 3.9 d) are almost
identical for JPs obtained from one step and two-step syntheses.

The structural (TEM, XRD, DLS) and spectroscopic (UV-vis) data demonstrate that
highly monodisperse Au@Fes304 JPs can be synthesized in high yields (30 mg per

single batch) from small amounts (1 mg per batch) of Au seed particles.
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Figure 3.9: (a) HR-TEM images of Au@Fes304 JPs obtained from a one-pot reaction (I, left column)
and a conventional two-step synthesis (ll). (b) Single domains of Au and FeszO4 appear in SAED,
where the (220) facet of the FesO4 domain is associated with the (111) facet of the Au domain. (c)
Corresponding STEM images. (d) EDX line-scans along the orange lines show identical Au : Fe
contributions of the Au@Fes04 JPs obtained by one-pot and two-step synthesis.
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Figure 3.10: Powder X-ray diffraction patterns of Au@FesO4 JPs (black lines) synthesized via novel
one-step synthesis (A) and the conventional two-step approach (B).The Rietveld refinements show
good agreement to the HR-TEM evaluated relative phase distribution for both synthesis strategies.
Grey lines show background signals from acetate foil, vertical bars show the positions of reflections
from Au (magenta) and FezOa4 (blue).

As conclusive statement on the analytics an easy way to use very small amounts
(only 1 mg for each batch) of Au seed particles of small size to facilitate a reaction
that yields about 30 mg of highly monodisperse Janus particles of same phase,
shape and plasmon activity as shown by XRD, TEM, UV-Vis and DLS measure-

ments per batch has been identified in this work.

3.1.2.4 Conclusion

Highly monodisperse Au@Fes04 JPs were prepared by a seed-mediated one-pot
synthesis. The two-step process involving the pre-overgrowth of the Au seeds as
precursor for the nucleation of FesO4 domains by thermolysis of an iron oleate pre-
cursor was circumvented by combining Au seed growth and FesOa4 by a heating
program that involves an annealing of Au domains and the formation of Fe3O4 do-
mains. The Au@FesO4 JPs obtained by a one-pot approach have morphologies,
phase compositions as well as physical and chemical properties that are virtually

identical to those of Au@Fe304 particles obtained from conventional two-step re-
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actions. The one-pot synthesis circumvents polydispersity and reproducibility is-
sues of the two-step synthesis. It is a basic requirement for scale-up by microfluid-

ics as shown for organics in double emulsion droplets. [°]

3.1.2.5 Supporting Information
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Figure S 3.17: DLS data plot of diffusion coefficient against g2 for five different points (t1-ts from top
to bottom) shown in Figure 3.8 of the main paragraph. Transformation of intensity correlation func-
tions into amplitude correlation functions applying the Siegert relation, extended to include negative
values after baseline subtraction by calculation gi(t) = SIGN(G2(t)) - SQRT(ABS((G2(t)-A)/A). ga(t)
was evaluated by fitting a bi-exponential function gi(t) = a-exp(-t/b) + c-exp(-t/d) to take polydisper-
sity into account. Average apparent diffusion coefficients Dapp were calculated according to g2-Dapp
= (a-b-1+c-d-1)/(a+c). The obtained data was extrapolated to Dapp(g=0) and shown hydrodynamic
radii were then calculated by using the Stokes-Einstein Equation.
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3.1.3 Au@Fes304 Janus type nanoparticles as non-
isotropic additives — CaCOsz mesocrystal formation
with nanoparticle inclusion

The manuscript “Au@Fe304 Janus type nanopatrticles as non-isotropic additives —
CaCOs mesocrystal formation with nanoparticle inclusion” is the underlying study
for the following paragraph. The manuscript will be submitted to Crystal Growth
and Design by the American Chemical Society. The following Chapter combines

both the content of the main manuscript and the supporting information.

ligand

R o, ligand
exchani://, . exchange
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Figure 3.11: Scheme of functionalization patterns of Au@Fez04 Janus particles. Amphiphilic parti-
cles as well as isotropic anionic functionalized particles have been synthesized to study their effect
on slow desiccator crystallizations of CaCOs by using the ammonia diffusion method.

Incorporation of gold and iron oxide nanoparticles has been demonstrated for pol-
ymer coated isotropic particles but direct surface interaction of CaCOs with the na-
noparticle surface was impossible with polymer coatings. All particles used were

of anionic functionalization and large isotropy. Hence the effect of anisotropy of
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nanopatrticles as well as the different materials surface interactions with CaCOs are
central unstudied aspects on the way to new solid composite materials with ad-
vanced magnetic or optical properties. A crucial microscopy, spectroscopy and dif-
fraction study of the intermediates and the final composite materials enlights the
requirements of good colloidal stability as well as anionic functional groups to trig-
ger surface interaction of Janus particle domains with the CaCOs host-lattice ma-

terial.

3.1.3.1 Introduction

The incorporation mechanism of additives within the calcite host mineral ! is still
an area of challenging and controversial discussions especially in the concern of
the effect of materials and functional groups on CaCOz precipitation. >~"1 From na-
ture bio-inspiration is already rolled out into the synthetic assembling of CaCOs
composites, but still the assembly of nano-, micro- or even millimeter-sized crystals
is challenging due to the manifold effects, that influence CaCOs crystal assembly.
[8-10] Besides functional group assembly, 1% roughness, 11121 material composition,
(131 purity 14 also flexibility 129! or rigidity (6] of the additive influence the crystalliza-
tion besides other external influences as purity of media, 7 temperature, 118 pres-
sure, [l concentrations 2% or even time of precipitation. 21 From biominerals the
community learned that the alteration of carboxylic or hydroxyl functionalities to-
gether 22 with non-coordinating amino acids in proteins the so-called EF-Hand
model 3] is an amino acid sequence with calcium complexing and thus CaCOs
influencing properties. 2425 Especially the ACC stabilization against spontaneous
crystallization is a major role of protein in living CaCOs precipitating animals. [26:27]
In such proteins often acidic functional groups ensure interaction with calcium ions.
From this knowledge the polyacidic (co-)polymers for example PAA 281 and PAA-
PAMPS 29 or even polyglycerol polyacids % have been studied for their effect on
CaCOs precipitations due to their calcium ion complexation behavior. Bl As a result
often anti-scalant properties have been observed. But occlusion of the polymers
into calcite crystals in an oversaturated environment turned out to be observable.

Recently De Yoreo et al. published their atomic force microscopy (AFM) studies on
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the inclusion of soft polymer micelles of PAA and their shape changes during in-
corporation within the CaCOz host-lattice. 2 The key point of easy occlusion of
PAA was its flexibility to ensure easy and fast overgrowth by continuously growing
CaCOs mineral. Besides flexible materials that can influence the materials E-mod-
ulus or hardness the use as optical or magnetic properties carrying composite ma-
terial motivated studies on the occlusion of nanoparticles (NPs). [3334 Kiither et al.
have shown that Au-NPs functionalized with a self-assembled monolayer (SAM)
[35.36] of 4-Mercaptophenol modify the morphologies of calcite from usual rhombo-
hedra shape to spherical assemblies truncated with (104) several nanometer sized
crystals of calcite. [¥7]1 The occlusion of NPs unlikely has not been demonstrated in
this case. Recently Meldrum et al. also published two articles on the occlusion of
functionalized NPs within CaCOs. [3338] |n their research they studied the occlusion
of block-copolymer functionalized Au and FesO4 NPs. In both publications isotropic
NPs with isotropic functionalization patterns have been studied. The total amount
of particles occluded as well as the mechanism of occlusion was not resolved. To
predict the morphology of CaCO3 composites for the case of NP integration one
needs to know how the influence of small molecules functionalization differs from
polymer coated particles in CaCOs crystallization as shown for Au-NPs in chapter
3.1.1. Nonetheless the effect of the NP material on the composite formation is un-
known in the case of close contact with the forming solid phase of CaCOs. [39.15.40]
Thus we herein present the first study of non-isotropic NPs of the Janus particle
class. Known approaches of Au@Fes0a4 functionalization are used to address an-
isotropy and surface effects on the formation of CaCOz composites. [*1 Three dif-
ferent combinations of functionalization patterns were prepared by functionalizing
oleylamine and oleic acid capped nanoparticles. [*>-#4 TGA, UV-Vis- and IR-spec-
troscopy was used to identify and quantify successful functionalization. The com-
binations can be distinguished via surface charge and degree of anisotropy. All
functionalized particle fractions were added to a calcium chloride solution to pre-
cipitate CaCOs by an ammonia diffusion experiment in a desiccator. A detailed
study of the morphology of the final CaCO3s and the interaction of additives with the
CaCOsis also conducted and presented. For the three different composites a com-

prehensive HR-TEM and XRD rocking study was conducted with the focus on the
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degree of incorporation of particles as well as the interaction of the metal or metal

oxide surface with the CaCOs.

3.1.3.2 Experimental

Chloroauric acid dihydrate (99.999% trace metals basis, abcr GmbH), borane tert-
butylamine complex, (97%, Sigma Aldrich), iron(O)pentacarbonyl (99,98% trace
metal free, Sigma Aldrich), 1-octadecene (ODE, >80% techn., Acros), Oleylamine
(Oam, >50%, TCI), oleic acid (Oac, >90% techn., Sigma Aldrich), sodium hydro-
xide solution (98%, Sigma Aldrich), 11-mercaptoundecanoic acid (11-MUA, 95%,
Sigma Aldrich), 1-dodecanethiol (1-DT, >99%, Fluka), 4-tert-butylcatechol (4-TBC,
>99%, Acros), 4-sulfobenzoic acid potassium salt (4-SBA, 99%, Sigma Aldrich),
tetramethylammonium hydroxide solution (TMAH, 25 vol% in water, Sigma Ald-
rich), calcium chloride solution (1 M, volumetric, Fluka), ammonia carbonate
(>30%, NHs basis, Sigma Aldrich), cyclohexane (p.A., Fisher scientific), ethanol
(p.A., Fisher scientific), isopropanol (p.A., Sigma Aldrich), chloroform (>99%,

Sigma Aldrich) were used as received without further purification.

Quarz glass-slides for crystallization as well as transmission and scanning electron
microscopy (TEM and SEM) equipment was received from Plano GmbH, Wetzlar,
Germany. For water deionization a water purification setup from Millipore (Millipore
GmbH) was used. The quarz glass slides were cleaned by subsequent washing
with ethanol, NaOH, MQ water, HCI and threefold MQ water in an ultrasonic bath
for 10 minutes each. To finalize cleaning the glass slides were dried under nitrogen

flow.
Instrumentation

TGA data has been collected with a Perkin Elmer TGA sampler with the Pyris 8
software. For each measurement a temperature program with constant 50 °C for
10 min, slope with 5 °C / min to 650 °C that stays constant for another 10 min has
been conducted. All measurements were facilitated with particle amounts between
2 and 10 mag.
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Raman and IR-spectroscopy measurements for phase identification were carried
out using a confocal HR800 p-Raman by Horiba Scientific and a NicoletTM iISTM10
FT-IR spectrometer from Thermo scientific. Both instruments used A = 633 nm He-
Ne laser light without using any optical filters. Each spectrum was taken with reso-
lution of 1 cm™ at 16 iterations.

UV-VIS-spectra were collected by a Varian Cary 5000 UV VIS/NIR-spectrometer
equipped with a tempered stage at constant 25 °C. Optical Imaging was performed
with a confocal Keyence-8710 laser light microscope equipped with a 658 nm diode

Laser to get height information of the precipitated samples.

For SEM the calcium carbonate crystals were analyzed using a JEOL-JSM 5610LV
(JEOL Ltd., Tokyo, Japan) or FEI Phenom (Hillsboro, OR, USA). Images were ac-
quired with an accelerating voltage of 20 kV or 10 kV respectively and at low vac-
uum. SEM samples have been sputtered with either Pt or Ag with layer thicknesses

between 4 and 7.5 nm to prevent the electrostatic charging of samples.

For FIB cuts, a FEI 600 Nanolab focused ion beam (FIB)/SEM dual beam instru-
ment (FEI, Hillboro, Oregon) equipped with an Omniprobe micromanipulator (Om-
niprobe Inc. Dallas, Texas) was used. The thin-cut was mounted on a coppor

mount for HR-TEM analysis.

TEM images were recorded using a FEI Technai F20, F30 or T12, all equipped
with a 4K CCD camera and a LaBes cathode working at 200 kV or 120 kV acceler-
ation voltage. The HR-TEM was furthermore equipped with EDX system by EDAX
and a STEM detector by FEI.

Synthesis of Au@Fes304 heterodimers

The synthesis of Au@Fes04 Janus particles was conducted as described in chap-
ter 3.1.2. The overall yield from each reaction was 30 mg of Oam/Oac capped
Au@Fe304 Janus patrticles, which has been taken as a single batch for each sur-

face functionalization combination reported.
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Surface functionalization of Au@FesO4 nanoparticles

For all nanoparticle samples the Au domain of the Janus particles has been func-
tionalized first to get best possible thiol ligand coverage on the Au domain. Either
11-MUA or 1-DT was used in an about tenfold molar excess to the surficial Au
atoms available for the functionalization reaction. [ Both substances were diluted
in chloroform and a stock solution of 5 g/L Oam and Oac capped Janus particles
was added for an over-night reaction to functionalize the Au domain. After the re-
action the NPs were separated by adding ethanol for the 1-DT case or cyclohexane
for the 11-MUA case as anti-solvent to precipitate the particles. The washing of the
particles was performed by taking three turns of isopropanol washing and centrifu-

gation steps.

The iron oxide domain has been functionalized by adding 1 mL of the TMAH solu-
tion to 1 mL of 2 g/L of Au domain functionalized Janus NPs either in water (11-
MUA/Au@Fe304/0Oac) or cyclohexane (1-DT/Au@Fe304/Oac) to remove Oac from
the iron oxide domain and activate the surface for the new ligand. After excessive
washing/precipitation procedure with ethanol as good solvent for Oac, cyclohexane
was added to the gold domain functionalized 11-MUA/Au@FesO4 particles and
water was added to 1-DT/Au@Fes04 particles to agglomerate the Janus particles
at the polar/nonpolar boundary of the two-phase systems. 4-TBC or 4-SBA was
added respectively to the NP dispersions in about tenfold molar excess in relation
to the surface iron coordination centers for functionalization. The reaction mixture
was stirred over-night and purified by dialysis through a 3000 kDa membrane for
72 h against ethanol to wash away unbound ligands such as Oac as well as the
excess of 4-TBC and 4-SBA. Evaporation and dispersion in aqueous sodium hy-
droxide solution (pH 10) for a 1 g/L stock of (a) 1-DT/Au@Fe304/4-SBA, (b) 11-
MUA/Au@Fe304/4-TBC and (c) 11-MUA/Au@Fe304/4-SBA for crystallization ex-

periment finalized the synthesis.
Crystallization of CaCOs via ammonia diffusion method

Crystallization experiments were carried out using the standard ammonia diffusion

method. [4546:29.47.48] The reaction has a short induction time during which desicca-
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tor atmosphere gets supersaturated with ammonia and carbon dioxide via subse-
guent thermal decomposition of the excess of ammonium carbonate placed on the
bottom of a desiccator. From the atmosphere the solution starts to (super-)saturate
with NH3 and CO:2 and the hydrogencarbonate-carbonate equilibrium is generated.
Crystallization was performed on quarz-glass slides with a diameter of 13 mm and
a thickness of 1 mm placed on the bottom of 5 mL beakers. The beakers were filled
with 2 mL of aqueous solutions of 5 mM CaClz and distinct amounts of Au@Fe30a4
NPs of variable functionalities. The reaction room was covered with perforated Par-
afilm (Neenah, WI, USA) to prevent external impact by dust or other impurities. The
pH of the solution subsequently increased from about 7 to 9.5 during crystallization.
After 15 h crystallization time the glass-slides were removed from the solution,
washed carefully with saturated CaCOs solution on both sides to ensure complete
removal of ammonium carbonate crystals and unbound NPs without inducing dis-

solution/ recrystallization processes.
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3.1.3.3 Results & Discussion

Form as described synthesis the following anisotropic additives were compared in
CaCOs crystallizations. First a nonpolar/polar batch with (a) 1-DT/Au@Fe304/4-
SBA, second a further non-isotropic polar/nonpolar Janus particle species (b) 11-
MUA/Au@Fe304/4-TBC and third bi-anionic functionalization with (c) 11-
MUA/Au@Fe304/4-SBA have been synthesized.

-DT, CHCI,, 16 h
MAH washmg %

1. 11-MUA,
“lcHel, 16 h
£5*2 T8¢, 1h

1. 11-MUA,

CHCI,, 16 h

2.4-SBA, 1h
= = BN AAARAANAANAANA~ Oam
= = HOOC A~ A~ AN A A~~~ Oac TBC
m— HS A AN 1-DT H
=0 HS A~~~ cooH 11-MUA HO

Figure 3.12: Sketch of Au@Fes04 functionalization and agglomeration of Janus Particles (black
boxes) and the resulting CaCOs crystals if 0.2 g/L of the NPs (a) 1-DT/Au@Fe304/4-SBA (b) 11-
MUA/Au@Fes04/4-TBC or (c) 11-MUA/Au@Fes04/4-SBA were added in an ammonia diffusion ex-
periment for 15 h (red boxes). The size of the final CaCOs crystals indicate strongest inhibition
taking place for both 11-MUA functionalized Janus particles (b) and (c) while the effects on the
crystal morphology is weak in the case of functionalization pattern (a).

The successful functionalization of all types of NPs (a), (b) and (c) is verified by IR,
UV-Vis and TGA studies (see Figure S 3.18, Figure S 3.19 and Figure S 3.20,
Supporting Information) indicating various functionalization densities, which has a
pronounced influence on the particles colloidal stability. Only weak stability in so-
lution has been observed for Janus particles of type (a) due to close packing of
non-polar 1-DT molecules on the Au surface. 4959 1-DT/Au@Fes304/4-SBA NPs
carries 23 w% ligand on the NPs surface, while of that 70 % are 1-DT and only 30
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% 4-SBA as determined from TGA. For type (b) Janus particles a total weight loss
of bound ligand to be only 13 w% as calculated from TGA. Due to the close de-
composition window of both ligands it is not possible to distinguish between them
while IR-data (Figure S 3.18, Supporting Information) underlines binding of both
ligand species. UV-Vis data shown in Figure S 3.19 of the Supporting Information
also underlines successful functionalization of the Au-domain and plasmon cou-
pling gives a hint for strong interactions of amphiphilic Janus particles of function-
alization pattern (b) (compare Figure 3.12 middle row). The plasmon coupling is
caused by the close contact of Au domains in agglomerates as shown in the TEM
images in Figure 3.12. NPs of type (c) show the best colloidal stability at basic pH
in aqueous solutions due to the all over polar anionic functionalization on both do-
mains although only 8 w% ligand cover the NPs surface. Both functional molecules
can be identified by the shift of both vibrational modes of the —C-S- and —C=0
carbonyl bond of the carboxylic acid of 4-SBA in IR-spectra. UV-Vis also underlines
successful functionalization by surface plasmon resonance red-shift due to the Au
surface modification and the resulting particle interactions. The good colloidal sta-
bility of all particle samples in aqueous environment is shown in the inlays of Figure
S 3.19 (see Supporting Information). The amphiphilic behavior of the particle frac-
tions (a) and (b) are shown by the assembly from polar solvents to micellar assem-
blies on the TEM grid prepared from an ethanol solution of Janus particles type (a)
(see Figure 3.12). Nonetheless also Janus particles functionalized the other way
around agglomerate to micelles with iron oxide domains mainly pointing to the cen-

ter of the micelle (compare Figure 3.12 (b)).

