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Abstract

Abstract

Amorphous mineral phases, e.g. amorphous calcium carbonate (ACC) that occurs
ubiquitously in nature, play a pivotal role in biomineralization processes and as such,
are a focal point of vast interdisciplinary research. Studies into biogenic ACCs indicate
the existence of different short-range orders, which can be understood within the notion
of amorphous polymorphism (polyamorphism). It is speculated that distinct short-range
orders in biogenic ACCs are triggered by various ions and biomolecules. However, it
was shown that additive-free ACCs obtained from metastable solutions with equilibrated
pre-nucleation clusters (PNCs) can also exhibit different proto-crystalline structures. The
first part of this thesis concern with the importance of the existence of equilibrated PNCs
for the development of proto-structures in ACCs. This was accomplished by direct-
precipitation of ACC in alcoholic media. Second, the role of pH and temperature in the
development of short-range orders of ACCs is further explored. The aim is to complete
and thereby corroborate the notion of ACC polyamorphism with the proto-aragonite
(pa)-ACC form, which has not been reported for ambient pressures until now. Last,
polymer-stabilized liquid precursors of CaCO3; were employed to selectively mineralize
nanocellulose films via controlling the mineralization sites on nanocellulose fibres. The
controlled mineralization enabled formation of mineralized and unmineralized layers of
nanocellulose. This, in turn, yielded a bio-inspired, layered, nacre-like material

outperforming the biological example in terms of plasticity.

In the first part of this thesis the question if the existence of PNCs as precursors to ACC
is essential for the formation of distinct short-range orders without additives is
addressed. To investigate this, an instantaneous direct precipitation of ACC in alcohol-
based media was developed. The conditions applied in this experiment do not permit
the development of the PNCs due to instantaneous precipitation from a high
supersaturation level. Therefore, direct precipitation in alcoholic media excludes the
equilibration of PNCs prior to formation of ACCs. Additionally, the pH of the solution is
undefined owing to non-aqueous media, while in PNC pathway, the pH value is a
central parameter for the development of distinct proto-structures. The short-range

structure of the precipitates was characterized using different analytical techniques such
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Abstract

as Fourier transform infrared spectroscopy (FT-IR), nuclear magnetic resonance
spectroscopy (NMR), and extended X-ray absorption fine structure (EXAFS). The
analysis of the ACC obtained using the direct precipitation protocol indicated no
structural similarities with any of the crystalline polymorphs of CaCOs. This is in accord
with this assumption that proto-structured features of ACCs depend on the equilibration
of PNCs in prior ACC formation. The obtained ACC shows great potential to be used for
syntheses of functional materials, as the developed synthetic protocol is very versatile
and produces large amount of ACCs.

In the second part of this thesis the preparation of ACCs in aqueous media involving
equilibrated PNCs from low supersaturation levels is explored. Specifically, the effect of
temperature and the pH of the solution on the short-range orders of the ACCs isolated
from solution was investigated. To this end, a detailed investigation of the short-range
orders of the ACCs obtained at pH 8.75 and 9.8 at various temperatures was carried
out. The investigation was motivated by the general observation that nucleation kinetics
of CaCO3 polymorphs are greatly influenced by temperature, i.e. higher temperatures
(>45 C) promote the formation of aragonite, whereas lower temperature (<45 C)
results in formation of vaterite as the dominant phase. Therefore, the putative links
between pre- and post-nucleation speciation at each temperature were examined via
structural characterization with different techniques, so as to explore the effect of pH
and temperature on polymorph and polyamorph selection. FT-IR spectroscopy analyses
of proto-calcite (pc)-ACC at different temperatures showed essentially unaffected
spectra in the whole range of studied temperatures (7-65 C). However, in the case of
proto-vaterite pv-ACC, at around 45 C a change in the v; band of the FT-IR spectra
occurred, which reflected the developing of another short-range order. In fact, NMR
together with EXAFS analyses point towards the formation of pa-ACC alongside pv-
ACC under the corresponding conditions. The 3C solid-state NMR showed an
asymmetric resonance, which could be deconvoluted into three separate resonances, to
pa-ACC, pv-ACC and an ACC phase containing hydroxyl groups. These results indicate
coexistence of pa-ACC with pv-ACC, consistent with the v; bands observed in the FT-IR
spectra. Moreover, EXAFS data suggested that the calculated Ca-O bond length for this
ACC is higher than that of pv-ACC and pc-ACC. This is analogous to the relative
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difference in Ca-O bond distances between aragonite, calcite and vaterite. Slow
crystallization of pa-ACC in solution and its crystallization in the solid-state yielded
mainly aragonite. This was in contrast to pv-ACC, which mostly produced calcite under
the same conditions.

The third part of this thesis deals with the generation of a nacre-like material, taking
advantage of a liquid CaCOj; precursor-based method. Nacre is a hierarchical hybrid
organic-inorganic biomaterial formed by some molluscs which has outstanding
mechanical properties. Liquid precursors of CaCOg3 are species formed via binodal
demixing (liquid-liquid phase separation) of pre-nucleation clusters which subsequently
solidify to form a solid ACC phase. The inherent liquid state of these species is a
valuable tool for the infiltration of CaCO3 into organic matrices, and can be stabilized by
the addition of low amounts of polycarboxylates, as thoroughly established in the
literature. The organic matrix used in this study was nanocellulose. Nanocellulose has
attractive properties such as non-toxicity, light-weight, high tensile strength and stiffness
making it a very popular organic basis for hybrid materials with enhanced properties.
The nacre-like material presented in this thesis was obtained via layer-by-layer (LBL)
deposition of nanocellulose on a silicon substrate, and controlled mineralization by
CaCOs3. The challenging part of this work was to selectively mineralize nanocellulose
layers, so that mineralized and unmineralized layers are deposited sequentially. This
issue was tackled via controlled wettability and infiltration of CaCOg3 precursors into thin
films of nanocellulose with different functional groups. The obtained multi-layered hybrid
of CaCO;3; and nanocellulose showed a lamellar structure in which the inorganic
constituents were calcite mesocrystals. Furthermore, the composition of the nacre-like
structure revealed by TGA and its iridescent colour is very similar to nacre. Analyses of
the mechanical properties of the obtained material showed Young s modulus of 14 GPa
which is similar to that of human cortical bone and is higher than that of most of artificial
nacre structures where CaCOs is employed as the mineral constituent. However, the
more intriguing mechanical property of this nacre-like material is its plasticity index. The
plasticity index provides a measure for the capability of a material to absorb an applied
force (such as an impact), and the plasticity of the artificial material surpasses the one
of biological nacre.
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The findings presented in this thesis extend the concept of polyamorphism of CaCOs,
and provide information on the parameters, which influence the development of distinct
short-range orders in additive-free ACCs. One of these parameters is the equilibrated
PNCs concluded from the lack of distinct proto-structure in disordered ACC obtained
from alcohol media. Other parameters include pH and temperature which can influence
on development of distinct short-range orders of ACC in aqueous media. These results
lay the crucial foundation for future studies, aiming the delineation of the first phase
diagram of calcium carbonate polyamorphism. An example for targeted structure control
utilizing liquid precursors of CaCOj3; for the preparation of a tailor-made artificial nacre
material is also presented in this thesis. This hybrid, organic/inorganic material is
synthesized from CaCOj; and nanocellulose and is a prime example for the targeted-
oriented generation of a multi-level structure via a facile synthetic approach, which may
facilitate the up-scaling of the production methods of materials with enhanced properties

in future studies.