Due to the bad colloidal stability of amphiphilic Janus particles the crystallizations
using Janus particles (a) and (b) the precipitation of most particles occurred very
fast in CaClz solution. For sure the increase of pH and formation of ACC in a solu-
tion of high ionic strength in the ammonia diffusion desiccator experiments dis-
perses agglomerates to some extend as shown in Figure 3.13 (B, C) and Figure
3.14 (B, C). For the effects on CaCOs crystallization it is necessary to mention that
the shape and phase modification of CaCOs crystals also occurs in analogous des-
iccator experiments with neat 4-SBA addition. In Figure S 3.21 of the Supporting

Information the crystals from 15 h desiccator experiments with various amounts of
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4-SBA are shown. Hence the added concentrations chosen in these experiments
are higher than the amount of ligand in the NP samples. Thus the effects on shape
of the final crystals might also be caused by the dissociation of 4-SBA from the
Fes304 domain due to its weak coordination. For all other ligands no reference crys-
tallization experiments were conducted due to bad miscibility within basic aqueous
media. The TEM details of 1-DT/Au@Fe304/4-SBA patrticles (a) in CaClz solution
and after crystallization in the desiccator experiment for 15 h are shown in Figure
3.13. The particles agglomerate and absorb on CaCOs that is formed after 8 h of
desiccator precipitation (see Figure 3.13 B). Amorphous calcium carbonate (ACC),
which usually forms around this duration of crystallization is shown to agglomerate
without close contact to the NPs surface. Rather the particles attach to the highly
charged surfaces of growing crystalline CaCOs. The effect on the shape of the final
crystals is mainly an elongation and inhibition of size compared to the reference
rhombohedra (about 20 um edge length, not shown). This might be caused by cal-
cium ion binding of the charged ligand of the NPs (see Figure 3.13 C). The resulting
crystal shapes for different particle concentrations (see Figure S 3.22, Sl) also
show terraces scattered over the crystal whereon Janus particles agglomerate and
especially function as surface defects on the CaCOzs surface. The Raman spectrum
shown in Figure S 3.27 (B) shows nano-crystalline CaCOs (lattice band broaden-
ing) and small amounts of FesO4 and organic molecules on Au domain around
1500 cm™. This opens the question about occlusion of 1-DT/Au@Fe304/4-SBA
particles (a) within the CaCOs crystals. Figure 3.13 D-F and the STEM-EDX in
Figure S 3.25 of the Supporting Information answer this question with a positive
statement. As shown by HR-TEM imaging the particles remain intact and incorpo-
rate as aggregates especially around the less crystalline center of the crystal. The
CaCOs nanocrystals, which are formed (see rocking curve analysis Figure S 3.29
as evidence) do not interact with the surfaces of the Janus particles. But still their
inclusion as rather large agglomerates forms defects in the crystal lattice of the
CaCOea.
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Figure 3.13: (A) Scheme of type (a) functionalized Au@Fes04 Janus particles (B) TEM image after
8 h desiccator CaCOs precipitation. Surface attachment of persistent Janus particle agglomerates
on formed crystalline CaCOs can be observed. The SEM image of a calcite crystal (C) shows many
terraces and elongated crystals. (D) Cross-section from FIB preparation and HR-TEM image (E)
showing hollow nano-crystalline center of the crystal with multiple twinning (see inlay SAED). The
zoom-in into a Janus particle bearing area (magenta square) and its related SAED pattern that
indicates nano-crystallinity and successful occlusion of the Au@FesO4 particles within the meso-
crystal.
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If the Janus particles domain polarity is changed from non-polar Au and polar
FesOa4 for the functionalization pattern (a) to the polar/non-polar combination (b)
11-MUA/Au@Fe304/4-TBC (see Figure 3.14 (A)) still the particles form agglomer-
ates on the TEM grid after 8 h of crystallization (see Figure 3.14 (B)). In contrast to
type (a) particles a strong ACC stabilization on their NPs surface is visible for type
(b) Janus particles. This fact might be dedicated to the already reported property
of 11-MUA on Au-domains to stabilize CaCO3s as ACC. (see Chapter 3.1.1 for anal-
ogous results). The effect on the shape of the final crystals is mainly an elongation
of the calcite crystals to rod-like crystals truncated with multiple (104) terraces of
calcite, which might be caused by additive absorption on polar step edges (see
Figure 3.14 C). The resulting crystal shapes for lower particle concentrations (see
Figure S 3.23, Sl) also show these effects for all precipitated crystals. All over the
CaCOs crystals Janus Particles agglomerate on the surface. These particles can
be identified by the Raman spectrum shown in Figure S 3.27 (B). Again nano-crys-
talline CaCO3s and a small amount of FesO4 and organic compounds on Au domain
around 1500 cm wavenumber can be observed. This once more entails the ques-
tion: Are 11-MUA/Au@Fe304/4-TBC particles (b) incorporated into the CaCOs
crystals? Figure 3.14 D-F answers this question. HR-TEM of the cross-section (Fig-
ure 3.14 (C and D)) underlines the nano-crystallinity of the precipitated CaCOs.
Rocking curve analysis (compared Figure S 3.29 and Table S 3.4 of the Supporting
Information) also shows the large mosaicity of the precipitated composite meso-
crystals. HR-TEM shows that the NPs remain intact and occlude as aggregates
especially around the less crystalline center of the crystal. The CaCOs nanocrystals
interact with the functionalization layer of the Janus particles differently. The inter-
action of 11-MUA functionalized Au domains of the particles is stronger due to car-
bonate-carboxylate similarity compared to the weaker sulfonate-calcium carbonate
interactions. As a result ACC can be stabilized on the Au domain surface (see
Figure 3.14 and Figure 3.15). The subsequent transformation to crystalline calcite
results in an interaction of the calcite (100) facet with the Au (111) facet of the
Janus particles due to small lattice match of A ~ 0.2% (as demonstrated for Au-

NPs in chapter 3.1.1). From iron oxide domains, which remain attached to Au no
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direct interaction is visible and the gold domain interaction with CaCOzs is less or-
ganized due to the weaker ligand-calcium carbonate interaction and bad lattice
match to CaCOs.
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Figure 3.14: (A) Scheme of type (b) functionalized Au@Fe304 Janus particle (B) TEM image after
8 h desiccator CaCOs precipitation. The Janus particles agglomerate and CaCOs is precipitated on
their surface. (C) SEM image of a calcite crystal after 15 h ADM experiment shows many terracies
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on very small elongated calcite crystals. (D) Cross-section from FIB preparation and HR-TEM im-
age (E) showing hollow nano-crystalline center of the crystal with multiple twinning (see inlay SAED
of yellow circle). The zoom-in into a Janus particle containing area (magenta square) nano-crystal-
linity and successful occlusion of the Au@Fe304 particles within the mesocrystal.

For isotropic and all over anionic 11-MUA/Au@Fe304/4-SBA Janus particles (c)
small scale inhibited dumbbell shaped CaCO3s mesocrystals of grey color precipi-
tate on the glass substrate within 15 h in the desiccator experiment (see Figure
3.15 B and Figure S 3.24, Supporting Information). Raman spectra of the CaCOs
crystals have shown strong bands SERS bands for 11-MUA on Au and also Fe3Oa4
as well as shift and broadening of lattice modes of CaCOs, which indicates integra-
tion of particles or fragments of particles and a less crystalline CaCOs host lattice
(see Figure S 3.27 A of the Supporting Information). Also the shift of the rocking
curve main reflex its large mosaicity as well as the reflection shift of the (104) reflex
in XRD measurements (see Figure S 3.28 and Figure S 3.29 and associated Table
S 3.3 and Table S 3.4 of the SI) underline the formation of a mesocrystal with
integrated nanoparticles. Hence all these techniques provide no information on the
material of the particles. For the addition of strong CaCOs interacting functionalized
Au@Fe304 Janus particles one would expect the incorporation of the particle. Sur-
prisingly this is only partially the case. FIB-cut cross-section analysis in Figure 3.15
C-F first shows existence of a lot of holes inside the mesocrystal and the presence
of Janus particles on the surface of the mesocrystal. But HR-TEM of the core part
around the holes shows small Au nanopatrticles incorporated into the CaCO3 mes-
ocrystal (see Figure 3.15 F). Separation of Au and FesO4 domains can be caused
by the good lattice match of Au and CaCOs but the worse interaction of the func-
tionalization of the FesO4 domain and its worse lattice match to calcite of A = 1,5%.
This match/mismatch relationship induced stress and strain into the mineralizing
CaCOs and epitaxy of the Au (111) to the CaCOs (100) facet as shown by FFT in
Figure 3.15 E can be observed.
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Figure 3.15: (A) Scheme of type (c) functionalized Au@Fe304 Janus particles (B) SEM image of an
exemplary final dumbbell calcite crystal shows dumbbell shaped crystals with lot of terraces and
elongation along c-axis of calcite. The cross-section from FIB preparation (C) shows small bulk
crystal. (D) STEM image of surface bound particles with EDX (F) indicating Au@Fes04 and Fe3Oa4
agglomerated on the surface. The zoom-in (E) shows Au-NPs of variable sizes within the CaCOs
lattice. Epitactic growth induces stress and strain into the nano-crystalline material which causes
tilting and multiple twinning of the nanocrystals (see inlay FFT). Iron oxide is not found inside the
CaCOs lattice due to large lattice mismatch to CaCOs.

For isotropic and all over anionic 11-MUA/Au@Fe304/4-SBA Janus particles (c)
small extremely scale inhibited dumbbell shaped CaCO3s mesocrystals of grey color
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precipitated within 15 h in the desiccator (see Figure 3.15 B and Figure S 3.24,
Supporting Information). Besides the optical microscopy also Raman spectroscopy
shows strong SERS bands for organics bound on Au domains and Fe3Oa4 assign-
able bands. Further broadening of the lattice mode of CaCOs which indicates suc-
cessful integration of particles or fragments of particles and nano-crystallinity of the
CaCOs host lattice has been observed (see Figure S 3.27).

3.1.3.4 Conclusion

Both anisotropic particle species (a) and (b) agglomerate and occlude in micellar
assemblies into CaCOs. This is mainly caused by their amphiphilic character. The
surface interaction with mineralizing CaCOzs for case (a) is less specific than the
interaction of Au/11-MUA domain in type (b) Janus patrticles. Both types (a) and (b)
form elongated rhombohedral calcite crystals of overall low crystallinity due to par-
ticle occlusion. In all cases we were able to identify oriented, small crystallites
within the crystal assemblies which is defined as a mesocrystal in literature. The
small amount of incorporated patrticles for (a) and (b) can either be caused by bad
colloidal stability or bad interaction of the particles with the forming CaCOs. In con-
trast to the anisotropic functionalized particle batches, the isotropic Janus particle
functionalization pattern (c) shows surface agglomeration of both intact Janus par-
ticles as well as fragments of Fe3sO4 on the mesocrystal surface and incorporation
of Au nanocrystal fragments inside the mesocrystal. Incorporation of Au into
CaCOs with nanocrystals with expressed (100) facets epitaxy to the Au (111) facet
has also been shown for this particle functionalization. The integration of Janus
particles has been demonstrated to correlate with the surface functionalization and
total dispersion stability and thus resulting degree of interaction with CaCOs. To
study for lattice anisotropy effects triggered by the functionalization pattern other
stabilization strategies for example by polymers need to be used for better colloidal
stability of the particles. Hence these results motivate further research on the for-
mation of a cheap composite material with extraordinary magnetic as well as optic

properties for diverse applications.
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3.1.3.5 Supporting Information
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Figure S 3.18: IR-Spectra of Janus particles functionalized with (a) 1-DT/Au@Fes04/4-SBA, (b) 11-
MUA/Au@Fe304/TBC and (c) 11-MUA/Au@Fes04/4-SBA. For all graphs the following order was
plotted from top to bottom: Reference pattern Oam/Au@Fe304/Oac (red, solid line), finally function-
alized particles (a,b or ¢ pattern) as black solid line, Oac (red dotted line), Oam (red dashed line),
ligand on Fe304 domain (either 4-SBA (a and c) or TBC (b)), ligand on Au domain (either 1-DT (a)
or 11-MUA (b and c). Successful functionalization was indicated for 1-DT and 11-MUA by shift of —
C-S valence bending to higher wavenumbers caused by binding to Au-surface. For FesO4 domain
bond TBC the shift of —-C=0 valence from hydroxyl groups to smaller wavenumbers was indicating
binding on magnetite surface (see (b) 1100-1200 cm). 4-SBA binding was confirmed by —C=0
valence attenuation and shifting to smaller wavenumber (from 1720 cm-! to 1600 cm™)
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Figure S 3.19: UV-Vis spectra of aqueous Janus particle dispersions at basic pH value and of a
hexane dispersion for reference sample. Reference particles are shown in black and functionalized
with Oam/Au@Fes304/Oac. Such Janus particles have the plasmon absorbance maximum at A =
545 nm. For (a) functionalized with 1-DT enhancing only weak agglomeration of the particles the
band shifts to A = 580 nm while for (b and c) functionalized with 11-MUA on the gold domain the
shift is much larger. This is due to higher refractive index of the surface ligand and due to the
strength of agglomeration induced by interactions of gold domains. For the amphiphilic particles of
type (b) the plasmon band shifts to A = 630 nm. For the totally negatively charged particle of type
(c) the coulomb interactions are stronger thus the maximum of the band is A = 600 nm due to weaker
plasmon coupling.
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Figure S 3.20: TGA data of Janus particles of functionalization pattern shown in Figure S 3.18. The
color code is similar as for Figure S 3.19. Reference TGA data for 1-DT (black box), TBC (dash
dotted black line), 11-MUA (dashed black line) and 4-SBA (solid black line) is also added in the
graph. Functionalization of Janus particles in general gives low density of packing, which is mainly
due to interactions of sulfate and carboxylate head-groups during surface functionalization reaction
and the persistent capping agents Oam and Oac on the Au and FesO4 surface.
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Figure S 3.21: Optical microscopy images of (A) reference without additive and with 4-SBA as ad-
ditive in (B) 0.01 mM (C) 0.05 mM and (D) 0.1 mM concentration in the standard desiccator exper-
iment as described (inlay scalebar: 20 um). With increasing content of 4-SBA the average crystal
size decreases while the overall amount of seeds increases. The shape and polymorph changes
from calcite (A) without additive to vaterite in dumbbell to elongated cigar shape. Thus 4-SBA has
an inhibition effect for classical crystallization because after 15 h usually the thermodynamically
stable product calcite is formed.
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Figure S 3.22: SEM images of CaCOs crystals precipitated under presence of various concentra-
tions of 1-DT/Au@Fe304/4-SBA NPs in a5 mM CacCl: solution after 15 h in the standard desiccator
ammonia diffusion experiment for CaCOs precipitation.
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Figure S 3.23: SEM images of CaCOs crystals precipitated under presence of various concentra-
tions of 11-MUA/Au@Fe304/4-TBC NPs in a 5 mM CacClz solution after 15 h in the standard desic-
cator ammonia diffusion experiment for CaCOs precipitation.
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Figure S 3.24: SEM images of CaCOs crystals precipitated under presence of various concentra-
tions of 11-MUA/Au@Fez04/4-SBA NPs in a 5 mM CacCl: solution after 15 h in the standard desic-
cator ammonia diffusion experiment for CaCOs precipitation.
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Figure S 3.25: STEM image of a cross-section of an exemplary CaCOz crystal precipitated after 15
h duration under presence of 0.2 g/L of (a) 1-DT/Au@Fe304/4-SBA NPs from a 5 mM CacClz solution
in the standard ammonia diffusion desiccator experiment. Light spots identify Au@Fesz04 Janus
particles included as particle clusters. The EDX shows Au and Fe to be present in the selected area
of interest.
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Figure S 3.26: STEM image of cross-section of an exemplary CaCOs crystal precipitated after 15 h
duration under presence of 0.2 g/L of (b)11-MUA/Au@Fe304/4-TBC NPs from a 5 mM CacCl: solu-
tion in the standard ammonia diffusion desiccator experiment. Light spots identify Au@Fes04 Janus
particles incorporated as particle clusters. The EDX identifies Au and Fe to be present in the se-
lected area of interest.
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Figure S 3.27: Raman spectra of CaCOs precipitated under addition of (A) 11-MUA/Au@Fes04/4-
SBA (black: reference, red: 0.05 g/L, blue: 0,1 g/L, magenta: 0,2 g/L). Black arrows show Fe304
bands between 500 cm! and 800 cm-! and SERS signal of organic molecules on Au surface of
particles between 1300 cm* and 1700 cm-L. Continuous shift of lattice mode from 283 cm-! to almost
260 cm! indicates inclusion of NPs. Nano-crystallinity results in a peak broadening of the lattice
mode of CaCOs. In (B) Raman spectra of CaCOs crystals precipitated if 0.2 g/L of 11-
MUA/Au@Fes04/TBC (blue) and of 1-DT/Au@Fes04/4-SBA (red) was present (black line = refer-
ence). For all cases a small peak shift and broadening of the lattice mode peak is observed, while
the 11-MUA/Au@Fe304/TBC particles strongly bind to CaCO3s as shown by better defined FezOas
and SERS bands.
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Figure S 3.28: XRD 26 scan of calcites (104) reflex for different additives added to the crystalliza-
tion. For all samples Gaussian or Lorentzian fits were used to find the reflex maximum and FWHM
for average crystallite size determination via the Scherrer Equation shown in Table S 3.3.
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Table S 3.3: Calculations for 26 scans of reference sample and calcite precipitated if 0.2 g/L of
different Au@Fes04 Janus particles of various functionalization patterns is added. Mass concentra-
tions are constant for all particle fractions. FWHM in general is larger if particles are added, which
results in smaller average crystal size within the mesocrystal assembly. Similar 26 values for sam-
ples (a) and (b) compared to the reference measurement identifies the lattice plane distance to be
not affected by addition of these particles. Only the integrated particle fraction (c) 11-MUA
/Au@Fes304/4-SBA reflex shifts slightly to smaller 26 value, which is due to the occlusion of Au
particles and the resulting expanding of the average lattice plane distance by integration into grain
boundaries.