Zusammenfassung

Zusammenfassung

Amorphe Minerale, wie beispielsweise amorphes Calciumcarbonat (ACC), welches
sowohl in belebter als auch in unbelebter Natur auftritt, spielen eine entscheidende
Rolle whrend der Biomineralisation und sind daher Gegenstand interdisziplin rer
Forschung. Studien zu biogenem ACC belegen die Existenz von verschiedenen
Nahordnungen, welche mittels des Konzepts des amorphen Polymorphismus
(Polyamorphismus) verstanden werden kann. Es wurde spekuliert, dass gewisse
Nahordnungen in biogenem ACC von bestimmten lonen und Biomolek len bestimmt
werden. Nichtsdestotrotz konnte gezeigt werden, dass additivfreie ACCs, die aus
metastabilen L sungen, in welchen Pr nukleationsclu ster (PNCs) im Gleichgewicht
vorliegen, gewonnen werden, ebenfalls eine Nahordnung aufweisen. Der erste Telil
dieser Arbeit behandelt den Einfluss von sich im Gleichgewicht befindlichen PNCs auf
die Nahordnung der gebildeten ACC Phasen. Dies wurde durch direktes Ausf llen von
ACC in alkoholischen Medium realisiert. Des Weiteren wurde der Einfluss des pH
Wertes und der Temperatur auf die Nahordnung von ACC untersucht. Das Ziel dieser
Studie ist die Vollendung der Idee des Polyamorphismus fr das CaCO 3 System, in
welchem die proto Aragonit (pa) Nahordnung bei Umgebungsdr cken noch nicht
beschrieben wurde. Zuletzt sollen polymerstabilisierte fl ssige Vorstufen (PILPs) dazu
benutzt werden, selektiv und kontrolliert Nano-Zellulose zu mineralisieren. Durch die
kontrollierte Mineralisation ist es mglich mineral isierte und nicht-mineralisierte
Schichten der Nano-Zellulose zu erzeugen. Dieser Ansatz fhrt zu einem bio-
inspirierten, Perlmutt hnlichen Material, das sein biologisches Original in puncto
Plastizit t bertrifft.

Im ersten Teil dieser Arbeit wurde die Frage, ob PNCs fr die Bildung der Nahordnung
in ACCs notwendig sind, bearbeitet. Dazu wurde eine Methode entwickelt, ACC im
alkoholischen Medium direkt auszufllen. Die Beding ungen in diesen Experimenten
wurden so gew hlt, dass die Einstellung des PNC Gle ichgewichts durch eine extrem
hohe bers ttigung unterdr ckt wurde. So konnte sic hergestellt werden, dass keine
sich im Gleichgewicht befindlichen PNCs an der F Il ung beteiligt sind. Zus tzlich lag

durch die alkoholische L sung ein undefinierter pH Wert vor. Ein definierter pH Wert ist
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jedoch fr die Einstellung des PNC Gleichgewichts u nd damit f r die Bildung von proto-
strukturiertem ACC von essentieller Bedeutung. Die Nahordnung des Niederschlags
wurde mittels verschiedener analytischer Methoden wie Fourier-Transform-
Infrarotspektroskopie (FT-IR), Kernspinresonanzspektroskopie (NMR) und
R ntgenabsorptionsspektroskopie (EXAFS=extended X-r ay absorption fine structure)
untersucht. Die Auswertung der so erhaltenen Daten zeigt, dass das ACC keine
strukturellen Gemeinsamkeiten mit den kristallinen Polymorphen des CaCO3; aufweist.
Dieses Ergebnis best tigt die Annahme, dass ein PNC Gleichgewicht unabdingbar fr
die Ausbildung proto-strukturierter ACCs ist. Das erhaltene ACC k nnte ber gro es

Potential fr die Synthese funktionaler Materialen verfgen, da das entwickelte
Syntheseprotokoll sehr vielf Itig einsetzbar ist un d damit auch gr ere Mengen an ACC

produziert werden k nnen.

Der mittlere Teil der Dissertation befasst sich mit der Herstellung von ACCs in w ssriger
Umgebung unter Ber cksichtigung von sich im Gleichg ewicht befindlichen PNCs. Daher
wurde der Einfluss der Temperatur und des pH Wertes auf die Nahordnung der ACCs
untersucht. Im Detail wurden ausgefallene ACCs untersucht, welche bei pH 8,75 bzw.
9,80 und bei verschiedenen Temperaturen hergestellt wurden. Die Studie wurde durch
den Umstand angeregt, dass die Temperatur einen erheblichen Einfluss auf die
Nukleationskinetik besitzt. Aus diesem Grund wird bei hohen Temperaturen (> 45 C)
haupts chlich Aragonit und bei niedrigeren Temperat uren (<45 C) Vaterit gebildet.
Eine mgliche Verbindung zwischen den pr- und post -nukleations Spezies wurde
mittels Strukturcharakterisierung mit verschiedenen Techniken bei unterschiedlichen
Temperaturen untersucht. Untersuchungen mittels FT-IR Spektroskopie von proto-calcit
(pc)-ACC bei verschiedenen Temperaturen zeigte keine Ver nderung der Spektren
zwischen 7 C und 65 C. Allerdings zeigte proto-va terit (pv)-ACC eine Ver nderung der
1 Schwingung im FT-IR Spektrum ab einer Temperatur von 45 C, welche fr die

Entstehung einer anderen Nahordnung spricht. Tats ¢ hlich konnte mit Hilfe von NMR
und EXAFS Spektroskopie gezeigt werden, dass sich unter den genannten
Bedingungen sowohl pa-ACC als auch pv-ACC bildet. Das Spektrum des °C
Festkrper NMRs weist eine asymmetrische Resonanz auf, welche durch
Dekonvolution auf drei verschiedene Resonanzen schlieen |sst. Die drei so
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erhaltenen Signale lassen sich pa-ACC, pv-ACC und einer ACC Phase, welche
Hydroxylgruppen enth It, zuordnen. Dieses Ergebnis deutet auf die Koexistenz von pv-
ACC und pa-ACC hinundwird von den FT-IR Daten best tigt. Die EXAFS Resultate
legen au erdem nahe, dass die Ca-O Bindungsl nge im Falle von pa-ACC | nger ist
als die Bindungsinge in pv- und pc-ACC. Die Bindun gslngen der kristallinen
Polymorphe Aragonit, Calcit und Vaterit verhalten sich analog. Die langsames
Kristallisation von pa-ACC in L sung und die Krista llisation von pa-ACC durch sintern
f hrt in beiden F llen haupts chlich zu Aragonit, w hrend aus pv-ACC in den meisten

F llen Calcit entsteht.