Sample FWHM (°) | d (nm) | 26 (°)
Reference 0.120 76.1 29.41
(a) 1-DT/Au@Fe304/4-SBA 0.168 54.3 29.40
(b) 11-MUA /Au@Fe304/4-TBC | 0.149 61.0 29.41
(c) 11-MUA /Au@Fe304/4-SBA | 0.149 61.0 29.38
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Figure S 3.29: Rocking curve analysis from 5° to 24° w angle under constant 26 angle of 29.42°
analyzing the (104) truncated CaCOs mesocrystals for their mosaicity as indicator for mesocrystals
formed from nano-crystals. For all NP additions the same mass concentration of particles was used
(0.2 g/L). For calculations and discussion see Table S 3.4.
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Table S 3.4: Calculations from fits of rocking curve data. For the reference sample a sharp reflex of
FWHM 0.251° and a maximum at w = 14.63° indicates highly oriented crystallites within the at times
on the glass slide randomly oriented crystals (sharp reflexes at various angles). For addition of (a)
1-DT/Au@Fe304/4-SBA NPs the main reflex has a broad basis with two identified fractions with
FWHM of 7.246° and 1.002° which indicates large mosaicity of the crystals. Additional sharp re-
flexes may have their origin in favored orientation of crystals on the substrate. If (b) 11-MUA
/Au@Fe304/4-TBC nanoparticles are added the main reflex broadens and a broad background of
large mosaicity can also be observed (FWHM 2.648°). NPs of type (c) 11-MUA /Au@Fez04/4-SBA
shift the sharp reflex and its large mosaicity identifying basis to smaller w angles. This is caused by
the successful integration of Au nanocrystals within the CaCO3s composite and systematic misori-
entation.

Sample FWHM (°) | w (°) | wtheo (°) | A w (°)
Reference 0.251 14.63 | 14.7 0.07
(a) 1-DT/Au@Fes304/4-SBA 0.102 14.68 | 14.7 0.02
1.002 14.89 | 14.7 0.19
7.246 14.89 | 14.7 0.19
(b) 11-MUA /Au@Fe304/4-TBC | 0.165 14.77 | 14.7 0.07
2.684 14.77 | 14.7 0.07
(c) 11-MUA /Au@Fe304/4-SBA | 0.071 14.35 | 14.7 0.35
1.673 14.33 | 14.7 0.37
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3.2 Novel THF based (co-)polymers for
mineralization

3.2.1 Polymer structure influence on calcium carbonate
morphology

The manuscript “Novel THF Based Copolymers for Mineralization: Polymer Struc-
ture Influences Calcium Carbonate Morphology” is the underlying study for the fol-
lowing paragraph. The manuscript will be submitted to Crystal Growth and Design
by the American Chemical Society. This chapter combines both the content of the

main manuscript and the supporting information.

Linear polymer ~ Hyperbranched polymer

Figure 3.16: Relationships between linear and hyper-branched polymer and the related influences
on CaCOs precipitates caused by the polymers structure.

Polyacid bearing (co-)polymers are used additives for scale inhibition of minerals
such as CaCOs, MgCOs, and CaS0a4-2 H20 in industrial facilities and household
devices. Hyper-branched analoga were shown to induce less efficient scale inhibi-
tion due to face selective binding of agglomerates and more structure giving prop-
erties. We herein present a new class of polymers to distinguish between scale
inhibition and shape modification for either linear or hyper-branched PolyTHF pol-
yacids. For hyper-branched copolymer structures carrying carboxylic acid func-
tions on the PolyTHF based (co-)polymers a comprehensive study on effects on
CaCOs mineralization by using AFM, SEM, CLSM, FIB thin cuts, HR-TEM and ti-
tration techniques was carried out. As result hyper-branched PolyTHF copolymers

have been found to elongate crystals by oriented attachment of polymer that also



142

covers the resulting polar nanostructured surfaces by formation of calciumcar-
bonate/polymer composite nanopits. Strong inhibiting effects on CaCOs by linear
PolyTHFs possess numerous carboxylic acid groups have already been shown to
be based on lowering CaCOs supersaturation via complexation. These mechanism
differences seem to be caused by structural differences in polymer structure as
underlined by crystallographic study of both structures of PolyTHF polyacids by
using advanced HR-TEM techniques of an exemplary FIB cut lamella of the final

CaCOs composite crystals.

3.2.1.1 Introduction

CaCOs as well-established inorganic model system of mineralization from liquid
phase has been studied with a plethora of additives, such as polar functionalized
organic and inorganic nanoparticles, -3 surfactants, 4% polymers ¢ and pro-
teins [ to investigate their effect on the CaCOs crystallization.

Mostly classical nucleation theory 8 and growth theories -1 aim to describe for-
mation of crystalline CaCOs to end in the thermodynamically stable polymorph cal-
cite by subsequent phase transitions over the reaction duration. 12-18 Within the
recent two decades non-classical pathways of mineralization have exhaustively
been studied especially under the scope of additive effects present in natural bio-
mineral material such as exosceletons of caliceous animals, [**-21] theeth, [?2 and
shells 12324 or spines. 5-2° The key feature of many plants and animals is to control
shape and polymorphism of their inorganic CaCOs3 skeleton and to hierarchically
align small building subunits [3%-32 under crystallographic alignment across long
distances. 133 Such mesocrystalline biominerals encountered in spines, shells for
example and exoskeletons. [3-38] have been evolutionary optimized for protection
or as a load bearing skeleton. 3% This can only be encountered by non-classical
pathways with a non-crystalline precursor 4041 which is than assembled by genet-
ically controlled pathways and transformed to build - often complex hierarchal -
crystallographic commonly oriented so-called mesocrystals with extraordinary
properties. =481 Upon discovery that many biominerals are superstructures of

nanocrystals forming mesocrystals meanwhile the materials concept has emerged
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various research fields. (-5 |t is assumed and partially proven that mesocrystal-
line hybrid materials exhibit an enhanced mechanical performance compared to
single crystalline structures. 5253 Their remarkable mechanical and optical proper-
ties, which are related to high leveled control mechanisms for structure, size, mor-
phology, orientation, and assembly of the constituents, require an understanding
of physicochemical effects of additive matrices. Often such matrices contain pro-
teins rich in carboxylic acids 4 with specialized binding behavior and therefrom
resulting effects on the growth and formation of biomineral hybrid crystals. [55-58]
The investigation of PolyTHF copolymers with carboxylic acid functions pushed the
class to become an additive with its outstandingly non-polar backbone compared
to the already studied and industrially used polymers (e.g. PAA) or copolymers
(e.g. PAA-PAMPS) 83 which are used as scale inhibitors for urgent CaCOs crys-
tallization. 184 As long as the effect of molecule structure on the CaCO3 morphology
has not been strategically investigated by the groups studying poly-acidic additives
this chapter aims to do so for the presented PolyTHF polyacids.

Recently a new class of (co-)polymers based on tetrahydrofuran (THF) was pre-
sented in our previous work. 6% The class of PolyTHF copolymers is surprisingly
uninvestigated although BASF SE had an annual production of 350,000 metric tons
of non-polar PolyTHF polyol products in 2016 in its THF/PolyTHF plant in Shang-
hai, China. %6l Hence the usage of these non-polar products as additives in CaCO3
crystallizations is impossible due to their insolubility in aqueous media. With the
aim of fine-tuning and adjusting its properties, THF has been copolymerized with
other cyclic monomers, 67-751 post-polymerized 76781 or polymerized with various
initiators to modify the end groups, [7*-81 even to create bifunctional PolyTHF. 82
To compare the nucleation and growth processes of the linear copolymer with the
hyper-branched one we furthermore replenish the results reported elsewhere with
a detailed HR-TEM study of linear copolymer. 6% For the hyper-branched system
the hyper-branched polyol copolymers built of the ABs monomer 3,3-bis(hy-
droxymethyl)oxetane (BHMO) and tetrahydrofurane (THF), polymerized by CROP
as reported elsewhere, 88 which has been post-functionalized with succinic anhy-
dride to get a hyper-branched analog to the linear copolymer with a comparable

amount of carboxylic acid groups its stability in basic pH moiety was proven by
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NMR, IR, and DOSY to study the interaction of polymers with calcium ions by titra-
tions followed by an analogue crystallization study in ammonia diffusion desiccator
experiments and SEM/FIB preparation for a HR-TEM lamella for crystallographic
work. For the surficial effects and the identification of attachment of the polymer to
the mineral in-situ liquid cell AFM on CaCOs was conducted.

3.2.1.2 Experimental

Materials

All reagents were purchased from Acros Organics or Sigma Aldrich and were used
as received, unless otherwise stated. The linear polymer was synthesized as re-
ported elsewhere. %5 Quarz glass-slides as well as TEM and SEM equipment were
purchased from Plano GmbH, Wetzlar, Germany. Deionization was obtained with
a purification setup from Millipore (Millipore GmbH). The quarz glass slides were
cleaned by washing with ethanol, NaOH, MQ water, HCI and 3 times MQ water in
an ultrasonic bath for 10 minutes each. The polymer was dissolved in NaOH (for
AFM and crystallization) or KOH (for titrations) at pH 10. All titrations were per-

formed with volumetric standard solutions purchased from Fluka.
Polymer Synthesis and Characterization

Hyper-branched PolyTHF copolymer was synthesized from ABs monomer 3,3-
bis(hydroxymethyl)oxetane (BHMO) and tetrahydrofurane (THF) by cationic ring
opening polymerization (CROP) with trifluoromethansulfonate as reported else-
where. 89 The procedure for the functionalization of hydroxyl groups follows the
description of Zhu et al. [

The stability of the polymer (cleavage of ester bonds) during crystallization at pH
10 was tested by NMR spectroscopy, DOSY, and IR spectroscopy. NMR spectra
recorded after incubation overnight at pH values between 10 and 14 showed cleav-
age of the ester bonds starting at pH 12. The polymer was stable at pH 10 for at
least 14 days (Figure S 3.30, Supporting Information). DOSY spectra recorded on

a sample after 14 days of incubation time at pH 10 demonstrated the stability of
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the polymer by the presence of a single component diffusing in ds-pyridine. The
cleavage of the ester bonds in basic (pH 13-14) solutions was demonstrated by IR
spectra, where the —OH bending mode around 3250 cm appeared at pH 12, while
the bending modes of the carboxylate group around 1650 cm vanished (Figure S
3.31 and Figure S 3.32, Supporting Information). Each experiment (crystallization,
potentiometry titration, in situ atomic force microscopy (AFM)) was carried out with

freshly prepared polymer solutions.
Precipitation and crystallization experiments.

Crystallization experiments were carried out using the ammonia diffusion method.
[83.91-94] The desiccator atmosphere was oversaturated permanently with ammonia
and carbon dioxide by partial thermal decomposition of the excess of ammonium
carbonate placed at the bottom of a desiccator. Crystallization was carried out on
quarz-glass slides with a diameter of 13 mm and a thickness of 1 mm that were
placed on the bottom of 5 mL beakers. The beakers were filled with 2 mL of aque-
ous solutions of 5 mM CaClz and various pM concentrations of polymer. The poly-
mer solutions were prepared as stock solutions by dissolving milligram amounts of
the solid polymers in diluted KOH (pH 10) to obtain millimolar concentrations. The
reaction vessels were covered with perforated Parafilm (Neenah, WI, USA) to pre-
vent contamination by dust or other impurities. The pH of the solution increased
from 8 to 9.5 during crystallization. After 15 h of crystallization duration the glass-
slides were removed from the solution, washed carefully with saturated CaCOs
solution on both sides to remove ammonium carbonate crystals as well as unbound
polymer without inducing dissolution/recrystallization of the CaCOs crystals. Sub-

sequently, the samples were dried under air flow.
Determination of calcium complexation.

Titration experiments were carried out using a Titrino system running with Tiamo
software (Metrohm AG) equipped with pH, turbidity electrodes with a 532 nm laser
and calcium ion selective electrode (Ca-ISE). External calibration of the Ca-ISE
was done with a four-point calibration with various concentrations of a CaClz solu-
tion in a 0,1 M KClI solution. The influence of carbonate species is not drawn atten-

tion in this way of calibration. External pH calibration was carried out with standard



146

solutions of pH 4, 7 and 9 purchased from Metrohm. The polymer solutions for
uptake measurements were added to solutions containing Ca?* cations with 0.1 M
KClI as background conductivity electrolyte. For the nucleation experiments, 25 mL
of a diluted 0.1 M KClI solution for better signal stability due to needed ionic strength
for conductivity and a 0.01 M carbonate buffer solution were setto pH 9.75. Protons
generated from the shift of the hydrogen carbonate/carbonate equilibrium due to

CaCOs nucleation were neutralized by a continuous addition of 0.01 M KOH.

Scanning electron microscopy (SEM) was carried out using a JEOL-JSM 5610LV
(JEOL Ltd., Tokyo, Japan) microscope. Calcium carbonate crystals were sputtered
with 10 nm silver and analyzed. Images were acquired with an accelerating voltage
of 20 kV at low vacuum. Focused ion beam (FIB) preparation of samples for ana-
lyzing the internal morphology were prepared by cross-sectioning with a FEI 600
Nanolab focused ion beam SEM dual beam instrument (FEI, Hillboro, Oregon)
equipped with an Omniprobe micromanipulator (Omniprobe Inc. Dallas, Texas).
Transmission electron microscopy (TEM) images were recorded on FEI Technai
F30 or F20 instruments, both equipped with a 4K CCD camera and a LaBs cathode
working at 200 kV acceleration voltage. Samples for TEM imaging of CaCOs3 pre-
cursors were prepared by drop-casting 20 pL of sample solution onto a carbon
coated copper grid (Plano GmbH, Wetzlar, Germany).

Confocal laser scanning microscopy (CLSM) images were recorded using a con-
focal Leica SP5 system. All images shown were collected by exciting Rhodamin B
bound to the polymer [ with a A = 532 nm Laser beam and detecting at A = 565
nm. Laser light microscopy images were collected with a Keyence-8710 micro-

scope with 10, 20, 50 or 100-fold magnifying objectives from Carl Zeiss, Germany.

For AFM calcite crystals with a sample size of 4 x 4 mm?2 were purchased from
Korth Kristalle GmbH. The crystals were freshly cleaved and cleaned under nitro-
gen flow prior to each experiment. All in-situ AFM measurements were conducted
in the frequency modulation (FM) mode using a modified [95° commercial atomic
force microscope from Bruker Corporation (MultiMode V with Nanoscope V con-
troller) for high-resolution imaging in liquid environment. All AFM images were

taken at a constant temperature of 28 °C and with a liquid cell from Bruker Nano
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Surfaces Division. The used cantilevers were gold-coated and p-doped silicon
(PPP-NCHAuUD, Nanosensors and Tap300GD-G, BudgetSensors) and exhibit in
liquids a typical eigenfrequency of 100-150 kHz and a spring constant of ~40 N/m.
For all measurements, the oscillation amplitude of the cantilever was kept constant
at 1 nm. In all AFM images the slow and fast scan direction and the measured

channel are shown in the schemes in the upper right corner.

Raman and IR-spectroscopy measurements for phase identification were carried
out using a confocal HR800 py-Raman by Horiba Scientific and a NicoletTM iISTM10
FT-IR spectrometer from Thermo Scientific. Both instruments used A = 633,318 nm
He/Ne laser light without any optical filters. Each spectrum was taken with at 16

iterations at a resolution of 1 cm.

Intermolecular interaction of samples in solutions of hexafluoroisopropanol were
analyzed by DLS using a multi-angular detection goniometer (ALV-CGS-8F
SLS/DLS 5022F) equipped with a He/Ne Laser (Uniphase, 25 mW, A = 632.8 nm),
eight simultaneously working ALV7004 correlators connected to eight ALV high QE
APD avalanche photodiode fiber optical detectors. The detectors were separated
by 17°, two independent simultaneous sets of measurement separated by 9° re-
sulting in 16 angular dependent values covering an angular range from 30 to 158°.
This allowed an extrapolation to scattering angle zero with respect to polydispersity
effects on the diffusion coefficient. All measurements were performed at 20 £ 0.1°C
with the help of external ultra-thermostats (Lauda RKS6C).

In DLS the intensity-time correlation function G(t) = (1(0) *I(t)) is measured with the
scattering intensities 1(0) and I(t) recorded at t = 0 and t = t, respectively. For prac-
tical reasons, Go(t) is converted into the correlation function gi(t) = (E(0)E*(t)) of
the electrical field amplitudes by application of Siegerts relation 1971 as gi(t) = [(G2(t)-
A)/A]-1 with A as a value of G»(t) determined for very large times (called baseline)
by a non-linear fitting (Simplex algorithm) of the field autocorrelation function by
applying mono-or bi-exponential fit functions. Hydrodynamic radii were calculated

from the Stokes-Einstein equation.
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3.2.1.3 Result & Discussion
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Figure 3.17: Functionalization of PolyTHF polyols to polyacids and degradation to polyols and suc-
cinic acid by hydrolysis at basic pH.

The solubility of the polymer in water at pH 10 and the presence of intermolecular
interactions were demonstrated by dynamic light scattering (DLS). The PolyTHF
polyacid (Figure 3.17 in the middle) has a hydrophobic backbone terminated by
hydrophilic end groups. This may lead to the formation of nano-sized aggregates
as shown DLS measurements for P(THFs-co-BHMO37-(C4HeOa4)7s) (herein C4HsO4
stands for the bound succinic acid functional groups) in hexafluoroisopropanol (Fig-
ure 3.18). Polyions move faster in solution than the corresponding neutral polymers
of similar molecular weight because of inter-chain repulsion. As a result, the ap-
parent diffusion coefficient Dr detected by DLS is larger (“fast mode”). [°8 Inter-
chain repulsion leads to a second diffusive mode (“slow mode”) with lower Ds val-
ues compared to the fast mode that originates from the formation of so-called “pol-
yion domains” in solution, where the motion of polyion segments is correlated, i.e.
affected by other segments. The “apparent size” of these metastable but long-last-
ing structures exceeds the size of individual segments reach values around 200
nm. %8 DLS detects these “domains” as “particles” with their own Ds (and corre-
sponding Rn value) through the Stoke-Einstein equation at high polyion concentra-

tions for strongly charged chains and at high molecular weights.
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Figure 3.18: Apparent diffusion coefficient Dapp plotted versus the squared scattering vector g2 for
P(THFs-co-BHMOz3s-(C4HsO4)s1) dispersed in water at pH 10 after filtration (100 nm filter).

Complexation of Ca?*-cations by hyper-branched polymer in solution

Acidic polymers and proteins can strongly bind Ca?* cations, which often leads to
aggregation and even precipitation at higher calcium concentrations. A DLS and
SLS study by Huber and coworkers 99100 showed a Ca?*induced collapse of PAA
chains. This effect becomes more pronounced with increasing chain length. Simi-
larly, proteins like ovalbumin were shown to self-aggregate in the presence of Ca*
cations. 5101 The precipitation process of the (bio)polymer is characterized by a
coil contraction, most probably via conformational changes and Ca?* cross-linking,
followed by a distinct coil to branched chain transition. Although the polymer binds
a fraction of the calcium ions from solution and thus reduce the effective supersat-
uration during precipitation, it cannot stabilize nucleating calcium carbonate clus-
ters or growing particles. Ca?* concentrations at constant pH values were meas-
ured to determine the complexation effect of the polymer at different stages of crys-
tallization with increasing supersaturation. For the introduced hyper-branched Pol-
yTHF polyacid (co-)polymers the interaction with calcium ions has been investi-

gated by Ca-ISE measurements.
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Ca-ISE titrations for different polymer concentrations (shown in Figure 3.19 (1)) lead

to a linear relation of calcium ion uptake and polymer concentration. This allowed

the calculation of the complexation constant of the polymer Ka = [Polymer-
Caz*])/([Polymer][CaZ*]) = [CaZ*bound]/{([Polymer]-[CaZ*bound])[Ca*free]} = 0.01925 +
0.0009 mmol/L. The relationship between carboxylic groups and bound calcium

ions shown in Figure 3.19 (II) is an almost fourfold complexation of each calcium

ion with carboxyl groups.
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Figure 3.19: (I) Product of free polymer concentration and detected free c(Ca?*) plotted against
concentration of bound c(Ca?*) what can be defined as Polymer-Ca?* complex concentration.Linear
regression line gives the association constant of the polymer. (II) Concentration of carboxylic groups
of P(THFs-co-BHMOzs-(C4HsO4)s1) plotted against c(Ca?*). The red squares and corresponding red
line indicate data for unbound calcium. While similar black squares with linear regression line show
bound calcium to fit best to unfilled squares of theoretical calculations of fourfold coordination ge-
ometry. The unfilled diamond indicates 1 by 1 coordination and the unfilled triangles belong to a
sixfold coordination.

To determine the influence of calcium complexation on the crystallization of CaCOs
by the presented polymer a dilute calcium chloride solution was added to a car-
bonate buffer solution. Subsequently the solutions supersaturation is reached and
nucleation occurred followed by a precipitation of solid calcium carbonate (va-
terite). The run of the calcium ion concentration over the reaction time is shown for

an exemplary experiment at pH = 9.75 (Figure 3.20).
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Figure 3.20: (I) Calcium ISE signal of CaCOs nucleation titrations in 10 mM carbonate buffer at pH
9,75 in a teflon vial with black no addition of polymer, green addition of 3 umol/L and red addition
of 6 umol/L P(THFs-co-BHMOss-(CsHeO4)s1). Dashed line shows theoretical signal that would be
detected if only calcium ions are added to water. (lI) Turbidity measurements of same titrations
showing burst nucleation for both polymer concentrations (red, green) induced by polymer added
(heterogeneous nucleation). The smooth time course of the blank measurement indicates slow ho-
mogenous nucleation.

The black dotted line reflects the amount of calcium ions added. However, the
amount of free calcium ions detected by the calcium ion selective electrode (black
line) increases considerably slower straight from the beginning of the experiment;
that is, a distinct part of free calcium ions disappears due to binding in carbonate
clusters. 11011 The pre-nucleation-stage time development is linear, indicating that
the calcium binding behavior in under- and supersaturated stages of the pre-nu-
cleation stage is equal. Once a critical point is reached, nucleation occurs and the
amount of free calcium ions drops to a value that corresponds to the particular
solubility concentration of the precipitated phase according to a typical LaMer
curve.ll The differences between the measured free amounts of calcium from pol-
ymer (red and green) to the non-polymer solution (black) might come from less
amount of pre-nucleation activity due to the existence of a highly charged nuclea-
tion sites. The polymer can also be shown to serve as a site of nucleation by tur-
bidity measurements shown in Figure 3.20 (ll). To study the discussed seeding
effect of the polymer for CaCOs crystallization the slower thermodynamically dom-
inated precipitation via ammonia diffusion method (ADM) was carried out to ensure

interactions of the polymers and the CaCOzs substrate.
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For a better comparability, the recently studied linear PolyTHF polyacid copolymer
5] and the hyper-branched P(THFs-co-BHMO37-(CsHsOa4)78) have been added to
the desiccator crystallization in comparable amounts of surfacial carboxylic acid
groups. The hyper-branched polymer P(THFs-co-BHMOz37-(C4Hs0O4)78) with Mn =
12800 g mol? (obtained from *H NMR spectra, 300 MHz, pyridine-ds) furthermore
had a comparable molecular weight as the linear copolymer poly(THF-co-carbox-
ylic acid ethylene oxide) (P(THF-co-CEQ)) used in our recent publication with Mn
= 12100 g mol? (calculated via *H NMR spectra, 300 MHz, THF-ds). 6% Due to
different solubility of the linear and hyper-branched (co-)polymers in water and or-
ganic solvents, results, obtained via Ca ISE and NMR, may vary from each other.
Both methods show same trend and confirm that the hyper-branched polymer pos-
sesses more carboxyl groups per polymer chain than the linear one, with respect
to similar molecular weights. Hence, the concentration of the linear polymers was
doubled for further investigations, to obtain a comparable number of functional acid
units in the linear and hyper-branched polymer solutions. Thus the solution of
20 pmol/L of hyper-branched polymer in 5 mM CacClz in crystallization experiments
contains a similar amount of carboxylic acid groups (n = 1.2 mmol) as the linear
polymer experiments in 40 umol/L. Reference crystallizations without polymer
gave calcite rhombohedra of about 20 um edge length as usual for this supersatu-

ration (see Figure S 3.33).
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Figure 3.21: A: SEM of three calcite mesocrystals cut selected for the FIB cut preparation, B: FIB
cut cross-section of these three mesocrystals showing almost complete massive material. C: HR-
TEM image with chosen SAED spots (1-5) showing a pronounced [1-31] plane of the crystal. D-F:
diffraction reconstruction from diffraction area 4 and spots as indicated by the color code, red:
brightfield image (all beams), blue: diffracted beam only (bright areas are highly crystalline), yellow:
zero-beam.
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For the addition of the linear PolyTHF polyacids copolymer (Mn = 12100 g mol,
8.4% acidic units) also rhombohedra were precipitated after 15 h duration of the
experiment. In contrast to the reference the rhombohedra were smaller if the poly-
mer was added (see Figure 3.21 A). FIB cut cross sections of the crystals show
almost massive crystals with some defects close to the crystals center (Figure 3.21
B). HR-TEM imaging of representative areas gave an insight into the location of
the polymer within the composites. Selective area electron diffraction (SAED) of
areas 1-5 shows the crystals to be built of nano-crystals slightly tilted to one an-
other. A closed look by reconstruction from diffraction (Figure 3.21 D-F) also shows
crystalline areas which are oriented along the [1-31] axis of the CaCO3 mixed with
amorphous areas that can be dedicated to either ACC, the polymer or a mixture
thereof. The resulting mosaicity has also been detected by measuring Rocking
curves with X-Ray diffraction, which show a pronounced broadened background
caused by polymer addition (see Figure S 3.34 and Figure S 3.35 as well as Table
S 3.5 and Table S 3.6 for calculated data). Especially on the surface of the small
rhombohedra a drop-like structure can be observed. This is dominated by amor-
phous occlusions due to the polymer AFM imaging with the polymer solutions also
gives a rounded surface after certain time with spherical occlusions all over the
(104) surface of the CaCOz (see Figure 3.22 IV-VI). B% The absorbates are about
1 nm in height which corresponds to small aggregates of polymer (see Figure 3.22
Vp). The surface chemistry of the hyper-branched additive remained in focus after
the uncertain complexation of calcium and the influence on CaCOs in nucleation
titrations were identified. In-situ liquid cell AFM of polymer solutions of the hyper-
branched polymer on freshly cleaved (104)-CaCOs showed no formation of etch
pits due to surface reconstruction as usual. In contrast to the unspecific absorption
on all orientations for the linear polymer the hyperbranched polymer shows occlu-
sion of absorbates, surface roughening and crystallization defects .The addition of
0.166 uM hyper-branched PolyTHF aqueous solution at pH 10 shown in Figure
3.22 (I-111) shows the formation of surficial structuring along [010] orientation. The
formation of nano-pits that cause the by ADM crystallization observed surface
roughness can be dedicated to dissolution of CaCOz3 around surface adsorbed-
polymer. The absorbates on the tips of the nano-pits are between 0.2 and 1 nm in
height as shown by profile in Figure 3.22 (lIp).
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Figure 3.22: AFM on freshly cleaved (10.4)-calcite with pH 10 solutions of 0.166 pM hyper-branched
PolyTHF (1, 11, Ill, height profile of Il plotted in Ilp) and 0.3 mM linear PolyTHF (IV, V, VI, height
profile of V plotted in Va) showing that the linear polymer attaches to all polar step edges without
specific binding with distinct orientation and gets occluded over time. While agglomerates of hyper-
branched PolyTHF in contrast are oriented along polar (010)-axis to form nano-structured surface.
This surface termination is responsible for formation of as shown dumbbell shaped crystals elon-
gated along c-axis the room diagonal in the rhombohedral calcite system that is a parallel axis of
(010)-axis.

The oriented attachment found by AFM motivated a similar study in desiccator
CaCOs crystallizations. In the case of hyper-branched PolyTHF polyacids com-
pared to linear ones and the reference crystals without additive (Figure S 3.33,
Supporting Information) elongated dumbbell shape mesocrystals terminated with
(104) facets were found.

For the hyper-branched case the overall morphology of the calcite spherules
changed only gradually with increasing polymer concentration (Figure S 3.36, Sup-
porting Information). The time resolved TEM observations (see Figure S 3.37) from
the solutions support the finding that the polymer underlies - in contrast to the linear
polymer - a strong intermolecular interaction but also serves as nucleation site as
it has strong interactions with calcium ions. After one hour in the desiccator ACC
starts to form within the polymer network that is present close to the CaCOs pre-
cipitated all over the time course of 4 hours observation. Within the polymer matrix

large particles agglomerated until 2 hours to about 200 nm sized ACC patrticles that
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subsequently agglomerate to 500 nm sized crystalline CaCOs built of small parti-
cles by a non-classical growth observed for various additives before. 104

The hyperbranched polymer is integrated as shown by an exemplary z-stack of a
dumbbell crystal labeled with Rhodamine B bound covalently on the polymer (com-
pare Figure S 3.38). The existence of surface-bound polymer gave rise of a strong
and concentration dependent fluorescence in the Raman spectrum (Figure S 3.39,
Supporting Information). 621 Integration of the additive lead to a characteristic shift
of vibrational bands characteristic for calcite with signal due to the particle size.
The calcite band at 283 cm! was shifted to 280 cmt, which is commonly referred
to as symmetry breaking effect caused by occlusion of additives into the crystal.
The small shift is due to the tiny influence of flexible soft material on the lattice
crystallinity and orientation. The assembly of the mesocrystals built from nanocrys-
tals and formation of nano-grains causes the observed broadening of the dis-
cussed signal.

The formation of mesocrystals is also proven by electron microscopy based imag-
ing and diffraction of a FIB cut of an exemplary specimen formed under addition of
20 pmol/L hyperbranched polymer has been prepared and analyzed with HR-TEM

techniques.
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Figure 3.23: (A) SEM image of elongated calcite crystal precipitated from 5 mM CacCl. solution with
20 pmol/L P(THFg-co-BHMOz37-(C4Hs04)78) added.(B) FIB preparation of a TEM lamella along dot-
ted line in (A). TEM reconstruction of cross-section of the cut crystal and areas of SAED (1-8) that
show a high small area crystallite alignment while 8 indicated a slight twinning within a larger dif-
fracted area that also proves the formation of mesocrystals.

The cross-section only has a few defects inside the mesocrystals. Figure 3.23 re-
veals that the characteristic crystal shown in (A) to be almost massive. By a closer
look with the TEM (C) one can see few scattered holes on the surface that was
close to the glass slide (best separated from the solution itself). SAED patterns 1
to 7 indicate small area crystalline and oriented CaCO3s with weak twinning. Twin-
ning turned out to exist if a larger area was scanned. The scanning of the lamella
with the STEM and the brightfield mode shown in Figure 3.24 reveals inclusions
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inside the crystals that support the findings from CLSM and Raman spectroscopy

that polymer is included and surface attached in oriented fashion.

Figure 3.24: A, B: STEM images of two different sections of a TEM lamella showing a nano-struc-

turing caused by occlusions that can be identified by HR-TEM images C and D.

3.2.1.4 Conclusion

Dumbbell-like calcite aggregates were reported to be formed under presence of
polyglycerols as well as other polyacids by ammonia diffusion method. 19! The
crucial difference between hyper-branched PolyTHF and hyper-branched polyglyc-
erol is the higher polarity of the polyglycerol backbone. The crystal habitus was
discussed to be changed by the polyacid functionality. The nature and polarity of

the backbone plays a minor role for mesocrystal formation.
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The presented results from electron microscopy show that polymer integration into
CaCOs occurs via crystal grain boundary formation and increasing of nano-crys-
talinity. Surprisingly the crystal shape was shown to be different for a similar class
of polymer if only the degree of freedom of the functional groups is decreased by
synthesizing a hyper-branched analogue of a linear copolymer. While the linear
polymer inhibits growth of CaCO3sunder formation of very small rhombohedral crys-
tals [6% showing large amorphous areas,the hyper-branched polymer of similar mo-
lecular weight forms dumbbell shaped mesocrystals with surficial nano-pit structur-
ing. Inhibition of polar facets caused by specific oriented binding leads to a strong
elongation along a crystal axis, which results in dumbbell-type structures, as it has
been reported for polar polycarboxylic acids as well. [1%] Further studies of the sur-
face behavior of this new class of polymers for example in oversaturated solutions
on (104) calcite are planned to investigate the surface stabilization and the mech-

anism of incorporation of polymers, depending on their structure.
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3.2.1.5 Supporting Information
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Figure S 3.30: A series of H-NMR (300 MHz, pyridine-ds) spectra of P(THFs-co-BHMOzs-
(C4HsO4)s1 at varied pH values, from pH 10 to 14, as well as a spectrum at pH 10 with a delay of
two weeks.
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Figure S 3.31: Diffusion ordered spectroscopy (400 MHz, pyridine-ds) of P(THFs-co-BHMO3s-
(C4He0O4)s1 at pH 10 after a delay of two weeks.
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Figure S 3.32: FTIR spectra of P(THFs-co-BHMOz3s-(C4HsO4)s1 in black and the same polymer af-
ter overnight incubation at pH 12 (red) and pH 13 (green).The formation of —OH stretching and
bending modes and missing carboxylic acid as well as ester bond modes indicates degradation
under these conditions as shown by NMR in Figure S 3.30 and Figure S 3.31.
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Figure S 3.33: A,B: SEM images of classically obtained calcite rhombohedra in reference crystall-
zations for 15 h without additives. C: CLSM image of calcite rhombohedra not showing any fluores-
cence activity.
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Figure S 3.34: XRD 26 scan of characteristic (104) reflex of calcite. FWHM is determined by

Gaussian fits of both curves. Data is presented in Table S 3.5.

Table S 3.5: Calculations for 26 scans of Reference example and calcite precipitated with uM con-
centration of linear PTHF polymer added. FWHM tends to be large for added polymer which results
in smaller average crystal size within the mesocrystal assembly under keeping the 26 value and
thus the lattice plane distance comparable to reference measurements.

Sample FWHM (°) d (nm) 20 ()

Reference 0.120 76.1 29.42

lin. PTHF Po- 0.203 65.2 29.42
lymer
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Figure S 3.35: Rocking curve analysis between 9,5° and 19° w angle under constant 20 angle of
29.42° analyzing the (104) truncated nano-crystals of the mesocrystal. For the reference sample a
very sharp reflex indicates highly oriented crystallites forming large crystals which are sometimes
randomly oriented on the glass substrate (sharp reflexes at various angles). For addition of lin.
PTHF polyacid copolymers the main reflex broadens and shows a second broad distributed crys-
tal species. Together with 26 scan data the occlusion of PTHF that has been shown by STEM re-
sults in nano-crystalline mesocrystal assemblies of high mosaicity with oriented but also some
mis-oriented crystallites.

Table S 3.6: Calculations from Gaussian fits for Rocking curve data. Reference shows a single
mode of crystals only slightly tilted and of very small mosaicity. Addition of polymer even results in
a little increase in tilting of crystallites and an increase in mosaicity of the sharp reflex part to FWHM
0.488° and 5.535° FWHM for the broad reflex part. For hyper-branched polymers the absolute sig-
nal from the samples was too small if 0.4 mm slits were used for an adequate comparison.

Sample FWHM (°) w () Wtheo (°) Aw (°)
Reference 0.261 14.6 14.7 0.1
lin. PTHF Po- 0.488 14.4 14.7 0.3
lymer
5.335
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Figure S 3.36: SEM images of crystals in the presence of 10 umol/L (A/B) , 20 umol/L (C/D), and
40 pmol/L (E/F) of P(THFs-co-BHMOs7-(C4HeO4)7s after 15 h crystallization time.
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Figure S 3.37: TEM time course of the crystallization of calcium carbonate in the presence of
P(THFs-co-BHMOz37-(C4HsO4)78 (40 pumol/L).The initial stages of the crystallization showed the
Ca?*-mediated formation of polymer aggregates of various sizes in agreement with the results from
DLS (top left). After 1 h CaCOs seeds start to grow within the polymer matrix that form amorphous
polydispers agglomerates (top right) after 2 h (bottom left) that grow to almost 200 nm large spher-
ical aggregates of CaCOs nanoparticles with surface-bound polymer and oriented alignment of
nanocrystals within 4h (bottom right).
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Figure S 3.38: CLSM z-stack of a mesocrystal formed by addition of 20 umol/L of Rhodamine B
tagged P(THFs-co-BHMO3s-(C4HeO4)s1.TO read row by row from top left (top of crystal) to bottom
right (bottom of crystal). Scalebar: 15 pum.



169

normalized intensity a.u.

T T T T

1 ) ) Y 1
750 1000 1250 1500
v [cm"]

I I
250 500

Figure S 3.39: Raman spectra of calcite reference (magenta), final calcite mesocrystals with 10
pmol/L (red), 20 umol/L (black) and 40 umol/L (blue) polymer added.The high background level
indicates coverage with fluorescent polymer on crystals surface.
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3.3 Bg-AChBP protein isoforms effect on
CaCOs

As it has already been discussed in Chapter 2.3.3 Biomphalaria glabrata Acetyl-
choline-binding proteins (short Bg-AChBP) have large sequential congruence to
the ACCBP protein class that has been demonstrated to have effects on CaCOs
stabilization in amorphous phase and an influence on the final polymorph if mag-
nesium are present simultaneously as it is often the case in native environment of
the snails. For the Bg-AChBP protein class which is expressed in two different
isoforms within the snail a role in nerval signal transduction and toxin-regulation or
even the influence on CaCOs crystallization that is identified in this work. The work
in Chapter 3.3.1 and Chapter 3.3.2 has been conducted using recombinant pro-
teins instead of native ones to get usable concentrations of the protein. Note that
the results still are all in vitro results that can only give important hints towards the

in vivo role of the protein.