Der dritte Teil dieser Arbeit behandelt die Herstellung Perlmutt-artiger Materialien durch
Anwendung von auf fl ssigen CaCO ;-Vorstufen basierenden Methoden. Perlmutt ist ein
hierarchisch aufgebautes organisch-anorganisches Hybridmaterial mit herausragenden
mechanischen Eigenschaften, das in der Schale einiger Mollusken gebildet wird.
Flssige CaCO 3-Vorstufen werden durch binodale Entmischung (Flss ig-fl ssig-
Phasenseparation) von Pr nukleationsclustern gebild et, und k nnen sich anschlie end

in eine feste ACC-Phase umwandeln. Durch den inhre nt fl ssigen Charakter dieser
Spezies ist sie hervorragend geeignet fr die Infil tration von CaCOj3 in organische
Matritzen und kann durch die Zugabe geringer Mengen von Polycarboxylaten stabilisiert
werden, wie es ausf hrlich in der Literatur beschri eben wurde. Die in dieser Arbeit
verwendete organische Matrix bestand aus Nanocellulose. Nanocellulose hat attraktive
Eigenschaften, sie ist nicht toxisch, verfgt ber eine geringe Dichte, hohe
Zugfestigkeit und Steifheit, welche sie zu einer h ufig eingesetzten Grundlage fr
Hybridmaterialien mit herausragenden Eigenschaften machen. Das in dieser Arbeit
vorgestellte perlmuttartige Material wurde mittels Schicht-f r-Schicht-Abscheidung
(layer-by-layer, LBL) von Nanocellulose und der anschlie enden kontrollierten
Mineralisierung mit CaCOg3 hergestellt. Die Schwierigkeit liegt dabei in der selektiven
Mineralisierung der Nanocelluloseschichten, sodass abwechselnd mineralisierte und
unmineralisierte Schichten vorhanden sind. Dieses Problem wurde durch Kontrolle der
Benetzbarkeit w hrend der Infiltration der CaCO 3-Vorstufen in Nanocellulose-D nnfilme
mit unterschiedlichen funktionellen Gruppen gelst. Der erhaltene mehrschichtige
Hybrid aus CaCOjs; und Nanocellulose zeigt eine lamellare Struktur mit Calcit-
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Mesokristallen als mineralische Phase. Auerdem sind sowohl die ber
thermogravimetrische Analyse erhaltene Zusammensetzung als auch die beobachtbare
Irideszenz dem Perlmutt sehr hnlich. Mechanische A nalysen des Materials zeigen
einen Young-Modul von 14 GPa, ein mit menschlichen Knochen vergleichbarer Wert,
der die Werte der meisten knstlichen Perlmutt-Stru kturen mit CaCOj; als
anorganischen Bestandteil bertrifft. Eine noch bee indruckendere mechanische
Eigenschaft ist jedoch der Plastizittsindex des Ma terials, welcher die Eigenschaft
beschreibt, einwirkende Kr fte wie einen Einschlag zu absorbieren. Die Plastizitt des

k nstlichen Perimuttmaterials bersteigt sogar die des nat rlichen Perlmuitt.

Die Erkenntnisse aus dieser Arbeit erweitern das Konzept des Polyamorphismus von
CaCOs. Informationen ber Parameter, welche die Ausbildu ng einer definierten
Nahordnung in zusatzfreien ACCs beeinflussen wurden erhalten. Einer dieser
Parameter sind die im thermodynamischen  Gleichgewicht stehenden
Pr nukleationscluster. Dies wurde aus der Abwesenhe it einer Pr strukturierung in den
ungeordneten ACCS geschlossen, welche in alkoholischen Medien hergestellt wurden.
Weitere Parameter beinhalten Temperatur und pH-Wert, durch die die Entwicklung
einer definierten Nahordnung in ACCs aus w ssrigem Medium beeinflusst wird. Diese
Ergebnisse bilden einen wichtigen Grundsteinf r wei tere Untersuchungen mit dem Ziel
der Erstellung des ersten Phasendiagramms fr Calci umcarbonat-Polyamorphismus.
Ebenso wurde ein Beispiel fr die mageschneiderte Synthese eines k nstlichen
Perlmuttmaterials durch den Einsatz fl ssiger CaCO s-Vorstufen im Rahmen dieser
Arbeit vorgestellt. Dieses organisch-anorganische Hybridmaterial wird aus CaCO3; und
Nanocellulose hergestellt und ist ein vorz gliches Beispiel fr den zielorientierten
Aufbau hierarchischer Strukturen durch einen einfachen synthetischen Ansatz, welcher
auch die Hochskalierung der Produktionsmethoden fr Materialien mit verbesserten

mechanischen Eigenschaften in zuk nftigen Arbeiten vereinfachen kann.
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General introduction and scope of the thesis

In many scientific fields, understanding the polymorphs and morphologies of
compounds is the key for further research and development, and is the primary subject
of scientific investigation. This is especially true for areas such as pharmaceutics and
materials science. Different polymorphs of a component can have distinct
physiochemical properties, which should be considered when developing novel
materials for the desired applications. One of the most important physicochemical
properties in pharmaceuticals, which is linked to thermodynamic stability, is solubility.

The following reports are two examples emphasizing the importance of this property:

1. Ritonaviris a drug in capsule form, which was discovered in 1992 for treatment
of HIV-1 and released to the market in 1996. At that time, only one polymorph
(form 1) of this drug was known and shortly after introducing into the market,
dissolution tests of most of those capsules failed. Detailed investigations into this
drug revealed the existence of another crystalline form (form 1l) which has higher
thermodynamic stability and hence lower solubility. It turned out that due to
design of the capsule, wOhich contained an ethanol/water solution, the form |
transformed to form Il and hence form Il, which has 50% lower solubility
precipitated. Subsequently all of the drugs had to be withdrawn from the market.
The drug was then re-launched into the marked following its re-design into an oily

capsule.!

2.  Over 80% drugs are sold as tablets. About 40% of marketed drugs have low
solubility. More alarming is double the percentage of drug candidates in the R&D

pipeline (80 90%) which could fail due to solubilit y problems. @

These two statements highlight the importance of identification and full characterization
of different forms (crystalline and amorphous) of drugs in the pharmaceutical industry.
However, this is not the only field which requires a thorough understanding of different
forms of compounds. Living organisms take advantage of polymorphisms to create
sophisticated biominerals, which are specialized for different functions they serve, such
as protecting from predators or providing structural stability.®! A good example for
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adaptive development of polymorphism can be observed in mollusks. These organisms
can produce exoskeletons from two different polymorphs of calcium carbonate: calcite
and aragonite. While aragonite is widely reported in these organisms, calcitic
microstructures are also present in some cold water mollusks. A widely accepted
hypothesis for molluscan shell formation is the use of the less soluble polymorph, such
as calcite, on the outermost layers of the structure in order to minimize its dissolution

under environmental conditions.*!

One of the compounds of which different polymorphs are frequently observed in
biominerals is calcium carbonate. Calcium carbonate has three anhydrous forms:
calcite, aragonite, and vaterite as well as two hydrous forms, ikaite and mono-
hydrocalcite (MHC), which are unstable and can be prepared only under harsh chemical
conditions. The anhydrous polymorphs of calcium carbonate can be found in nature and
are characterized by different thermodynamic stabilities. Calcite-the thermodynamically
stable polymorph, is ubiquitously present in structures ranging from coral reefs and
sedimentary rocks to avian eggshells.[S'G] Aragonite, with orthorhombic crystalline
structure, is metastable and is mostly found in mollusk shells, calcified forms of
endoskeleton of cold and warm water corals, as well as the tubes of serpulid worms.”
However, the crystalline structure of the unstable form, vaterite, is poorly understood
and rarely observed in nature. Otoliths present in some fish are one of the few
examples of vaterite occurring as a biomineral.'” The vast number of examples of
CaCOg3 polymorphs in vertebrates and invertebrates shows, that polymorphism of
calcium carbonate in biogenic species is relatively well studied. In most cases that have
been analyzed in detail, the formation of these crystalline structures is preceded by
amorphous calcium carbonate (ACC) as an intermediate.™ Studies into biogenic ACCs
revealed that some of them have distinct short-range orders similar to long range orders
of CaCO3; polymorphs. The existence of ACC intermediates in living species is - in
principle - in accordance with classical nucleation and crystallization theories, in
particular, with the Ostwald-Volmer rule. This rule states, that in systems where several
species are accessible, the one with the lowest density will form first. In this classical
(kinetic) pathway, subsequently, more stable species are formed according to Ostwald’s
rule of stages. However, recently, it has been shown that stable clusters are formed

10
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prior to nucleation of ACC, which cannot be interpreted using the aforementioned
classical view on nucleation and crystallization. Contrary to the classical theory, calcium
carbonate pre-nucleation clusters (PNCs) are thermodynamically stable,*? which has
been recently explained by means of computer simulations.*® It is found that calcium
and carbonate ions form highly dynamic, chain-like structures in solution, a structural
form labeled dynamically-ordered liquid-like oxyanion polymers (DOLLOP). This
structural form has been suggested to represent the PNCs, as it can compete
enthalpically with ion pairs, and entropically with ACC, rendering these clusters
thermodynamically stable in solution. The theoretical evaluations quantitatively agree
with the experimental characterizations of PNCs (with respect to ion coordination,
cluster stability, and ion binding profiles). Furthermore, experimental evidence suggests
that ACC nanoparticles are formed from the PNCs via aggregation, as opposed to the
classical notion of ion-by-ion growth.' The structural evaluation of the ACCs that have
formed from equilibrated PNCs indicates that they have distinct short-range orders,
which are introduced as the concept of proto-crystalline structures. This notion has been
interpreted within the physical concept of amorphous polymorphism, or

polyamorphism.™®!

Although there are widespread reports concerning the characterization of short-range
orders in biogenic ACCs, only a few reports show structurally different synthetic
ACCs.™ This is mainly due to its metastability, which renders ACC transient in aqueous
environments. Therefore, a major part of this thesis is focused on the structural
characterization and understanding of the role of PNCs in development of a certain
short-range order in ACCs (See state of the art). The amorphous liquids/solids are also
valuable tools in materials science due to their capacity to be shaped or transformed
into different crystals, enabling the design of tailor-made materials. Hence, as a prime
example, the fabrication of artificial nacre using a layer-by-layer (LBL) technique via
controlled infiltration of liquid precursors of CaCO3 into nanocellulose organic matrices

is shown herein.

11



State of the art- Classical and non-classical nucleation theory

1. State of the art

1.1. Classical and non-classical nucleation theory

Crystallization is a process involved in a vast number of phenomena we experience
during our daily lives, e.g. ice formation or lime scale deposition. Understanding the
mechanisms and parameters governing crystallization can help us in design of materials
with advanced properties, overcoming industrial and household problems, e.g. scaling
from hard water, or reaching the solutions for environmental problems such as climate
change. Crystallization occurs upon nucleation of species in a solution (homogenous) or
at an interface (heterogeneous) followed by crystal growth, which can be accompanied
by Ostwald-ripening mechanism. For many years, the most important theory with which
one could explain nucleation phenomena was classical nucleation theory (CNT).'®
¥IBased on this mechanism, nucleation rates are determined by the balance of two
major competing energies: interfacial energy (disfavored) and bulk energy (favored). In
CNT, the nuclei are assumed to be spherical. The bulk energy is dependent on the
volume of the clusters and proportional to r*, while the interfacial energy is proportional
to r* (area). Adding these two energies together, CNT considers the critical radius (rc)
for the clusters to be a critical point of nucleation (Figure 1): only clusters which reach
this size can nucleate. While CNT is mathematically very-well formulated and is
consistent with thermodynamic laws, there are some quantitative observations which
cannot be interpreted using CNT. The reason is using different approximations in CNT
in order to simplify the mathematical equations. For instance, CNT takes advantage of
the capillary approximation, where the properties of a nucleating phase are considered
to be the same as in the macroscopic bulk phase. This assumption might be true in
case of the large nuclei, however, it does not match with the properties of small nuclei.
This is due to the fact that CNT does not consider the curvature and non-equilibrium
effects of the nucleus during nucleation. Considering the nucleus to be homogenous
and spherical is the other assumption in CNT which cannot fit within the nucleation

processes of some systems.
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Figurel: The diagram of free energy versus radius based on classical nucleation theory

The results of a study by Cahn and Hilliard in 19591*°, which were modified by Sarkies
and Frankel in 1975%” showed that the nucleus neither needs to be homogenous nor
to have a sharp boundary with the exterior phase. Another observation contradicting
CNT is the existence of stable PNCs at low super-saturation levels. CNT only considers
metastable clusters formed via step-by-step addition of atoms, ions or monomers.
However, according to the PNC pathway, the crystallization of calcium carbonate
proceeds via stable PNCs, that undergo a nanoscopic liquid-liquid separation event
producing nanodroplets, which in turn form amorphous calcium carbonate (ACC)
nanoparticles based on aggregation and solidification which eventually crystallize. The
principles of nucleation based on the stable PNC pathway are summarized in Figure 2.
As can be seen in this figure, the first phase separation happens via liquid-liquid
separation from homogenous solution. Nanodroplets were first isolated using
polyelectrolytes and named polymer induced liquid precursors (PILP, note that the
polymer stabilizes the liquid precursors, rather than induces them).?*?? They can grow
up to tens of microns due to electrostatic interactions between droplets and have
elaborate morphologies due to their liquid feature and molten shape.””?¥ Later on, the
successful isolation of liquid precursors of CaCO3; and some other bivalent carbonates
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without additive was also reported 2 which indicates that nanodropletes are a

distinct phase prior to nucleation.
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Figure 2: Nucleation process based on the PNC cluster pathway. The vertical lines show the phase

separations during nucleation. Figure taken from ref. 71

This is in contradiction with CNT view point which considers all of the precursors
before nucleation of CaCOj3; to be solutes in the solution and no phase separation
occurs prior to nucleation. The second dashed vertical line in Figure 2 represents the
formation of solid CaCOg3 from liquid precursors which proceeds via solidification of
nanodroplets as shown very recently utilizing the THz spectroscopy.?®The result of
this nucleation pathway is ACC, which can further on transform to crystalline calcium
carbonate via redissolution/crystallization mechanism along the Ostwald s rule of

stages.
1.2. ACC polymorphism

Since Palatnik introduced the concept of polyamorphism in 1981,1*°! until now, the
exploration of different amorphous structures in various systems has opened new
doors in the quest for new materials with specialized properties in, e.qg.
pharmaceutical contexts and materials science.B% Polyamorphism is the existence of