3.3.1 Effects of Biomphalaria glabrata Acetylcholine-
Binding Proteins on CaCOs polymorph selective
crystallization

This paragraph is based on corporation work with Dr. Daniela Treiber from the AG
Markl and resulted in the manuscript “Effects of Biomphalaria glabrata Acetylcho-
line-Binding Proteins on CaCOs polymorph selective crystallization”. The manu-
script will be submitted to Crystal Growth and Design by the American Chemical
Society. The following chapter combines the main manuscript and the supporting

information.
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Pentameric Bg-AChBP 1

° Dodecameric Bg-AChBP 1

Figure 3.25: Scheme of central question how shell growth gets effected by both structures of Iso-
form 1 of Bg-AChBP protein class at distinct ratios of calcium and magnesium.

The snail Biomphalaria glabrata expresses two different acetylcholine binding pro-
teins (AChBP) termed Bg-AChBP1 and Bg-AChBP2. Concerning biological func-
tions of AChBP in snails, several possibilities have been discussed. The suppres-
sion of cholinergic transmission, the binding of algal toxins and the regulation of
CaCOs crystallization because of its sequence- and structure similarity to amor-
phous calcium carbonate binding proteins (ACCBP). The details on the effects of
CaCOs by published in vitro studies left manifold open questions. The following
paragraph studies the proteins effects on CaCOzs crystallization in vitro and dis-
cusses their possible role for in vivo shell development and shell growth. The pres-
ence of the protein isoforms during important stages of larval development is
mapped by immunofluorescence microscopy and within the mantle epithelium, as
well as the location during shell development of adult animals. According to the
results from in vitro precipitation under simultaneous presence of magnesium ions
and Bg-AChBP1 the assumption is made that Bg-AChBP1 influences the poly-

morph stabilization of the kinetically stable aragonite phase.

3.3.1.1 Introduction

Shells from bivalves and gastropods are highly specialized organic/inorganic com-
posite materials evolved and improved in eons under the permanent selection

pressure to mechanically support and vitally protect these animals. In the different
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molluscan classes and subtaxa, the hierarchical assembly of these biominerals
from nanometer-sized components to centimeter-sized objects, and the exact
shaping of the latter, varies greatly. -5 As a prerequisite for biomineralization, var-
ious mechanisms have been identified to ensure selectivity in keeping the bio-
mineral in an amorphous precursor phase and stabilizing it. 8! Frequently, extrav-
agant structural details are formed by oriented attachment of nanometer-sized and
often sub-structured building blocks which is called mesocrystal formation. [ Mes-
ocrystals are defined as micro- to macroscopic superstructures composed of small
mineral building blocks and certain additives acting as stabilizers. 18 Stabilizers
(also called fillers) may range from small molecules to proteins implemented in the
domain boundaries of the crystalline building blocks to prevent fusion of inorganic
material while maintaining the common mineral orientation. [°! This provides mol-
luscans shells of extraordinary mechanical strength for protection against vital dan-
gers such as predators, desiccation or breakwater. Moreover, in adaption to the
habitat, a species-specific compromise of shell weight versus armored protection
is maintained; for example, shells from intertidal periwinkle snails are very thick
and robust, whereas shells from land snails living nearby at the beach are very thin
and fragile.

The polymorphism of calcium carbonate complicates the role of additives to a cer-
tain extend. The classical nucleation and growth concept of CaCO3s assumes a
stepwise transition of an amorphous CaCOs (ACC) precursor to the crystalline
CaCOs starting from vaterite, to aragonite and finally calcite. 1) Nevertheless, var-
ious recent studies revealed that this classical transition pathway is rarely followed
in natural calcium carbonate systems. Face-selective binding of additives to distinct
crystalline facets of the polymorph 14 might selectively inhibit certain transition
steps as first predicted by theoretical calculations 2 and later experimentally found
in oyster (Pincata funcata) shells. 3! The additives stabilize non-classical precur-
sors such as dense liquid phases, 14 PILPs [15-171 or pre-nucleation clusters. [18]
Such phases or clusters subsequently transform, in a controlled order, mostly by
dissolution-recrystallization processes to a specific polymorph. 19

The most detailed studied natural additives for bio-controlled CaCOs formation in
mollusks and probably in the animal kingdom are the so-called amorphous-cal-

cium-carbonate binding proteins (ACCBP). [2% They are ring-like homo-pentamers
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of 25 kDa polypeptides and structurally closely related to the molluscan acetylcho-
line binding proteins (AChBP) that in turn are water-soluble homologs of the ligand
binding domain of the nicotinic acetylcholine receptors. [21.22]

ACCBP has been detected, structurally analyzed and functionally studied in an
oyster and an abalone. 23131 In ammonia diffusion experiments with different cal-
cium ion solutions, ACCBP did exclusively precipitate ACC. Apparently, ACCBP
works as transformation and scale inhibitor for calcite mineralization in vitro,
thereby stabilizing the crystalline aragonite phase, and this is assumed to be its
major role also in vivo. Evans et al. 24 identified amino acid appositions in the
protein that might strongly bind to the surface of aragonite, thereby stabilizing its
crystalline aragonite phase.

In the previous studies on oyster and abalone ACCBP, the following remained un-
clear: (i) the kinetics of ACC transformation in the presence of ACCBP; (ii) details
of this transformation process in the presence of ACCBP, and (iii) the possible role
of other divalent cations in this process, notably of Mg?* ions. The present study
was designed to elucidate these points, using a variety of techniques.

As research organism we chose the planorbid freshwater snail Biomphalaria gla-
brata, because a detailed phase study of its shell, histological studies and analyzes
of the hemolymph proteins are already available. 25-30 Moreover, the AChBP frac-
tion of Biomphalaria glabrata hemolymph proteins showed, in preliminary experi-
ments, ACC binding. [?2 This fraction contains two distinct AChBP isoforms, termed
Bg-AChBP1 and Bg-AChBP2 that are available as recombinant proteins. 22 As an
additional intriguing feature, Bg-AChBP1 is assembled as a regular pentagonal do-
decahedron of 60 monomers, 25 nm in diameter (as recombinant protein and also
in the hemolymph). The hemolymph state of Bg-AChBP2 is unclear, but the recom-

binant protein forms solitary pentamers. 122
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3.3.1.2 Experimental

Materials and handling details

All reagents for crystallization and titration experiments were purchased from
Sigma Aldrich and were used as received, unless otherwise stated. All protein so-
lutions were continuously stored in a fridge at 7°C to prevent aggregation or dena-

turation.

Instrumentation

Optical imaging was performed with a confocal Keyence-8710 laser light micro-
scope equipped with a 658 nm diode laser to get height information of the precipi-
tated samples.

UV-Vis spectrophotometry for protein concentration determinations of the pull-
down assay samples was performed with an Ultraspec 2100 Pro from Amersham
Biosciences (Freiburg). The resulting concentration has been calculated from

known cuvette thickness and extinction values by using Lambert-Beer law.

Immunofluorescence microscopy was performed on 7 um cryo Chapters (Cryo-
tome HM 500 OM, Microm, Waldorf, Germany) according to literature. 31 Due to
the water solubility of AChBP all tissue Chapters were prefixed for 20 min in chlo-
roform / methanol (2:1) at 0°C. 1321 Rabbit polyclonal anti-Bg-AChBP antibodies
were produced by Charles River Laboratories, Kisslegg. Two rabbits were immun-
ized over two months by Bg-AChBP1 (IF1) or Bg-AChBP2 (IF2) injections. The
isoform specificity was confirmed by Western blot. The Bg-AChBP1 antiserum was
applied at a solution of 1:250 and the Bg-AChBP2 antiserum at a solution of 1:50.
Both applied solutions were the result of a serial solution experiment. Images were

recorded on a Leitz DM RBD fluorescence microscope (Leica, Wetzlar, Germany).

For scanning electron microscopy (SEM) the calcium carbonate crystals were sput-
tered with 4 nm platinum or gold respectively and analyzed using a JEOL-JSM
5610LV (JEOL Ltd., Tokyo, Japan) or FEI Phenom (Hillsboro, OR, USA). Images

were acquired with an accelerating voltage of 20 kV or 10 kV respectively.
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FIB cut sample preparation was used for investigation of internal morphology of
the snail shell by transmission electron microscopy. For FIB cuts, a FEI 600
Nanolab focused ion beam (FIB)/SEM dual beam instrument (FEI, Hillboro, Ore-
gon) equipped with an Omniprobe micromanipulator (Omniprobe Inc. Dallas,
Texas) was used. The images were collected on an Ultrascan 1000 (Gatan) 2k
CCD Camera, using the Digital Micrograph software (Gatan). The Tecnai F20 (FEI)
was equipped with a 4K CCD camera, an EDX system by EDAX, a STEM detector
by FEI and a LaB6 cathode working at 200 kV.

For transformation experiments of ACC was synthesized via Faatz-Wegner
method 33 with and without addition of 40 umol Bg-AChBP1 per mmol CaClz. The
transformation was studied at 40 °C at 40 % relative humidity in a ThermoTEC
(ESPEC) climate chamber from ThermoTEC, Weilburg, Germany.
IR-spectroscopy measurements for phase identification were carried out using a
NicoletTM iSTM10 FT-IR spectrometer from Thermo scientific. Each spectrum was
taken with resolution of 1 cm™ at 16 iterations.

XRD measurements were carried out with a Bruker Discover D8 with HiStar detec-
tor in Bragg-Brentano geometry using Cu-Ka radiation. The resulting data has been
refined by using a Rietveld refinement to determine the calcite to aragonite ratio.
X-ray Photoelectron Spectroscopy (XPS) was conducted using a Kratos Axis Ul-
traDLD spectrometer (Kratos, Manchester, England) using an Al-Ka excitation
source with a photon energy of 1487 eV. The data were acquired in the hybrid
mode using a 0° take-off angle, defined as the angle between the surface normal
and the axis of the analyzer lens. Detailed region XP spectra were collected with
setting analyzer pass energy at 80 eV. Neutralizer was always used during spectra
collection and binding energy scales were further calibrated according to the dom-
inant C 1s emission at 284.8 eV.

The ratio of Mg/Ca atomic composition was calculated according to Equation be-
low, by calculating the emission peak areas (Intensity - I) after normalization with
the supplied sensitivity factors (SF).

%Mg — (IMg/SFMg)
%Ca (ICa/SFCa)
Linear background was always used for peak quantification.
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Sample preparation for electron microscopy
1-3 mm?3 tissue pieces of Biomphalaria glabrata mantle were fixed in a freshly pre-
pared medium of 1 % gluteraldehyd in 0,02 M phosphate buffer (pH 7.2) for a min-

imum of 2 hours. The chemical fixation was implemented as described in literature.
[29]

Synthesis of recombinant proteins

Bg-AChBP1 and Bg-AChBP2 were individually expressed in eColi. Plasmids with
the construct Bg-AChBP1-His-TEV and Bg-AChBP2-His-TEV where prepared due
to Gateway™ cloning by Vanessa Moller. The Gateway™ pDEST ™14 vector was
used. Both Bg-AChBP isoforms were solubilized from inclusion bodies and purified

on a nickel column and further processed according to reported procedures. [22

Binding assay of Bg-AChBP on polymorphs of CaCOs

To study binding affinity of recombinant proteins on ACC, vaterite, calcite and arag-
onite 5 mg of each polymorph of CaCO3s was added to a glass vial and incubated
for 72 h at 7 °C in the fridge with 1 mL TRIS buffer containing 21 pmol/L of Isoform
1 or 2 of Bg-AChBP respectively. After centrifugation the pellet has been washed
three times with aliquots of 200 uL of MilliQ water and 1 M sodium chloride solution
each to wash away unbound protein. Afterwards the pellet was diluted with 600 pL

of 0.1 M acetic acid.

Direct precipitation of CaCOs with proteins under presence of Mg?* ions

To study the influence of Bg-AChBP proteins on the CaCOs precipitation a direct
precipitation procedure was used to mimic the snails natural CaCOs precipitation
process. Recombinant proteins were added to a total 25 mL of 0.1 M solution of
CaClz and subsequently 25 mL 0.1 M sodium bicarbonate solution have been
added to a PE vial. For research on the influence of simultaneous presence of
magnesium and calcium ions and recombinant Bg-AChBP protein were performed
by analogous direct precipitations in PE vials with various molar ratios of Mg and
Ca ions at a total concentration of 0.1 mol/L. The concentration of protein in the

mixtures was 0.4 pmol/L in total volume of 50 mL. The solutions were shaken for
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72 h and washed with MilliQ water two times followed by a washing step with ab-
solute ethanol with subsequent drying under vacuum to make further analysis pos-
sible. For AAS the precipitate was solved in 0.1 M acetic acid solution and further

diluted with MilliQ water to be in a measurable concentration range.

Ethics statement

The freshwater pondsnail Biomphalaria glabrata was used for all experiments. The
animals were obtained from a freshwater tank culture established more than ten
years ago at the Institute for Molecular Physiology. The animals were held at a
constant temperature of 20°C and feed two to three times a week. All animal work
has been conducted according to the national guidelines. In case of these gastro-
pods the approval of an ethics committee was not required. All efforts were made

to minimize suffering.
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3.3.1.3 Results & Discussion

A
A A
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Figure 3.26: Shell structure and Bg-AChBP1 presence in the shell material. (A) Brownish/yellow
shell of an adult Biomphalaria glabrata snail. (B) IR spectra of recombinant Bg-AChBP1 pentamers
(black), enriched insoluble matrix material (IM, blue) and grinded shell material encompassing arag-
onite and insoluble matrix (red). Black arrows highlight putative amide bands typical for protein;
note that they are also present in the matrix material. Red arrows highlight additional bands caused
by aragonite. Changes in amide pattern would indicate conformational changes of the proteins in-
duced by their environment. (C) SEM image of a cross-section of the shell close to the opening,
showing the matrix to be covered by 90° stacked aragonite needles, from which a SEM grid was
prepared (blue box). (D) FIB SEM cross-section from the shell which allows distinguishing the lighter
matrix from the darker aragonite. (E) Light microscopy (phase contrast optics) of a matrix Chapter
with the CaCOs removed by solving the inorganic material with acetic acid. The sample was treated
with DAPI (insert) which was negative, indicating that no cells are present in the matrix. (F) Immu-
nofluorescence microscopy using rabbit Bg-AChBP1-specific antibodies, showing a strong positive
reaction, whereas Bg-AChBP2-specific antibodies reacted completely negative (insert); thus, the
latter could be used as a negative control, and the presence of Bg-AChBP1 in the matrix is clearly
indicated.

The shell is produced by the mantle epithelium that secretes the necessary com-
ponents into the fluid of the extrapallial space. The extrapallial space is a narrow
compartment between the existing shell and the mantle sealed at its rim from the
environment by the leathery periostracum. The accumulation of ions in the extra-

pallial fluid occurs via ion pumps localized in the plasma membrane of the calcifying
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cells distributed in the mantle epithelium. A scaffold of organic material directs the
crystallization process that occurs mainly at the boundary of the growing aragonite

layer and a covering organic insoluble matrix.

By FIB-SEM and immunofluorescence microscopy of adult B. glabrata shells, we
collected evidence for the presence of Bg-AChBP1 and the absence of Bg-
AChBP2 in the shell material (Figure 3.26). IR spectra of material from the insoluble
matrix (further referred to as “matrix”) and of recombinant Bg-AChBP1 yielded
comparable pattern, notably at 1650 cm and 1520 cm™! suggesting amide bonds,
as well as very similar finger print pattern especially at 1100 cm! (Figure 3.26 B).
The spectrum of whole shell material, including matrix material as well as the min-
eralized material revealed bands typical for aragonite. The missing symmetric
stretching mode of carbonate is overlayed by the amide band around 1650 cm™.
The inorganic shell material is composed of densely packed in 90° tilted bundles
of aragonite needles (Figure 3.26 C), FIB-cut cross-sections visualize the thick
layer of aragonite crystals and the covering amorphous matrix (Figure 3.26 D). Ac-
cording to the IR spectra, as expected the matrix contains proteins. However, is
Bg-AChBP1 among them? This was confirmed by immunofluorescence micros-
copy, showing a strong positive reaction of the matrix with Bg-AChBP1-specific
antibodies and a negative reaction with Bg-AChBP2-specific antibodies (Figure
3.26 E, F).
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Figure 3.27: TEM and STEM-EDX analysis of the shell. (A) TEM overview of an ultrathin cross
Chapter of the shell (light, less dense); note the matrix and variable contrasted aragonite needles.
(B) Boundary between the amorphous matrix and partially crystalline CaCO3s with organic inclusions
which are present during aragonite particle formation within the amorphous/crystalline boundary
(C). STEM-EDX cross-section of carbon (D) and calcium (E) show a sharp boundary of CaCOz3 to
organics in insoluble matrix. Successive decrease of carbon and nitrogen signal (F) shows a suc-
cessive transformation process wherein the more crystalline material is in farer distance to the ma-
trix. Enrichment of Ca at the boundary indicates that the ACC/aragonite transformation happens at
the boundary of matrix and solid needles.

Additional information about the shell structure was collected by TEM which re-
vealed that the grain boundaries of altered shell parts lacked organic material (Fig-
ure 3.27 A-C). This is confirmed by the STEM EDX profiles that indicate a bound-

ary-driven transformation process of ACC to aragonite which can be seen by the
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stepwise decrease of organic occlusions from the outer to the core part of the shell
(Figure 3.27 D-F).

In a thin layer in the matrix cross-section of the brownish colored part of the shell,
we detected a significant amount of iron as shown by STEM-EDX in Figure S1 in
the Supporting Information. Therefore, we suspected that the hemolymph protein
hemoglobin of Biomphalaria glabrata (Bg-Hb) might also be a shell component.
However, immunofluorescence microscopy of shell material with Bg-Hb-specific
antibodies yielded completely negative results (not shown). We therefore assume
that the iron is not transferred into the shell as a hemoglobin component, and that
hemoglobin is not directly involved in shell growth. Accumulation of iron in the shell
might occur either directly from the tank water, or indirectly via the hemolymph and
mucus. Iron accumulation occurs gradually (see Figure S 3.40, Supporting Infor-
mation) and its permanent enrichment might result in the sharp line visible in the

matrix, yielding the brownish shell color after aging.