two or more amorphous states of the same compound. This concept is especially
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heavily investigated in pharmaceutics, due to the fact that one of the most important
concerns in designing new drugs is bioavailability, which in turn is linked to the
solubility of drugs in the body.!* 3!l The crystalline structures are thermodynamically
more stable than amorphous precursors and hence, their solubilities are comparably
lower. Therefore, identification of different amorphous structures of a specific drug
with the desired solubility compatible with the target cells is one of the hot topics in
pharmaceutics. Water is another other system which exhibits polyamorphism when it
is supercooled.?*34 More than a century of research on changes of heat capacity
and compressibility of supercooled water revealed the existence of at least three
amorphous structures of ice: LDA (low density amorphous), HDA (high density
amorphous) and VHDA (very high density amorphous).®® Spectroscopy combined
with other analytical methods revealed, that these amorphous forms are
distinguished by different densities as well as atomistic arrangements.*® Indeed,
amorphous-amorphous transformation of ice polyamorphs can occur when the

appropriate pressure or temperature is applied. (See Figure 3)

Raman intensity

Figure 3: Transformation of HDA to LDA upon increasing of the annealing temperature Tannea
characterized by in-situ Raman. Figure taken from ref. %

While the interest in identification of various amorphous states of a compound is

steadily increasing, the inherent thermodynamic metastability of amorphous states
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can bring about difficulties in obtaining transient amorphous forms with different
short-range orders. Consequently, the phenomenon of polyamorphism is in some
systems not well-understood and perhaps in many sys tems not yet even
realized.*® One of the systems where polyamorphism has been suggested to play a
decisive role during crystallization is calcium carbonate. Efforts for the
characterization of structures of different ACCs began in the early 2000s when the
development of high-resolution techniques enabled scientists to study the
differences in the short-range orders of ACCs in detail. ACCs with different short-
range orders can be categorized in two main groups: biogenic ACCs and synthetic
ACCs (Figure 4). In addition to differences in short-range orders, biogenic and
synthetic ACCs can be categorized as transient and stabilized. The anhydrous ACCs
are usually kinetically unstable (transient) and transform readily to a crystalline
polymorph while hydrous ACCs with varying amounts of water are considered to be
stabilized ACCs. The ACC polyamorphism deals with ACCs with the same
stoichiometric formula, however, ACCs with compositional differences can also be
categorized within this concept. The differences in composition of ACCs usually stem
from varying amount of associated water. Therefore, ACCs with different amount of
water are considered as pseudo-polyamorphism, although, most of ACCs have one

water molecule per formula (CaCO3.H,0).1**!
1.2.1. Biogenic ACCs

More than a decade ago, studies into biogenic ACCs have shown that, in some
species, ACCs can have distinct short-range orders, which have similarities with the
long-range orders in their respective polymorphic crystalline counterparts.’-
Various proto-structures have been identified in different organisms, e.g. calcitic
ACC is found in sea urchin embryos and red abalone (Haliotis rufescens),*>
“laragonitic-ACC in larval mollusks and the freshwater snail Biomphalaria glabrata
as well as corals, ' 4+l and MHC-ACC in different organisms.?® However, there is
a report on a lobster gastrolith, where biogenic ACC does not show a distinct short-

range order related to the crystalline polymorphs of CaCO3.[*!

It is noteworthy, that a
few reports on structural analyses of biogenic ACCs have failed to unambiguously
characterize the short-range order due to contradictions between the results of

applied techniques.”!
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Figure 4: different types of biogenic and synthetic ACCs based on the studies up to 2013. Figure is

taken from ref.¥

While in most of the studies on species such as sea urchin embryo®® or a
gastropod, Biomphalaria glabratal*¥ the transformation of an ACC with distinct proto-
structure leads to a crystalline polymorph with a similar long range order (see Figure
5).A recent study on ACC precursors of red abalone nacre shows that the final
polymorph is not necessarily dependent on the distinct short-range order of the
ACC. Red abalone nacre is a biomineral consisting of aragonite as a mineral
constituent. Analysis of the structure of the precursor ACCs obtained from the growth
front of red abalone nacre shows that this ACC does not have structural similarity
with aragonite and in fact it has calcitic short-range orders. This finding once again
brought up two most challenging question in crystallization: What are the parameters
controlling the link between short-range orders of ACC and the resulting crystalline
polymorph from the crystallization of ACC? And what is the mechanism governing

crystallization of ACC?

One extrinsic reason for the formation of a certain distinct short-range order in
different biological species is the presence of additives such as proteins, and ions
such as magnesium. Consequently, as wide variety of biomolecules is involved in
the formation of biogenic ACCs. It is speculated, that the distinct proto-structure of
biogenic ACCs in organisms is genetically controlled and achieved employing

various biomolecules.
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Figure 5: The different shell zones of the gastropod Biomphalaria glabrata analyzed were all formed
of more than 99% aragonite. However, the freshly laid eggs were composed of ACC only. This

indicates that during the ontogenesis into the adult stage ACC is selectively transformed into

aragonite. Figure taken from ref 4

1.2.2. Synthetic ACCs

The in-vivo studies indicating the role of different biomolecules in the development of
pre-structures in biogenic ACCs have later been complemented by in-vitro studies,
where distinct ACC short-range orders were induced by artificial additives./*®*¥! The
additives not only generate distinct short-range orders in ACC, but also stabilize it
kinetically, rendering its isolation and structural characterization rather
straightforward. Formation of calcitic, vateritic, and aragonitic short range orders in
synthetic ACCs was reported via applying phosphates, poly-aspartic acid (pAsp),

and magnesium ions as additives, respectively.*!

In additive-free ACCs, however, the induction of distinct short-range orders, its
isolation and subsequent structural characterization is always demanding, A calcitic
short range order in synthetic additive-free ACCs was prepared for the first time by
bubbling CO, gas through saturated Ca(OH), solution at 0 C." It should be noted
that the calcite-like structural assignment in that work was based upon the
observation that the particular ACC always transformed into calcite. The PNC
pathway is a theory which can explain the formation of ACCs with distinct short-
range orders in the metastable solution. Based on this pathway, there is a decisive
link between the pre- and post-nucleation thermodynamic speciation of PNC and
ACC, respectively. To clarify this statement it is noteworthy to mention that PNCs

can have different stabilities, which may relate to distinct structures and are
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dependent on the pH value of the metastable solution.!? As it is explained in section
1.1, these clusters further on transform into nanodropletes upon liquid-liquid phase
separation which in turn transfer the proto-structure to the nanodropletes.””® Finally,
the structural features can be transferred to ACCs via aggregation and solidification
of nanodropletes to produce proto-structured ACCs. While all of these descriptions
are largely hypothetical, they can explain experimental observations. The key point
here is the existence of distinct structural motifs already present in the PNCs.
Interestingly, a recent study demonstrates that some CaCOs clusters, which are
stabilized using polymers, have distinct short range orders (Figure6).*"Those
clusters measure under 2 nm which is in the size range of PNCs and indicates that
structure can develop within this size range. Hence, this is not an overstatement to
emphasize that PNCs have proto-structure, too. Taking all of the above facts into
consideration, existence of aqueous media with a defined pH value and a moderate
level of super-saturation is required for the equilibration of PNCs and hence,
formation of a distinct short range order in ACC. That says, pc-ACC which is a more
stable ACC can form from equilibrated solution with lower pH (8.75) and less stable

one, pv-ACC, is formed from solution with higher pH (9.8).°%

As described in the previous paragraph, the different proto-structures can be
developed in additive-free ACCs following PNC pathway. Interestingly, there is a
report on application of the solid-state method to promote the development of a
distinct short-range order in additive-free ACCs.”® This was achieved via applying
the appropriate pressure to the as-prepared ACCs with no structural similarity with
any CaCOj3; polymorphs, inducing their transformation to ACCs with aragonitic local
order. The most interesting aspect of this work was the possibility to induce a certain

pre-structure into as-prepared ACCs.5%
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Figure 6: (a) TEM image of ACC clusters. The inset shows SAED of the clusters which indicates that they
are amorphous in nature. (b) NMR spectra of ACC clusters below 2 nm together with that of the calcite.
Inset shows the simulated structure of the clusters which consists of 7 units of CaCOs. Figure taken from

ref U

In addition to the synthetic ACCs with a specific short range-order, a number of
synthetic ACCs which did not exhibit similarities with any of the calcium carbonate
polymorphs have also been reported.®**® From the point of view of the PNC pathway,
occurrence of proto-structures in ACCs relies upon equilibration of PNCs at moderate
levels of supersaturations. Therefore, the lack of distinct short-range orders in these
ACCs could be attributed to the high supersaturation levels under which they are

formed.
1.3. Characterization of the ACC polymorphism

Since the ACC lacks defined long-range orders, x-ray diffraction-based techniques
normally applied for analysis of crystalline samples are not compatible with the
amorphous ACC. Therefore, characterization and structural analysis of the ACC
requires methods adapted specifically for this metastable compound, ensuring that
transformation does not occur during the measurement. Spectroscopic analyses, such
as Fourier transform infrared- (FT-IR), nuclear magnetic resonance- (NMR), and
Extended X-Ray Absorption Fine Structure- (EXAFS) spectroscopy, as well as thermal
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analysis techniques, such as thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) can provide useful information about the structure and
composition of ACC. However, only a few techniques, namely solid-state NMR, FT-IR
and EXAFS can be used for unambiguous differentiation and characterization of the

distinct short range orders of ACCs.

1.3.1. FT-IR spectroscopy

One of the versatile techniques for characterization of various phases of inorganic and
mineral compounds is FT-IR spectroscopy. The principle of this technique is the
absorbance of the IR beam by a molecule when the frequency of the beam is equal with
the frequency of one of the vibrations of that molecule. However, not all of the vibrations
are IR-active, as the overall vibration should result in the net dipole moment changing
during the vibration. Hence, the FT-IR spectrum of a compound depends on different
factors, such as polarity of the bonds in the molecule, space symmetry of the crystalline

cell as well as the phase of the compound (crystalline or amorphous).

Two main modes of FT-IR spectroscopy which are used for measuring the FT-IR
spectra of different samples include transmission FT-IR and attenuated total reflectance
(ATR). In the transmission mode, the IR beam goes through the sample, and a part of
the beam which is not absorbed by the sample reaches the detector. Therefore, the
thickness of the sample should be below 50 m, so t hat it does not block the beam from
reaching the detector. In ATR mode, however, the reflected beam is the basis of the
signaling as shown in Figure 7. In this mode, a sample which is located on an Internal
Reflection Element (IRE) crystal interacts with the IR beam. This creates a reflected
beam called the evanescent wave, which then reaches the detector. Depending on the
IRE crystals, the penetration depth of the IR beam in the sample in this mode is

between 1-2 m.

Commonly, a special sample preparation is required for Transmission FT-IR, especially
when the sample is in the powder form. In the case of powder, the sample should be
mixed with KBr or other IR-transparent materials and pressed to make pellets to enable

sample analysis. However, for measuring the sample in ATR mode no sample
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preparation is required, which makes ATR more preferable in comparison to the
transmission mode. Consequently, the measurements with ATR are quick and easy
compared to the transmission mode, and more importantly they allowto measure the
sample in it is native state. The latter is a very important characteristic for analyzing the
ACCs samples, as mixing these samples with KBr for pellet preparation usually leads to

transformation of the samples into crystalline polymorphs.

Evanescent wave

Sample

IRE element E

Reflected beam Incident beam

Figure7: Schematic illustration of the IR beam interaction with the sample in the ATR-IR mode. Figure

taken from ref ©°

1.3.2. Solid-state NMR

NMR spectroscopy is a very useful technique for analyzing the chemical environment of
an atom up to the three or four closest neighboring atoms. Solid-state NMR is a type of
NMR which is designed to analyze the structure of solid and gel-like samples. While in
solution NMR the anisotropic interactions are averaged and therefore the resonances in
NMR spectra are usually sharp, the interactions in solid-state depends on the
orientation of rotation. Therefore, in solid-state NMR the sample is located at the 54.74
angle in respect to the applied magnetic field. This angle is so-called magic angle
spinning (MAS) and hence solid-state NMR is sometimes called MAS-NMR. A
schematic of the setup of MAS-NMR is shown in Figure 8. Spinning the sample at the
magic angle leads to a better resolution due to narrowing of the broad resonances. (See
Figure 8 (a-c))
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Figure 8: The schematic of a MAS-NMR set-up (left). (a) A broad 3C resonance obtained without
applying MAS. (b) When the MAS with a frequency of 10 kHz is applied to the resonance in (a) an
isotropic resonance is generated with sidebands. Note that sidebands are the artefacts in NMR spectra
which appear when the MAS frequency is lower than frequency of the anisotropic interactions. (c) When a

MAS with frequency of 10 kHz is applied, which is higher than frequency of anisotropic interaction, the

sidebands disappear. Figure taken from ref 571

The most important advantage of solid-state NMR in comparison with solution NMR is
that solid-state NMR is a non-destructive method and the samples can be analyzed in
their native state. Additionally, solid-state NMR is a very useful technique for the
characterization of compounds e.g. heavy metal compounds, which are insoluble in the

solvents.

1.3.3. EXAFS spectroscopy

EXAFS is an X-ray absorption spectroscopy (XAS) technique, which gives information
about the coordination number of an atom and its local chemical environment. This
information arises from near or above the absorption edge, which is defined as the
sharp disruption in x-ray absorption coefficient of an element, in the region between 50-
1000 eV. As this technique only gives information about the chemical environment of up

to 5 and 10  of the atoms, it is a very powerful t echnique to obtain structural
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information about amorphous solids, liquids, biomolecules, as well as organometallic

compounds.

The mechanism of EXAFS is very similar to other XAS techniques and is based on the
absorption of x-ray photons by an element. When an atom is irradiated by x-ray
photons, if the energy of these photons is higher or equal to the energy of one of the
core electrons, the electron will be ejected and a hole will be created. The energy of the
x-ray photon before and after the incident is measured and the absorption coefficient ()

is calculated using the following equation:

| =le
Where | is the intensity of the x-ray photon after the incident, |y is the intensity before

the incident, is the absorption coefficient, and t is the distance through the sample.