The boundary between inorganic aragonite and organic matrix showed small crys-
talline parts together with amorphous parts containing organic occlusions (see Fig-
ure 3.27 (A-C)). Thus, Bg-AChBP1 might either play a functional role in the matrix,
or more likely in the boundary between matrix and the inorganic crystalline layers
(from which the protein seems to be excluded). We therefore assume that in the
matrix respectively the boundary, Bg-AChBP1 is either needed to prevent ACC
from precipitating, or to transform it in a controlled manner into aragonite as it has

already been observed for structurally related proteins. 3424

The presence of Bg-AChBP1 in the matrix raises the question, in which develop-
mental stages and cell types this protein is expressed. In adult snails it is present,
in very low quantities, freely dissolved in the hemolymph, from which it has been
purified previously. 3531 |t is also present in the extrapallial fluid (the thin fluid film
between mantle epithelium and shell) of adult Biomphalaria glabrata [*¢ as it is the
case with ACCBP from two other molluscan species. 337 Either, the protein is
incorporated into the shell material after the actual transformation process of ACC
to aragonite that starts within snail egg status between 72 h and 120 h after egg

fertilization. 28 This would mean that Bg-AChBP1 would not be involved in the



188

transformation process, at least in the juvenile stages. Alternatively, it could be
already present in earlier developmental stages which would allow it to influence
the transformation from the very beginning of shell growth. To clarify if Bg-AChBP1
is expressed during all states of CaCOs biomineralization (enrichment, transporta-
tion and crystallization) we studied whole mounts from larvae 60 h and 70 h after
egg fertilization, and from juveniles of about 120 h age (just finishing metamorpho-
sis), as well as adult mantle tissues by immunofluorescence microscopy. Figure
3.28 shows the presence of Bg-AChBPL1 in both larval stages studied, and in juve-
niles, although it remained unclear which tissues express the protein. In Figure
3.28 C-C’’, the periphery of the body, including the epidermis, seems to be ex-
cluded from the positive reaction. Nevertheless, Bg-AChBP1 is present in the lar-
vae at ACC status as well as during the earliest transformation to crystalline
CaCaO:s. In contrast, negative reactions were obtained with Bg-AChBP2 in the larval

stages (see insert in Figure 3.28 A-A"") and in juveniles (not shown).
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Figure 3.28: Whole mount immunofluorescence microscopy of B. glabrata larvae. (A-C) Phase con-
trast optics; (A"-C") epifluorescence optics after DAPI staining to visualize the cell nuclei; (A”"-C™)
epifluorescence optics showing immunofluorescence labelling with Bg-AChBP1specific antibodies.
(A-A”) 60 h old larva; (B-B"") 70 h old larva; (C-C"") juvenile snail in which aragonite formation from
ACC is started. Note clear reaction with DAPI (blue fluorescence), and with the antibodies (red
fluorescence). Also note very strong labelling of the collar part of the mantle in (C"). Bg-AChBP2-
specific antibodies were found to be negative on all stages tested (an example shown in A-A™",
insert).

Immunofluorescence microscopy of adult Biomphalaria glabrata tissue showed a
strong signal in the mantle epithelium (Figure 3.28 A-A""), and a negative reaction
of Bg-AChBP2-specific antibodies on this tissue (see insert in Figure 3.28 A-A").
Both antibodies yielded positive reactions in the brain (not shown) which, however,

is not relevant in the present context.
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Figure 3.29: Immunofluorescence microscopy of a tissue section from B. glabrata, (A) phase con-
trast optics. (B) epifluorescence optics, showing strong reaction of Bg-AChBP1-specific antibodies
with the mantle epithelium, and negative reaction of Bg-AChBP2-specific (insert). (C) The corre-
sponding DAPI staining of cell nuclei.

From the results above it is worth to mention that Bg-AChBP1 (but not Bg-AChBP2)
is expressed in larvae and juveniles. In adult snails it is specifically localized in the
mantle epithelial cells. From there, it could be directly secreted into the extrapallial
space together with ACC forming ions. We also collected evidence that Bg-
AChBPL1 is indeed incorporated in the shells IM and the outer part of the shells
inorganic material that remained partially amorphous in this area (see Figure 3.26
and Figure 3.27). Thus a study of CaCOs stabilization properties of Bg-AChBP1

dodecahedra on ACC was conducted.

Possible stabilization of amorphous calcium carbonate by Bg-AChBP1 was tested
by a climate chamber transformation of Faatz-Wegner ACC precipitated with and
without protein at 40°C under 40% rel. humidity. Under these conditions, usually
aragonite forms relatively fast within a few hours. By addition of 0.43 pmol/L g Bg-
AChBP1dodecahedra to 50 mL a 0.1 M (CaClz concentration) precipitation solution
the transformation process is delayed by about 4 days (see Figure S 3.42, Sup-
porting Information). The recombinant Bg-AChBP1 dodecahedra have been shown

to stabilize the amorphous phase of CaCO3s which is assumed to be an important
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function of the protein in vitro as the snail is oversaturated with CaCOs by orders

of magnitude.
Effects of Bg-AChBP1 and Mg?* on CaCOs phases

X-ray photoelectron spectroscopy (XPS) measurements of the inner shell region
showed only calcium, whereas the covering matrix of the outer shell region
showed, besides calcium (95%), also the presence of magnesium (5%) and of ni-
trogen, the latter indicating bioorganic material (see Figure S 3.41, Supporting In-
formation). In contrast to the Ca/Mg ratio of 95/5%, the bulk Ca/Mg ratio of the
acetic acid soluble parts of the shell as measured by AAS was 84.5/15.5%. The
penetration depth of the XPS measurement was only 10 nm which may also ac-
count for the discrepancy of the two measurements. Also following comparable
findings of Su et al., 3% the presence of magnesium in certain regions of the shell
prompted us to study not only effects of Bg-AChBP1 on the shell growth in B. gla-
brata, but also the possible influence of Mg?*ions, and the combined influence of
both components. It should be noted that the tank water of our B. glabrata culture
showed a ratio of 90.2:9.8% for Ca2*/Mg?* ions (1.57 and 0.17 mmol/L for Ca?* and
Mg?*, respectively) as verified by AAS. Therefore, we performed precipitation ex-
periments with both ions present in approximately this ratio. One has doubtless to
note that the absolute concentrations in the precipitation experiments were two
orders of magnitude higher than in the tank water due to the need of substance for
analysis purposes. For comparison, the precipitation and binding experiments were
also performed Bg-AChBP2.

For the conducted precipitation studies by direct mixing of sodium hydrogencar-
bonate and mixtures of the discussed bivalent ions with recombinant protein (pen-
tamers for Bg-AChBP1 and Bg-AChBP2), similar ion proportions as in the snail
tank water have been chosen. In case of a Ca:Mg ratio of 94:6 % at 0.1 M concen-
tration of calcium, the formation of aragonite was completely suppressed if 0.43
pmol/L Bg-AChBP1 was present, whereas in the control (omitting the protein) only
10 % of the material did not form aragonite (Figure 3.30). The reason is assumed
to be under protein free conditions, formed aragonite is meta-stable compared to

calcite the surficial concentration relation of Ca/Mg is almost 100 % Ca for all
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cases. In contrast, for a Ca:Mg ratio of 89:11 %, in the protein-free precipitation an
almost 50:50% mixture of both calcite and aragonite forms (for microscopy images
of precipitates see Figure S 3.44, Supporting Information). But if protein is present
during precipitation under 89:11 % ratio of calcium to magnesium ions the dissolu-
tion of formed aragonite in direct precipitation experiments over 72 h is inhibited by
Bg-AChBP1 compared to the control without protein. The polymorph of the precip-
itated crystals is almost pure aragonite in the case of the Ca:Mg ratio of 89:11 %
with Bg-AChBP1 and 85:15 % calcite to aragonite forms in the case of Bg-AChBP2,
but as long as this protein is not present during in vivo precipitation it should not
play a biological role in shell growth. For the final concentration of Ca?* and Mg?*
ions of the bulk mineralized CaCOs, AAS measurements revealed that 2.5% of the
bivalent cations integrated to be Mg?* in case of Bg-AChBP1 presence and 4.0 %
in case of Bg-AChBP2 presence. This indicates that from these closely related
proteins, Bg-AChBPL1 is optimized for its role in shell growth. Furthermore, only in
combination with Bg-AChBP1 the surficial Mg?* content is increased to 4.0 %. Ap-
parently, this protein causes surface enrichment of magnesium ions which triggers

effective stabilization by surficial attachment to aragonite crystallites.
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Figure 3.30: Calculations for relative polymorph contributions from (A) XRD and the bulk and sur-
face concentrations from (B) AAS and (C) XPS. (A) Relative contribution of aragonite and calcite
polymorph from Rietveld refinement of XRD data of precipitates from precipitation for 72 h at room
temperature with (a) no addition of magnesium ions (b) ratio of 94.1% calcium to 5.9 % magnesium
(c) ratio of 88.9 % calcium to 11.1% magnesium. Each of the samples have been precipitated either
with no protein added (0), 0.4 umol/L of Bg-AChBP1 added (1) or 0.4 umol/L of Bg-AChBP2 (2)
added. (B) Relative concentrations of calcium and magnesium ions of in 0.1 M acetic acid diluted
precipitates from bulk AAS. (C) Relative concentrations of calcium and magnesium ions on the
surface of precipitates from XPS analysis. For IR spectra see Figure S 3.42, XPS data see Figure
S 3.43 and for light microscopy images see Figure S 3.44 of the Supporting Information.
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To ensure that binding of Bg-AChBP1 to a specific polymorph is favored, a poly-
morph-selective pulldown assay has been conducted. This assay showed the
strongest binding to ACC and vaterite as preliminary polymorphs on the pathway
to aragonite which has in comparison to calcite as the thermodynamically stable
polymorph a higher Bg-AChBP1 affinity (Table 3.1). This seems to be the central
point why Bg-AChBP1 stabilizes aragonite as crystalline phase at this high ratio.
Once a seed of aragonite is nucleated in the presence of Bg-AChBP1 plus enough
Mg?*, the formation of more aragonite is favored over the calcite formation. The
present magnesium and Bg-AChBP1 is subsequently removed from the aging
crystallized CaCOs material by a fusion process that extracts impurities to ensure
phase transition because of good ACC stabilization by Bg-AChBP1. 041 The
amount of magnesium in the bulk aragonite is also down-regulated by this process
due to a magnesium solubility of extraneous ions in the mineral. Compared to Bg-
AChBP1 which is present during the biomineralization process occurring in the
snail, the closely related isoform Bg-AChBP2 showed an almost equal affinity to
calcite and aragonite and has a very strong stabilization effect on CaCOs3s phases
that tend to be unstable. This might be a general structural feature of AChBP which
primarily play a role in regulating synaptic transmission. 21 |t appears that some
AChBPs, such as the ACCBP in oyster and abalone, 3231 and Bg-AChBP1 in B.
glabrata, have been optimized for their role in shell growth, and therefore are spe-
cifically expressed, in large quantities, in the mantle epithelial cells. From the pre-
sent precipitation results, a possible protective role of Bg-AChBP2 against un-
wanted CaCOs crystallization in the brain might be considered in addition. At pre-
sent, it remains open or not the dodecahedral quaternary structure of Bg-AChBP1
supports its role in the biomineralization process, for example by providing a mul-
titude of Ca?* and Mg?* binding sites at nanometer range. This might indeed rep-

resent the crucial optimization step compared to Bg-AChBP2.
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Table 3.1: Polymorph-selective protein pulldown assay. The relative amount in different fractions
form the assay of Bg-AChBP1 (dodecahedra) and Bg-AChBP2 (pentamers) on CaCOsz polymorphs
was measured photometrically (1 OD at 280 nm ~ 1 mg/ml). The mother liquor residue containing
the material which was extracted after overnight binding was measured after separation. Subse-
quent washing with MQ water and 1 M NacCl solution as described in the experimental section
ensured the analysis of only strongly CaCOs-bound protein which was extracted by resolving the
pellet in 1 M acetic acid after the last washing step.

Polymorph ACC vaterite aragonite calcite
Bg-AChBP isoform 1 2 1 2 1 2 1 2
Mother liquor 6.8% | 18.2% | 19.6% | 9.4% | 47.4% | 67.6% | 29.1% | 55.2%

MQ water washing 0% 49% | 9.3% | 3.9% | 27.8% | 15.7% | 58.3% | 25.0%

NaCl washing 0% 0% 0% 0% 0% 3.7% 0% 0%

Diluted CaCOs 93.2% | 77.8% | 71.1% | 86.7% | 24.4% | 13.0% | 12.6% | 19.8%

Bg-AChBP1 is synthesized in the mantle epithelial cells (see Figure 3.28 and Fig-
ure 3.29) and then released into the extrapallial fluid and from this oversaturated
mixture of all required inorganic and organic components, shell formation is in-
duced. Bg-AChBP1 with its binding to ACC might be needed to regulate, together
with Mg?*ions, the crystallization process. A specific role of the dodecahedral qua-
ternary structure of Bg-AChBP1 might be to keep the formed amorphous precursor
in its metastable amorphous state over a longer duration as shown for dodecahe-
dra in Figure S 3.41 of the Supporting Information. Furthermore, the in vitro precip-
itation experiments under simultaneous presence of magnesium ions and Bg-
AChBP1, and the presence of both components in the matrix, suggest that the
protein might also play a role in stabilizing and controlling aragonite crystallization

in vivo.
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3.3.1.4 Conclusion

We have shown by advanced electron microscopy techniques that the snail Bi-
omphalaria glabrata precipitates crystalline CaCOs in bundles of aragonite that are
covered by an amorphous and mainly organic insoluble matrix. The dodecahedral
acetylcholine-binding protein Bg-AChBP1 has been identified by IR spectroscopy
as well as immunofluorescence microscopy as a component of the insoluble ma-
trix. It was shown that recombinant Bg-AChBP1 binds to amorphous calcium car-
bonate (ACC) and stabilizes it in this phase. This has been substantiated in pre-
cipitation experiments with Faatz-Wegner ACC kept at 40°C in a climate chamber
at 40% relative humidity with and without Bg-AChBP1 present during precipitation
of ACC.

As we have demonstrated Bg-AChBP1 is synthesized in all the larval stages and,
in adult animals, in the epithelial cells of the mantle, from which it is secreted into
the extrapallial space. The simultaneous presence of magnesium ions within the
insoluble matrix has been demonstrated by XPS, AAS, and EDX data. By in vitro
precipitation experiments, almost 100% pure aragonite (calculated from Rietveld
refinement of XRD data) has been formed under simultaneous presence of recom-
binant Bg-AChBP1 and magnesium ions at natural concentrations. In these exper-
iments, CaCOs directly precipitated as ordered aragonite instead of forming unspe-
cific mixtures of calcite and aragonite as in the controls omitting Bg-AChBP1. Our
findings suggest a specific CaCOs polymorph stabilizing role of Bg-AChBP1 which
reminds the role of the structurally related amorphous-calcium carbonate-binding
proteins (ACCBP), with the difference that (i) Bg-AChBP1 is a pentagonal dodec-
ahedron 25 nm in diameter, composed of 60 subunits, whereas ACCBPs are soli-
tary pentamers, and (ii) Bg-AChBPL1 is not a typical ACCBP but more closely re-
lated to other AChBPs. The binding motive present in the Bg-AChBP1 dodecahe-
dron that stabilizes the aragonite phase is still unknown but might be unraveled by
comparing it in structural detail to the closely related Bg-AChBP2 which turned out
to be less efficient in polymorph stabilization. Site-directed mutagenesis of Bg-
AChBP1 could be used to proof such hypotheses.
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3.3.1.5 Supporting Information
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Figure S 3.40: (A) STEM HAADF image of IM of snail shell, light colored areas contain elements of
high Z. (B) EDX scan area in amorphous IM. (C) EDX spectrum of area of interest. Presence of
protein indicated by high nitrogen signal. Note the existence of Mg in the IM and presence of iron
(probably from Hemoglobine) that most likely gives yellow/orange or brown color to the snail shell.
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Table S 3.7: Summary of XPS determined elemental composition for the regions outside and inside
snail shells.

Mg o Ca N C

Out 0.1 24.9 1.9 4.9 68.2

0.1 24.2 2.0 5 68.7

In - 22.1 0.2 3 74.8

- 23.2 0.4 5.1 71.4
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Figure S 3.41: (A) IR-spectra of ACC precipitated without addition and (B) with addition of dodeca-
hedra of Bg-AChBP1 by Faatz-Wegner method. ACC sample was kept at 40°C in 40% relative
humidity for noted times. ACC to aragonite transformation as usual under such conditions is hin-
dered by absorption of protein on CaCOa.
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Figure S 3.42: IR Spectra of CaCOs precipitated for 72 h with (red) and without (black) pentamers
of Bg-AChBP1 from a 89:11 % Ca/Mg solution (A), a 94:6 % Ca/Mg solution (B) and pure CaClz
solution (C). Addition of magnesium and protein gives pure aragonite while lowering of relative
magnesium ion concentration fast changes polymorph to magnesium rich calcite.
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Figure S 3.43: XRD pattern of CaCOs precipitated for 72 h with (red, pentamers of Bg-AChBP1;
blue Bg-AChBP2) and without protein (black) from 89:11 % Ca/Mg solution (A), a 94:6 % Ca/Mg
solution (B) and pure CacCl: solution (C). Addition of magnesium and protein gives pure aragonite
(yellow lines) while lowering of relative magnesium ion concentration fast changes polymorph to
calcite (green lines). Other phases have been calculated to be lower than 0.01% of total CaCOs.
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Table S 3.8: XPS elemental composition (%) of direct precipitation of CaCOs from Ca:Mg 94:6%
with and without addition of no protein, Bg-AChBP1 or Bg-AChBP2 protein, respectively.

Mg Ca

94:6 % no protein 16.2 934

125 875
15.2 84.8
11.3 88.7

94:6 % Bg-AChBP1 0 100

0 100
0 100
0 100

94:6 % Bg-AChBP2 0 100

0 100

0 100

0 100
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Table S 3.9: XPS elemental composition (%) of direct precipitation of CaCOs from Ca/Mg 89:11 %
with and without addition of no protein, Bg-AChBP1 or Bg-AChBP2 protein, respectively.

Mg Ca

89:11 % no protein 29 971

26 974
25 975
3.2 96.8

89:11 % Bg-AChBP1 3.1  96.9

3.7 96.3
3.5 96.3
46 954

89:11 % Bg-AChBP2 2.4  97.6

35 96.5

42 958

43.4 96.6
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Figure S 3.44: Optical microscopy images from PE vial precipitations of CaCOs with and without
Mg?* in the absence and in the presence of Bg-AChBP1 pentamers (D-F) or Bg-AChBP2 pentamers
(G-I). Note that polymorph to aragonite results in elongated cigar shaped crystals instead of ag-
glomerated calcite.
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3.3.2 Bg-AChBP proteins calcium ion complexation and
their effects on CaCOs crystallization

This paragraph is also based on my corporation work with Dr. Daniela Treiber from
the AG Markl and resulted in the manuscript “Bg-AChBP proteins calcium ion com-
plexation and their effects on CaCOs crystallization”. The manuscript will be sub-
mitted to Crystal Growth and Design by the American Chemical Society. The fol-

lowing chapter combines the main manuscript and the supporting information.

Caz* ‘ Co> i 5
- g}a Bg-AChBP 2

-
;’C; Dodecaeder Bg-AChBP 1
A

Figure 3.31: Scheme on CaCOs protein crystallizations in the desiccator presented in this para-
graph.