It is noteworthy that the electrons of an atom are not only influenced by the core of that
atom but also by the core and electrons of the neighboring atoms. Therefore, the
absorption coefficient gives valuable information about the inter-atomic distances, type

r.158]

of neighboring atoms, as well as structural disorde This information can be

evaluated by fitting the experimental data to the so-called EXAFS equation.[58]

1.4. Crystallization and polymorph selection of CaCO;

Crystallization of ACC to a preferred crystalline polymorph with special morphology and
size has been a long-term study in the fields of biomineralization and materials science.
While the mechanism of polymorph selection of ACC is not fully understood, it is known
that various parameters can influence it. Temperature,®*®% solvents,®®* pH,*! as well
as controlling the growth conditions which can be directed via additives are some of
these parameters that can act alone or synergistically.’®® The influence of temperature
and solvent on polymorph selection can be attributed to the interplay between
thermodynamic and kinetic controls, whereas the detailed mechanisms behind the
effects of additives are still poorly understood. However, based on the PNC pathway,

there are various interactions of additives with PNCs which may lead to the polymorph
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selection.’*”! For example, the strong binding and interaction of citrate to PNCs can

stabilize pc-ACC, controlling the formation of calcite.!**!

In principle, crystallization of ACC in solution can proceed via either dissolution/re-
crystallization or via solid-state transformations. Dissolution/re-crystallization
mechanism proceeds via dissolving the ACC in solution, which produces local
supersaturation level for the nucleation of the crystalline form. In this mechanism, the
thermodynamically less stable form always dissolves in the favor of more stable form.
The solid-state mechanism goes from multi-step transformation, which starts with
releasing the water from ACC and eventually leads to the formation of anhydrous
crystalline form.®® However, It remains unknown, which parameters determine the
pathway, and how it can be influenced. Also pure solid-state transformations in the dry
state are not understood; nevertheless, a study on the effect of certain additives on
crystallization of CaCOj3; suggests that they can have opposite effects on crystallization

along the two different pathways.®®!

It appears that the proto-structure in ACC only determines the resulting polymorph upon
crystallization when certain additives are present. Without additives, in general, no
robust polymorph control can be achieved, despite presence of the distinct proto-
structures. This implies, that although there is a similarity between the structure of ACC
which has a certain short-range order relating to a crystalline polymorph, this analogy
does not guarantee the formation of that specific polymorph upon crystallization of ACC
in solution or solid-state. This suggests that the polymorph selection through
crystallization of as-prepared additive-free ACCs is controlled by kinetics.®? Results of
the chapter 3 of this thesis show that a robust kinetic control can be based on the
structural water inducing dipole moments across the carbonate ions, leading to a robust

aragonite selection.
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1.5. Applications in bio-inspired material synthesis

Inspiration drawn from nature has proven to be an inexhaustible resource facilitating
design and synthesis of materials with superior properties. Biominerals are unique
structures produced by living organisms to serve various purposes, such as protecting
from predators (in mollusks),/’ orienting in the Earth s magnetic field (in magnetotactic

" facilitating fertilization (love darts in gastropods),!’®

bacteria), providing structural
support to the soft tissue (bones) etc. These hierarchical structures are composed of
inorganic constituents that are associated with various organic molecules. Nacre is one
of the examples of biominerals which has been the subject of intensive studies due to
its remarkable mechanical properties,[”*”"! sophisticated mineralization mechanism,!"® %
as well as its iridescent color.®® The fracture resistance of nacre is 3000 times higher
than pure aragonite (its inorganic constituent), which implies that the brick-mortar
framework of nacre plays the main role in its astonishing mechanical properties. This
brick-mortar architecture consists of aragonite platelets, which are glued by organic

networks. Different levels of hierarchy of the structure of nacre are shown in Figure 9.

Various mechanisms have been suggested to explain the structure-property relationship
underlying the superior mechanical properties of nacre.®™® However, the most common
similarity between all of these mechanisms is the soft-hard layered motif. At the
hierarchical level of the organic/inorganic-layered motif, they include crack deflection as
well as crack trapping at the organic layers, and the periodical variation of moduli. This
means that in the brick-mortar structure of nacre, cracks can only propagate in the hard
platelets. Therefore, on one hand the crack is blocked by the bridging organics and
stops spreading between neighboring platelets. On the other hand, the platelets
connecting two faces of a crack are pulled out and act as tractions on two sides of the
crack. In this way, the crack does not propagate to the other platelets and is deflected.

Therefore, nacre with the brick-mortar structure has a high fracture resistance.
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Increasing magnification

Figure 9: The hierarchical structure of nacre. (a) a photograph of red abalone nacre. (b) Schematics of
brick and mortar structure. (c) A SEM image showing the top view which consists of tile like aragonite .(d)
A SEM of a cross-section view of a surface fracture. () TEM micrograph of a microtome cut of nacre. (f)
SEM image of one of the tiles which shows the roughness of the surface. the arrows mark the mineral
bridges. Figure taken from ref )

Owing to all of the above-mentioned facts, the interests in syntheses of artificial nacre-
like materials with different techniques and materials is constantly increasing. Nacre-like
materials promise various applications as light-weight and mechanically superior
materials,’®°% fire-retardant materials,'®** gas-barrier materials,®>°"! stimuli-response
sensors,'®®*° supercapacitors,’°? etc. This led to the development of a variety of
synthesis methods which were designed to achieve the desired application. These
protocols generally fall into the following categories: freeze casting,’®® 2% |ayer-by-
layer fabrication,!**® electrophoretic deposition,****%! mechanical assembly,®* % and
chemical self-assembly!*?”*'% A comparison of the different techniques is summarized
in table 1. Some of these techniques rely on the 2D shape of one of the constituents in
order to fabricate hierarchical nacre-like materials e.g. chemical self-assembly.

However, some of these techniques e.g. electrophoretic deposition and layer-by-layer
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deposition using various methods such as freeze-casting or layering techniques

generate 2D or 3D supports for the scaffold of the desired nacre-like material. Figure 10

shows two different protocols, taking advantage of a layering technique or a planar

constituent.

Tablel: comparison of different techniques which were applied to fabricate nacre-like materials. Table

taken from ref!*!

Synthesis strategies

Advantages

Disadvantages

Freeze casting

Bulk materials with high
toughness

Thin layer (several micrometre)

Control of nanometre structure

Energy-consuming during
freezing and sintering

Low volume fraction of ceramic
phase compared with nacre

Layer-by-layer deposition

Control of nanometre structure

Precise control of interface
thickness

Fine control over layered
structure

High loading of inorganic phase

Time-consuming
Difficult to be scaled up

Mechanical assembly

Fast, economical, large-scale
fabrication
Film, and bulk layered materials

Difficult to control the layered
structure at nanometre level

Electrophoretic deposition

Simple, inexpensive and
scalable technology for
fabricating large area film

Low mechanical properties of
the layered composites

Chemical self-assembly

Assembly of layered materials
at molecular level

Difficult to fabricate large-scale
layered composites

While a wide variety of techniques and different combinations of organic and inorganic

components were applied to fabricate nacre-like materials, replications of the in-vivo

nacre biomineralization factors aiming to develop biomimetic nacre-like systems were

scarcely attempted. In nature one of the frequently observed factors involved in the

nacre production in organisms such as mollusks is the presence of a polysaccharide, -
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chitin, as well as hydrophobic and hydrophilic proteins rich in aspartic acid (Asp).**?