AChBP proteins of the pondsnail Biomphalaria glabrata are relatives of ACCBP, a
protein which is known to stabilize amorphous CaCOs against crystallization.
Hence the origin of this effect has also been observed recently but the influence
on the crystallization of CaCOs has not been studied to conclude influence on pol-
ymorphism of CaCOs. We want to address this question by studying recombinant
Biomphalaria glabrata AChBP proteins of two different isoforms, termed Bg-
AChBP1 and Bg-AChBP2. The calcium ion complexation of the proteins is studied

by ITC and calcium ion selective electrode measurements and their CaCOs crys-
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tallization influence by desiccator ammonia diffusion method for CaCOs precipita-
tion. The different interaction mechanisms of both isoforms with calcium ions and
CaCOs mineral are monitored with microscopy and spectroscopy techniques as

well as rocking curve measurements of the final precipitates.

3.3.2.1 Introduction

The concept of mesocrystal formation is known for almost twenty years for syn-
thetic materials, but its first discovery in biomineralization was already made in the
early 80s of the recent century. [1-61 The ways towards mesocrystal formation are
numerous and reach from PILPS [/l over classical amorphous ®land nano-crystal-
line precursor ! stages towards an oriented attachment % driven formation of a
quasi-single crystal M built of micro- or nano-crystalline building blocks. 12 For
nature the concept of mesocrystal formation is advantageous for mechanical sta-
bility of biominerals. The brick-mortar structures of nacre for example have been
shown to bear enormous stability in comparison to massive material. '3 Various
protein motives seem to be identified to ensure stability of hydrated flexible precur-
sor material and the resulting formation of extravagant structural details. 614181 |n
contrast to studies on specialized proteins for CaCOs precipitation Natalio et al. 19
gave an imagination what may happen, if a non-specialized protein is added to the
calcium carbonate precipitation. The beforehand introduced amorphous precursor
is an intermediate precursor step in the formation of extremely bendable brick mor-
tar structures. While the native spicule is shown to be built from Silicatein-a (a glass
sponge protein of Demospongia domuncula) 1820 and nano-crystalline SiO2 in the
synthetic case nano-crystalline CaCOz has been observed. 211 The spicule flexibil-
ity is caused by a rather weak coordination of CaCOs nanocrystals — that subse-
quently form out of the amorphous precursor — with the protein as mortar. The
template of the spicule structure giving element within this system is the Silicatein-
a, which agglomerates to fibrous structures, wherein CaCOs3 precipitates. A similar
mechanism of aggregation has been observed for the agglomeration of the egg
white protein Ovalbumin under presence of calcium ions during the process of egg
shell formation. 22231 Prelimenary about three nanometer large proteins form small

substructures of 50 proteins by unfolding and interlinking via covalent bonds (e.g.
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cystin bridging) or even hydrostatic interactions. Subsequently the substructures
agglomerate to about centimeter long fibrils. The crystallization of CaCOs has been
shown to be inhibited by the additive complexation of calcium ions. A PILP-like
precursor phase, [ called liquid amorphous calcium carbonate (LACC), is formed
in crystallizations in this publication. 24251 A recent publication on a sea urchin ma-
trix protein has shown the protein driven formation of a so-called bio-hydrogel to

be another non-crystalline precursor of biomineralization. [26]

The unique fact for nature is that evolution triggered an extraordinary specialization
of proteins. 1271 The acetylcholine binding proteins we focus on in this publication,
for example is strongly structurally related to amorphous calcium carbonate binding
proteins ACCBP, which have been shown to stabilize calcium carbonate in its
amorphous phase (ACC). 12829 The well pronounced stabilization properties are
mainly due to the strong binding to calcium ions by the carboxylic acid rich protein
sequence that are covered by non-polar regions. [23:3% Hence the AChBP class of
proteins was postulated to have similar effects besides the property to bind cyto-
toxins and ensuring neuronal signal transduction. %32 |n Chapter 3.3.1 it was
shown that the dodecahedral Bg-AChBP1 of the Biomphalaria glabrata AChBP has
shown a very good ACC stabilization performance and the polymorph aragonite is
stabilized with high selectivity during the crystallization. In contrast to that Bg-
AChBP2, which has an amino acid sequence of almost 52% similar amino acid
sequence compared to Bg-AChBP1, according to the identity matrix published by
Saur et al. 281 But the proteins seem to have a totally different function within the
snail. Histological results (unpublished data) show Bg-AChBP2 absence in CaCOs
enriching or precipitating environment, while the cerebral ganglion is full of Bg-
AChBP2, which gives the hint that Bg-AChBP2 might be responsible for signal
transduction and detoxification, but also for effective prevention of urgent tissue
calcification. Nevertheless, the effects of Bg-AChBP2 on calcium ions and CaCOs
is needed to be studied to understand the native function of this isoform to support
the conclusions of chapter 3.3.1. While this question has already been adressed
by the fast precipitating burst nucleation method of mixing calcium chloride and
sodium bicarbonate solutions with precence of magnesium ions in chapter 3.3.1

the slow ammonia diffusion method (ADM) for CaCOs crystallization is used in this
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work to study the affinity and effects of absorption during CaCOgs precipitation. The
binding affinity of pentameric Bg-AChBP1 and pentameric Bg-AChBP2 for calcium
ions is studied by ion selective titrations as well as isothermal calorimetry titrations.
Furthermore, analysis for nano-crystallinity of the CaCOs precipitates by SEM, HR-
TEM and XRD Rocking curve analysis is conducted additionally to understand the
influence of the proteins on the CaCOs. AFM on calcite (104) facets is used to

study the influence of the protein isoform and structure on CaCO3s reassembly.
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3.3.2.2 Experimental

Materials and handling details

All reagents for crystallization and titration experiments were purchased from
Sigma Aldrich and were used as received, unless otherwise stated. Quarz glass-
slides for crystallization as well as TEM and SEM equipment were received from
Plano GmbH, Wetzlar, Germany. For water deionization a water purification setup
from Millipore (Millipore GmbH) was used. The quarz glass slides were cleaned by
washing with Ethanol, NaOH, MilliQ (MQ) water, HCI and threefold water treatment
in an ultrasonic bath for 10 minutes each and subsequent drying under nitrogen
flow. All Ca-ISE and ITC titrations were done with volumetric standard solutions
purchased from Fluka. For the atomic force microscope (AFM) experiments calcite
crystals with a sample size of 4 x 4 mm2 were purchased from Korth Kristalle
GmbH. The crystals were freshly cleaved and cleaned with a nitrogen flow prior to
each experiment. We conducted all in-situ AFM measurements in the frequency
modulation (FM) mode using for high-resolution imaging in liquid environment,
modified 3334 commercial AFM from Bruker Corporation (MultiMode V with Nano-
scope V controller). All AFM images shown were taken at a constant temperature
of 28 °C and with a liquid cell from Bruker Nano Surfaces Division. The used can-
tilevers were gold-coated and p-doped silicon (PPP-NCHAuD, Nanosensers and
Tap300GD-G, BudgetSensors) and exhibit a typical eigenfrequency in liquids of
100-150 kHz and a spring constant of ~40 N/m. For all measurements, we kept the
oscillation amplitude of the cantilever constant at 1 nm. In all AFM images shown,
we display the slow and fast scan direction and the measured channel in the sche-

matics in the upper right corner.

All protein solutions were continuously stored in a 10 mM TRIS buffer at pH 7.5 in

a fridge at 7°C to prevent random aggregation.
Instrumentation

Optical Imaging was performed with a confocal Keyence VK8710 laser light micro-
scope equipped with a 658 nm diode laser to get height information of the precipi-

tated samples. Immunofluorescence microscopy was performed on 7 pm cryo



213

Chapters (Cryotome HM 500 OM, Microm, Waldorf, Germany) according to Schaf-
feld & Markl, 2004 3], Rabbit polyclonal anti-Bg-AChBP antibodies were produced
by Charles River Laboratories, Kisslegg. Two rabbits were immunized over two
months by Bg-AChBP1 or Bg-AChBP2 injections. The isoform specificity was con-
firmed by western blot. The Bg-AChBP1 antiserum was applied at a solution of
1:250 and the Bg-AChBP2 antiserum at a solution of 1:50. Both applied solutions
were the result of a serial solution experiment. Images were recorded on a Leitz

DM RBD fluorescence microscope (Leica, Wetzlar, Germany).

For scanning electron microscopy (SEM) the calcium carbonate crystals were sput-
tered with 7.7 nm Au and analyzed using a JEOL-JSM 5610LV (JEOL Ltd., Tokyo,
Japan) or FEI Phenom (Hillsboro, OR, USA). Images were acquired with an accel-

erating voltage of 20 kV or 10 kV respectively.

Titration experiments were carried out using the Tiamo system (Metrohm AG) with
pH and calcium ion selective electrode (Ca-ISE). External calibration of the Ca-ISE
was done with a four-point calibration with various concentrations of a CaClz solu-
tionin a 0,1 M KClI solution. The influence of carbonate species is not paid attention
to in this way of calibration. External pH calibration was carried out with standard
solutions of pH 4, 7 and 9 purchased from Metrohm. The nucleation titrations were
done in a 100 mM carbonate buffer solution at pH 9.75 by subsequent addition of
50 pL/min of a 100mM CacCl: solution under continuous addition of 200 mM KOH
to keep the pH value constant. Binding titrations with the Tiamo system were facil-
itated in a TRIS buffer at pH 9.75 with addition of 50 pL/min of a 100 mM CacCl2

solution as well.

ITC measurements were performed using a NanolTC Low Volume (TA Instru-
ments, Eschborn, Germany) with an effective cell volume of 170 pL. During each
experiment 50 pL of salt solution (2 mM CaClz or 2 mM MgClz solution) were ti-
trated into 300 uL of protein solution (0,6 g L for Bg-AChBP1 or 0,4 g L™ for Bg-
AChBP2 respectively). Furthermore, the same amount of salt solution was titrated
into 300 uL of the used buffer for the proteins (20 mM Tris) to determine the solution
heat for reference. The number of injections was 25 for each measurement (25 x

2 uL) with 300 s breaks between every injection. Each measurement was carried
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out at 25 °C. The integrated heats of solution were subtracted from the integrated
heats of every adsorption measurement. The normalized heats were fitted accord-
ing to an independent binding model to obtain the association constant (Ka), the
reaction stoichiometry (n), the reaction enthalpy (AH), the entropy (AS) and the
Gibbs energy (AG). Each measurement was repeated three times and the mean
value as well as standard deviation for each parameter were calculated. Data eval-
uation of the ITC measurements was performed using the Nano Analyze Data

Analysis Software (Software version 2.5.0) from TA Instruments.

Raman spectroscopy measurements for phase identification were carried out using
a confocal HR800 p-Raman spectrometer by Horiba Scientific with a He-Ne laser
at A = 633,318 nm and an APD detector. Each spectrum was taken with resolution

of 1 cm™ at 16 iterations.

XRD measurements were conducted with a Bruker D8 Discover equipped with a
proportional counter and a vacuum stage on a Eulerian cradle. All measurements
were facilitated with Cu-Ka radiation and a 0.4 mm slit after the X-ray source and
in front of the detector. Rocking curve measurements were conducted at the 20
angle of maximum intensity of the calcite (104) reflex within the Omega angle area
of 5°-24° at 1s measurement time at increments of 0.02°. To ensure calcite is the
measured CaCOs phase of all samples a 26 scan around the characteristic 29.4°

angle was conducted with 0.02° increments at 1s measuring time.
Synthesis of recombinant proteins

Bg-AChBP1 and Bg-AChBP2 were individually expressed in E. coli. Plasmids with
the construct Bg-AChBP1-His-TEV and Bg-AChBP2-His-TEV were prepared due
to Gateway™ cloning by Vanessa Moller. The Gateway™ pDEST ™14 vector was
used. Both Bg-AChBP isoforms were solubilized from inclusion bodies and purified
on a nickel column and further processed according to published procedure. [28]
For synthesis of dodecahedra of Bg-AChBP1 the His-Tag has been cut off using a
TEV interface inside the plasmide and the TEV Protease (roboklon GmbH, Berlin).
Further purification by size-exclusion chromatography yields much lower concen-
trated TRIS buffered solutions of pure Bg-AChBP1 dodecahedra as shown in Fig-
ure S 3.45 A in the Supporting Information, which are even stable in aqueous non-
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buffered media (compare Figure S 3.45 B). For His-Tag carrying proteins of Bg-
AChBP1 and Bg-AChBP2 only pentamer assemblies has been found by TEM anal-
ysis (see Figure S 3.45 C and D).

Crystallization of CaCOs via ammonia diffusion method

Crystallization experiments were carried out using the standard ammonia diffusion
method. 136391 After a short induction time in which the solution starts to (super-
)saturate with NHsz and COz2 the desiccator atmosphere gets supersaturated with
ammonia and carbon dioxide via subsequent thermal decomposition of the excess
of ammonium carbonate placed on the bottom of a medium sized desiccator. Crys-
tallization was performed on well-defined quarz-glass slides with a diameter of 13
mm and a thickness of 1 mm placed on the bottom of 5 mL beakers. The beakers
were filled with 2 mL of aqueous solutions of 5 mM CaCl2 and as mentioned
amounts of protein additive taking from stock solutions in TRIS buffer from recom-
binant protein synthesis. The reaction room was covered with perforated Parafilm
(Neenah, WI, USA) to prevent external impact by dust or other impurities. The pH
of the solution subsequently increased from about 7 to 9.75 during crystallization.
The protein pentamer assemblies were shown to be stable over this wide range of
pH 7.5 to pH 9.75 in glycine buffer by TEM analysis (see Figure S 3.45 E and F).
After 15 h crystallization time the glass-slides were removed from the solution,
washed carefully with saturated CaCOs solution on both sides to ensure complete
removal of ammonium carbonate crystals without inducing dissolution/ recrystalli-

zation processes and to remove any unbound protein and dried under air flow.
Binding of fluorescent antibodies on desiccator samples

The final glass slide with CaCOs precipitates were prefixed for 20 min in chloroform
/ methanol (2:1) at 0 °C *° and then fixed for 10 min. in acetone at -20 °C. The
blocking of non-specific binding sites occurred in a 1% BSA in PBST solution for
30 min. at room temperature. The slides were kept within a primary antibody solu-
tion for 90 min. and thoroughly washed with PBST. Afterwards they were incubated
for 60 min. in a fluorescence secondary antibody solution and washed with PBS.
Then rinsed in water to remove the remaining salt and washed in ethanol to evap-

orate it under nitrogen flow.
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3.3.2.3 Results & Discussion

We identify Bg-AChBP2 as strong scale inhibiting protein for CaCOs crystalliza-
tions previously. This gives a hint for a decalcification role in the neuronal tissues
of the snail to prevent random crystallization from oversaturated environment. In
contrast to that Bg-AChBP1 has been identified to have a vaterite stabilization
property which might be useful in the shell calcification process the protein is pre-
sent in. All these findings do have one in common: The effect of binding to bivalent
ions or even the influence on the CaCOs phase transfer should give a deeper in-
sight into their specific function.

Figure 3.32 A demonstrates calcium ion binding titrations conducted with a pH 7.5
TRIS buffered solution of 0.7 uM concentration. The high binding capacity of Bg-
AChBP2 pentamers in contrast to Bg-AChBP1 pentamers results in an about 43
mol bound calcium ions for each mol of protein and Bg-AChBP1 pentamers only 3
mol calcium ions are bound to each mol protein (see Figure 3.32 B for calculated
data). ITC measurements of the pentamer Bg-AChBP1 with addition of calcium
chloride give almost none-detectable heat transfer from binding. For Bg-AChBP2
for both experiments heat transfer detection was possible (see Figure 3.32 C for
data plots). Besides the pentamers of Bg-AChBP1 also the dodecahedra assembly
has no calcium ion binding affinity in ITC titrations (data not shown).

Calculations from ITC data revealed for calcium ions an enthalphy driven process
is present, while entropy is lost. From ITC the total process is identified to be exo-
thermic and about 30 mol of both cations are bound per mol of Bg-AChBP2. This
gives the hint that addition of calcium ions caused structural changes for example

an unfolding of the protein.

Nucleation titrations with addition of 0.7 uM of both pentamers of Bg-AChBP1 and
Bg-AChBP2, to carbonate buffer at pH 9.75 by continuous addition of CaClz solu-
tion give vaterite as first precipitating metastable CaCOs phase for all cases (see
Figure 3.32 E inlay). The interesting result is the delay of nucleation by several
seconds and higher supersaturation achieved for Bg-AChBP1 and Bg-AChBP2
compared to the reference experiment. This can be caused by complexation of
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calcium ions by the proteins or by effective binding of both proteins on the surface
of precipitated CaCOs. This is shown first by the size inhibition of the crystals (com-
pare scalebars of inlay of Figure 3.32 E) and second by the protein coverage of the

vaterite crystals analyzed by IR-spectroscopy (compare Figure 3.32 F).
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Figure 3.32: (A) Titrations of calcium chloride into a pH 7.5 TRIS buffered solution of pentamer
proteins. Bg-AChBP1 shows weak complexation of calcium ions while Bg-AChBP2 shows coordi-
nation properties for calcium ions. Calculated data is shown in table (B). The strong complexation
of calcium ions of Bg-AChBP2 is underlined by ITC (C, D) to be a strong exotherm enthalpy driven
process with a ratio of 30 mol calcium bound to each mole of protein which also points to a hydrogel
type formation of protein and CaClz. The discrepancy of Ca-ISE and ITC measurements is due to
the different way of detection. (E) Nucleation titrations in carbonate buffer at pH 9.75 by successive
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addition of CaClz under absence of protein (black), presence of 0.7 uM Bg-AChBP1 (green) or Bg-
AChBP2 (red). TEM images inlay (scalebar for blank 500 nm, Bg-AChBP1 200 nm and Bg-AChBP2
100 nm) show strong size inhibition of vaterite products, if protein is added. The inhibition of Bg-
AChBP2 is two times more effective as for Bg-AChBP1. This might be caused by a strong absorp-
tion of protein on the solid material that is precipitating as shown in IR spectra (F). The binding of
protein to the vaterite from nucleation titrations is in correspondence to the elsewhere published
data of the binding assay on CaCOs polymorphs.

AFM measurements of TRIS buffered protein solutions of pentameric Bg-AChBP1
on freshly cleaved (104) calcite crystals at neutral pH show unspecific aggregation
and absorption on the step edges and on the flat surface of the crystal (see Figure
3.33 (A-C)). The observed aggregates have variable sizes from about 1 nm to ag-
gregates of 5 nm height and 120 nm diameter, which are aggregates of pentameric
Bg-AChBP1 structures (compare sizes in TEM Figure S 3.45 C, Supporting Infor-
mation). For the dodecahedral assembled Bg-AChBP1 proteins homogenous,
about 50 nm diameter aggregates with an AFM analyzed height of 9 nm, can be
identified (see Figure 3.33 D-F and Figure S 3.45 A and B, Supporting Information).
For the pentamers of Bg-AChBP2, for which high binding capacity to bivalent earth
alkali ions have been demonstrated, the kinks of the CaCOzs crystal have found to
be completely saturated with about 14 nm thick and 1 nm high protein layers of
obviously unfolded non-assembled protein strands (compare TEM images for sizes
of pentamers Figure S 3.45 D). This is another indicator for the occurring structural
change to be an unfolding by binding of calcium ions, as it was measured in iso-

thermal calorimetry titrations.
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Figure 3.33: The nano-structure of a typical CaCOs crystal (104) surface after addition of 0.2 g/L pH
7.5 TRIS buffered pentameric Bg-AChBP1 protein solution is added (A) with a detailed view (B) and
its height profile (C). Large and small agglomerates can be found. The large agglomerates are
multiple pentamers clustered (5 nm in height and about 120 nm diameter). Attachment of agglom-
erates is non-specifically along various directions. Overview of dodecahedral assemblies of Bg-
AChBP1 proteins assembled on a freshly cleaved (104) calcite (D). A closer look to very uniform
clusters on the CaCOs surface after adding a 0.19 g/L pH 7.5 TRIS buffered solution is shown in
(E). The scale of the clusters is about 9 nm in height and 50 nm in diameter as calculated from (F).
Image (G) gives an overview on surface of a (104) calcite after addition of 0.2 g/L pH 7.5 TRIS
buffered solution of pentameric Bg-AChBP2 protein showing absorbed protein on all polar kinks of
calcite. This indicates a very strong interaction with the CaCO3 substrate by obvious unfolding as
shown by maximum 1 nm height and maximal 14 nm layer thickness on the kinks (I).

AFM measurements identified important differences of the Bg-AChBP1 whether its
pentameric or dodecameric form is added to CaCOs. The introducing sketch re-
veals that different structural assemblies and Bg-AChBP protein sequences have

different crystalline products in desiccator ammonia diffusion method precipitation
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of CaCOs for 15 h. The thermodynamically stable product calcite is the normally
observed CaCOs polymorph in this experiment after a 15 h precipitation (see Fig-

ure S 3.46 (A), Supporting Information).

Figure 3.34: CaCOs crystals precipitated via desiccator ADM CaCOs precipitation experiment for
15 h with dodecahedral Bg-AChBPL1. Large spherical crystals assemble when 0.2 uM protein is
added (A). With increasing protein concentration 0.4 pM (B) to 0.8 uM (C), the size of the major
product decreases while vaterite is the phase of the product, as proven by Raman data in Figure S
3.47, Supporting Information. Subsequent phase transformation to calcite occurs within a year as
shown by XRD data in Figure S 3.53, Supporting information.

The optical microscopy images shown in Figure 3.34, present an increasing glass
slide crystal coverage and simultaneous decreasing size of the crystals upon in-
creasing concentrations of dodecahedral Bg-AChBP1. Raman spectroscopy of
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crystals precipitated with 0.8 puM protein added (see Figure S 3.47, Supporting In-
formation), identifies the polymorph to be vaterite and furthermore proves CaCOs
surface to be covered with protein for the dodecahedral case by amide bound ap-
pearance. The XRD measurements conducted after half a year show the vaterite
transformed to calcite phase. Vaterite undergoes a slow phase transition under
keeping the crystals morphology (see Figure S 3.52 Supporting Information). In
Figure 3.35 A, C and E the influence of 10 uM pentameric Bg-AChBP1 protein
added in a similar precipitation of CaCOs. The thermodynamic stable phase calcite
forms in in this case and a lot of the protein material is precipitated around the
along c-axis elongated CaCOs crystals (see Figure 3.35 A, C, E). The effect is
subsequently strengthened by increasing the amount of protein added (see Figure
S 3.48). Besides the formation of multiple step edges a size termination in compatr-
ison to the reference crystals (compare Figure S 3.50, Supporting Information) is

also occurring for the Bg-AChBP1 case.

In contrast Bg-AChBP2 addition triggers multi-domain crystals grown on precipi-
tated protein/ACC composite without size termination (see Figure S 3.50, Support-
ing Information). On the crystals the precipitated protein can be identified by optical
microscopy (see Figure 3.35 B) and immunofluorescence (see Figure 3.35 D, F).
The number of crystals on the glass slide is much smaller for the Bg-AChBP2 case
than for the pentamer Bg-AChBP1 case, which might be due to the good complex-
ation properties for calcium ions. The unfolding of the protein induced by calcium
ion interaction might result in a weaker solution stability that also entails a precipi-
tation of protein molecules during formation of CaCOs. In both cases the first pre-
cipitated phase from crystallization is the calcite phase (see Figure S 3.49, Sup-
porting Information for Raman Spectra) as thermodynamically stable phase (see

Figure S 3.46, Supporting Information for references).
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Figure 3.35: CaCOs crystals precipitated via desiccator experiment for 15 h with 10 uM pentameric
Bg-AChBP1 (A, C) and 10 pM pentameric Bg-AChBP2 (B, D). Immunofluorescence imaging with
selective antibodies for Bg-AChBP1 (E) and Bg-AChBP2 (F) is showing absorption of both proteins
on polar calcite facets.

For Bg-AChBP1 pentamers the formation of nano-crystalline calcite crystals is
identified by peak broadening in Raman spectroscopy signals (see Figure S 3.51
(A), Supporting Information) and large mosaicity background in rocking curve
measurements (see Figure S 3.54 and Table S 3.11, Supporting Information). The
smaller average crystallite size calculated by using the Scherer-Equation for the
(104) reflection of the 26 scan (see Figure S 3.53 and Table S 3.10, Supporting
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Information), is a hint for inclusion of protein. For Bg-AChBP2 pentamers addition
a crystalline material with small mosaicity is formed (see Figure S 3.51(A), Sup-
porting Information for Raman) as indicated by rocking curve measurements (see

Figure S 3.54 and Table S 3.11, Supporting Information).

3.3.2.4 Conclusion

The function of both isoforms of Bg-AChBP proteins has been studied superficial
in literature but only postulated assignments for protein tasks in the snail have been
made so far. Until now no isoform specific function announcement has been tried
so far. From the presented data first estimations on the proteins in vivo role are

possible.

First, the influence of the proteins on the crystallization of CaCOs has its origin in
the calcium complexing properties of both isoforms. While pentamers of Bg-
AChBP2 inhibits growth of CaCOs very effectively, the Bg-AChBP1 protein works
as a nucleation site for CaCOs crystallization, but only shows weak calcium com-
plexation. While usually after 15 h calcite is formed from ADM precipitations Bg-
AChBP1 presence leads to formation of vaterite. This might be due to a strong
surface coverage of the calcium rich (010) facet of the crystals with protein. Doubt-
less the strong interaction of the surface of precipitated CaCOs with Bg-AChBP1
proteins might also have its origin in strong protein to carbonate interactions that
need to be studied in future work. As mentioned beforehand in contrast to Bg-
AChBP1, Bg-AChBP2 has been identified in our recent work to be absent in all
mantle close tissues and the shell. The presence in non-CaCOs-forming tissues
inside the snail neural tissue may have the reason to lower the risk of urgent CaCO3
as precipitation is minimized very effectively by the presence of little amounts of
Bg-AChBP2 protein in oversaturated moieties due to its demonstrated complexa-

tion properties.
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3.3.2.5 Supporting Information

Figure S 3.45: TEM images of proteins prepared with negative staining with uranyl acetate. (A)
recombinant Bg-AChBP1 dodecahedra after controlled cleavage of the His-Tag by using TEV pro-
teasis in pH 7.5 TRIS buffer (B) Bg-AChBP1 dodecahedra in pure MQ water. (C) Recombinant Bg-
AChBP1 pentamers with attached His-Tag and (D) recombinant pentameric Bg-AChBP2 without
His-Tag. (E) and (F) both show pentameric Bg-AChBP1 from glycine buffer at pH 7.5 and 9.6 re-
spectively indicating pentamer stability.
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Figure S 3.46: CaCOs crystals precipitated without additive in a desiccator crystallization for 15 h
(A) optical microscopy image, (B) SEM micrograph zoom-in to typical rhombohedral shape (C,D)
contrast and fluorescence image of calcites after adding fluorescent antibodies for Bg-AChBP1 and
Bg-AChBP2.
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Figure S 3.47: Exemplary Raman spectrum of vaterite crystals precipitated if 0.8 uM of dodecahe-

dral Bg-AChBP1 was added. Besides the characteristic vaterite Raman modes named (V) the am-
ide Raman modes of the protein identify surface coverage with the protein.
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Figure S 3.48: A-I: SEM images of CaCOs crystals from desiccator experiment after 15 h. The total
crystal size decreases with increasing amount of pentameric Bg-AChBP1 protein added from 1 yM
(A-C) over 5 pM (D-F) to 10 pM (G-I). The crystals are in general much smaller than the reference
sample crystals in Figure S 3.46. The nano-crystallinity and step edge formation is pronounced for
Bg-AChBP1 samples.
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Figure S 3.49: A-l: SEM images of CaCOs crystals from desiccator experiment after 15 h. The total
size decreases with increasing amount of pentameric Bg-AChBP2 protein added from 1 uM (A-C)
over 5 uM (D-F) to 10 uM (G-I). The nano-crystallinity and step edge formation are less pronounced
for these samples compared to Bg-AChBP1 samples. ACC/protein aggregates as shown in AFM
are especially visible in C and G. The solubility of Bg-AChBP1/ACC that forms as early phase is
higher in water than for the Bg-AChBP2/ACC. The size of the precipitated crystals is much larger
than for Bg-AChBP1.
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Figure S 3.50: Optical microscopy images of glass-slides covered with CaCOs crystals precipitated
(A) without adding protein (B) with addition of 10 uM pentameric Bg-AChBP1 (C) addition of only
0.8 uM of dodecahedral Bg-AChBP1 and (D) with addition of 10 pM pentameric Bg-AChBP2. The
average size of Bg-AChBP2 and reference crystals as well as the slide coverage is almost similar
while for pentameric Bg-AChBP1 (B) the crystals is much smaller, but the total number is larger.
For the dodecahedral Bg-AChBP1 (C) only vaterite as metastable preliminary phase with broad
size distribution can be found.
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Figure S 3.51: Raman spectroscopy of CaCOs crystals on glass slides precipitated with presence
of (A) pentamers of Bg-AChBP1 and (B) pentamers of Bg-AChBP2 protein showing CaCOs to be
calcite phase and fluorescence indicating presence of surface bound protein. The inlay shows peak
broadening and enhancing of the 283 cm- band, which indicates nano-structuring of the crystals.
For the pentamer Bg-AChBPL1 case this is already visible for very small amounts of protein (1 uM),
while for the pentamer Bg-AChBP2 case there is no clear trend.



231

Figure S 3.52: Light microscopy image of CaCOs crystals after 1 year of aging (Rocking curve
sample). Spherulite structure is still present as shown in Figure 3.35 of the main paper.
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Figure S 3.53: XRD 26 scan of calcites (104) reflex for different additives added to the crystalliza-
tions. For all samples Gaussian fits were used to find the reflex maximum and FWHM for average

crystallite size determination shown in Table S 3.10.
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Table S 3.10: Calculations for 26 scans of Reference example and calcite precipitated with uM
concentrations of different protein fractions and structures. FWHM tends to be large for added pro-
teins, which results in smaller average crystal size within the mesocrystal assembly under keeping
the 26 value and thus the lattice plane distance fits to reference measurements.

Sample FWHM (°) | d (nm) | 26 (°)
Reference 0.120 76.1 | 29.42
Dodecahedra Bg-AChBP1 0.142 65.2 | 29.41
Pentamers Bg-AChBP1 0.145 63.1 | 29.43
Pentamers Bg-AChBP2 0.140 64.3 | 29.42
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Figure S 3.54: Rocking curve analysis between 10° and 20° w angle under constant 26 angle of
29.42° analyzing the (104) truncated nano-crystals of the mesocrystal. For the reference sample a
sharp reflex indicates highly oriented crystallites forming large crystals which are sometimes ran-
domly oriented on the glass substrate (sharp reflexes at various angles). For addition of dodecahe-
dral Bg-AChBPL1 protein the main reflex even is sharper than the reference sample which indicates
low mosaicity of the found spherulite crystals after aging for one year. For the mesocrystal formation
if pentamer Bg-AChBP1 is added the main reflex broadens and shows a second broad distributed
nano-crystal species. If pentamers of Bg-AChBP2 are added to the crystallization experiment the
rocking curve analysis agrees to some extent with the reference which reveals the protein to have
no effect on nano-crystallinity in this case. Together with 26 scan data the occlusion of at least
some protein is likely for the pentamer assemblies due to increased mosaicity, while the dodeca-
hedral one shows almost no mosaicity.
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Table S 3.11: Calculations from Gaussian fits for Rocking curve data. All samples show a single
reflex of different FWHM. Addition of dodecahedra of Bg-AChBP1 even lowers mosaicity of the
calcified vaterite crystals of spherulite structure. Although pentamers of Bg-AChBP1 increase mo-
saicity of the CaCOs crystals to polymer even results in a little increase in tilting of crystallites and
an increase in mosaicity while Bg-AChBP2 pentamers are almost similar in crystallinity as the ref-
erence sample grown without additives. For all samples the Omega angle difference is almost zero
for all samples.

Sample FWHM (°) | w (°) | wtheo (°) | Aw (°)
Reference 0.261 146 | 14.7 0.1
Dodecahedra Bg-AChBP1 | 0.145 14.7 | 14.7 0
Pentamers Bg-AChBP1 0.407 146 | 14.7 0.1
Pentamers Bg-AChBP2 0.226 146 | 14.7 0.1
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4 Conclusion and Outlook

Diverse influences on the precipitation of CaCOs has been demonstrated for a quite
diverse collection of additives either flexible or rigid, polar or even non-polar. All
systems have been studied in the slow precipitation of the ammonia diffusion
method (ADM) in which the pH value subsequently equilibrates at 9.75 within about
four hours and CaCOs precipitation rates do not deminish interaction properties of
additives by simple encapsulation of surface-active additives. In Chapter 3.1 the
synthesis and functionalization of Au and Au@Fe304 and their potential use as
additives to influence CaCOs crystal morphology was demonstrated. It was shown
that stabilization of ACC on the additive surface triggers epitactic growth of calcite
on the Au (111) facets, which results in strong Kirkendall effect due to mechanical
rigidity of the additive. In contrast to these findings non-specific interaction has
been found due to close surface coverage for PEG2000/11-MUA ligand on gold
particles. Unfortunately for the Au@Fe304 system the solubility in calcium ion rich
moiety was non-handable due to the bad particle dispersion stability for amphiphilic
functionalized particles. Thus, precipitation of micellar clusters and their non-spe-
cific inclusion within CaCOs has been shown. For the isotropic anionic functional-
ized Au@Fes04 Janus particles strong similarity to the observations with 11-
MUA@AU patrticles influences on CaCOs has been shown with inclusion of Au par-

ticles by epitactic growth of CaCOs.

Besides polyanionic nanoparticles a new copolymer class of PolyTHF polyacids as
flexible anionic materials have been studied. The morphology to structure relation-
ship has been demonstrated in Chapter 3.2 with two solutions of hyper-branched
and linear structured polymers with analogous concentration of calcium interacting
carboxylic acid groups. The formation of elongated crystals caused by face selec-
tive binding of the hyper-branched polymer additive stands in contradiction to the
strong scale inhibiting properties of the linear PolyTHF polyacid polymers, which is
related to the amount of carboxylic acid groups in the copolymer structure. The
effect might be caused by lowering of supersaturations and available material for

crystallization of the CaCOs mineral. For both cases the interior of the crystals
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looked almost perfectly massive, while the polymer has been identified to get in-
corporated within grain boundaries during crystallization. The comparison of the
inclusion effect of both, the flexible polyacids of PolyTHF polymers and the rigid
11-MUA@Au functionalized polyacid nanoparticles is possible. The pattern of pol-
yacids on gold particles seem to have a relationship to polyacid PolyTHF polymers
as long as both additives precipitate dumbbell shaped CaCOs. While for the flexible
polymer no Kirkendall effect has been observed a strong Kirkendall effect due to
oriented epitactic growth has been noticed for the 11-MUA functionalized gold na-
nopatrticles. Furthermore, the CaCOs crystals precipitated with isotropic anionic Ja-
nus particles also show analogy to this functionalization pattern of Au nanoparti-

cles, which is also caused by epitaxy.

In contrast to the strong influence on CaCOs crystallization in desiccator experi-
ments the addition of acetylcholine-binding proteins of the freshwater snail Bi-
omphalaria glabrata has weaker influence on the precipitation of CaCOs. Surpris-
ingly the His-Tag split off from recombinant Bg-AChBP1 gave an additive that has
strong inhibiting properties as it stabilizes the intermediate vaterite during the du-
ration of crystallization of CaCOs. This protein has furthermore been demonstrated
to have ACC stabilizing properties over almost a week in humid warm conditions
wherein phase transformation to aragonite occurred within 24 h without protein.
Besides the ACC and vaterite stabilization the precipitation of the final crystalline
polymorph as it is formed within the snail shell has been identified to be a cooper-
ative effect of the protein Bg-AChBP1 and magnesium ions. The reason therefore
lies in the better binding to aragonite in contrast to the calcite phase during the time
course of dissolution/recrystallization within the CaCOs oversaturated environment

of the snail and the lab tubes from direct precipitation methods.
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The future perspectives of the shown projects can be manifold. The identification
of key structural details in additives now might make final crystallization results
more predictable. For industrial use a study in direct precipitation methods from
basic calcium hydroxide solutions or precipitation from carbonic acid esters with
additives needs to be conducted as the precipitation method used within this study
is more basic scientific than industrial relevant. Nonetheless the formation of com-
posite materials with additives of the studied type is of great interest for developing
new composite materials. Besides this the formation of nano- and micro-particulary
CaCOs crystals of different shapes might be of high interest for industrial produc-
tion of polymer/CaCOs blends. Hereby the presented work might flatten the way
for future applications. The demonstration of flexibility to non-flexibility and epitaxy
differences of additives hopes to enlarge general understanding in solid materials
formation for applications that need massive or even non-massive composite ma-

terials.

Hence the effect of anisotropy we hoped to identify remained partially unclear and
might be studied with better dispersable of functionalized Janus particles for exam-
ple by introduction of a functionalized silica shell or coverage with a water-soluble
polymer. The introduction of interesting properties into the cheap CaCOzs crystalline
material of either morphology (e.g. dumbbell, rhombohedra, speculi) might be a
future goal in materials research to develop a blend filler material with interesting

properties.

The insight into the properties of the Bg-AChBP protein might give another brick in
the incomplete wall of structure to calcium binding property relationship for natural
proteins. Hence the studies presented in this work were driven-out by using recom-
binant proteins for concentration reasons but if large amounts of native protein
could be extracted in either way for both isoforms to study the additional effect of
the protein glycosylation on the CaCOgs precipitates. The conduction of knock-down
assays for the snail protein production and their result on the CaCOs3 shell formation
could complete the puzzle of protein influences in this specific species with an in

vivo study.
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