Interestingly, Asp is the main unit of poly aspartic acid (pAsp) that has a great influence
on nucleation of CaCOg; via stabilizing CaCOg; liquid precursors. Liquid precursors of
minerals, commonly known as PILPs, are found to be one of the most important

intermediates in crystallization.** 11°!
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Figure 10: schematics of two techniques used for preparation of nacre-like materials. (I) LBL method in

which neither of the constituents has sheet-like or scaffold feature. Figure taken from ref 3] (I a
technique based on chemical self-assembly in which clay as one of the main component has the planar

shape. Figure taken from ref 4

PILPs can have diverse applications due to their liquid features, allowing them to be
molded into different shapes and thus enabling construction of tailor-made hybrids.*
151171 -Moreover, the wettability of liquid precursors of calcium carbonate can be tuned
using Mg*? which can be applied to selectively mineralize hybrid materials with different

g [118]

functional groups. However, magnesium ions play an important role beyond

controlling the wettability of organic matrix by PILPs, e.g. the stabilization of ACC,**
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the influence on ACC short-range structure,*® and the impact on the ACC crystallization

outcome.F®

In this thesis, nanocellulose was selected as an organic matrix for the generation of a
artificial nacre-like material. Nanocellulose is the most appealing substrate not only
thanks to its intriguing properties such as high flexibility, sustainability, good mechnical
properties, etc. but also due to the fact that its functionalization with different functional
groups and tuning its charge density is very straightforward. The later is crucial for
achieving the goals specified in the chapter 3-3, where the target-oriented generation of
a nacre-like material is reported. This is achieved by controlling the wettability of NC
with hydroxyl and carboxyl surface functionalizations towards liquid CaCOs3 precursors

in the presence and absence of magnesium, respectively.
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Objectives

1. Objectives

The first of the two objectives of this thesis was to further the understanding of
polyamorphism of calcium carbonate and its role in calcium carbonate crystallization.
As it was explained in section 1.2.2., different short-range orders in ACCs can be
deveolped using equilibrated PNCs via varying pH of the solution. Therefore, two
different studies focused on different parameters effecting on the PNC stage are
summerized in two publications. The second objective of this thesis was to apply
amorphous liquid precursors of CaCO; for the development of advanced hybrid
materials. In this case, a combination of nanocellulose with CaCO3; was employed in the
construction of nacre-like materials. The liquid precursors applied for preparation of
artificial nacre in this work was stabilized by polymers and could be transformed to

ACCs via solidification. The results of this work are summerized in the third publication.

The first part of this thesis addresses the preparation and structural characterization of
ACC formed via direct precipitation in alcoholic media. The main goal of this study was
to test the hypothesis, that ACC formed without equilibrated PNC as direct precursors
would not exhibit clear proto-structures resembling any crystalline polymorph. Proving
this hypothesis is an important information for a better uderstanding of the PNC
pathway of the calcium carbonate system. Several papers in the literature reported no
clear short-range structural motifs in ACC formed via aqueous routes, where the role of
the clusters remained unclear. Thus, for this work a precipitation protocol was
developed, where the role of equilibrated clusters at any point of the formation of the
ACC can be categorically excluded. In brief, the ACC was formed instantaneously from
a high level of supersaturation, due to the insolubility of calcium carbonate in alcohol.
The role of alcohol in this protocol is not only to provide a very high level of
supersaturation for the direct formation of the ACC, but also to act as a non-solvent to
prevent crystallization of the ACC without any organic additives which then cannot be
removed from the isolated solid. The key issues, which had to be resolved in this study,
concerned the stability of the ACC during isolation, the establishment of an
appropriateprotocol for yielding alcohol-free ACC in the dry state, as well as avoiding

the co-precipitation of sodium carbonate at very high concentrations. Moreover, it will be
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shown in detail, that the disordered ACC could yield different crystalline polymorphs
depending on the kinetics of the transformation. Chapter 3.1 consists of the results of
this work which is published in publication 1. (M. Farhadi-Khouzani, D. M. Chevrier, P.
G ttlein, K. Hauser, P. Zhang, N. Hedin, D. Gebauer , CrysttngComm 2015, 17, 4842.)

The chapter 3.2 concerns a study focused on two main themes: (1) exploration of the
influence of temperature on proto-calcite (pc) and proto-vaterite (pv) amorphous calcium
carbonate (ACC) short-range orders; (2) identification of a conclusive link between the
pre- and post-nucleation speciation at elevated temperature that favors aragonite
formation. The latter is an important part of the PNC pathway, which we further
elucidated in this work. ACCs with structural and compositional differences were
prepared via slow titration of CaCl, into carbonate buffers at two different, constant pH
levels, and at different temperatures. This approach generates moderate levels of
supersaturation, and allows the ACCs to be isolated by quenching the metastable
agueous solutions in an excess of ethanol. This work required several experimental
issues to be resolved, for instance, the limited solubility of sodium carbonate in ethanol
at higher temperatures, unwanted crystallization of the ACCs, as well as the minute
amounts of ACC obtained at elevated temperatures owing to the retrograde solubility of
calcium carbonate. This study contributes to better understanding of the origin of distinct
short-range structures in ACC as such, and the results of this work will be invaluable for
the formulation of the first phase diagram of ACC polyamorphism. The results of this
wrok are published in publication 2. (M. Farhadi-Khouzani, D. M. Chevrier, P. Zhang, N.
Hedin, D. Gebauer, Angew. Chem. Int. Edit. 2016, 55, 8117.)

Publication 3 which is supplied in chapter 3.3 focuses on the target-oriented application
of liquid precursors of CaCO3 for the preparation of advanced hybrid materials. More
specifically, a successful example of a nacre-like material via alternating the mineralized
and unmineralized layers of nanocellulose and CaCOs; is reported. The motivation of
this work arises from a research on the controlled wettability of PILP in the presence
and absence of Mg. In this wok, the wettability of PILP towards carboxyl and hydroxyl
functionalized nanocellulose was tested, too. The material was characterized by a range
of electron- and light-microscopy techniques showing that a controlled wettability of the
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liquid precursors on distinct nanocellulose types yielded a bio-inspired material with a
high structural fidelity. The hybrid material was prepared by a layer-by-layer method and
alternating mineralizations with CaCOs3. The results of this study were summarized in
publication 3. M. Farhadi-Khouzani, C. Sch tz, G. Durak, J. Fornel |, J. Sort, G. Salazar-
Alvarez, L. Bergstrm, D. Gebauer, J. Mater. Chem. A, 2017,DOL:
10.1039/C6TA09524K.)
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2. Publications and record of contribution

Publication 1: Masoud Farhadi Khouzani, Daniel M. Cheuvrier, Patricia G ttlein, Karin

Hauser, Peng Zhang, Niklas Hedin, and Denis Gebauer*, Disordered amorphous

calcium carbonate from direct precipitation, CrystengComm, 2015,17, 4842.
Record of contribution of publication 1:

| together with Dr. Denis Gebauer developed the idea. | performed the experiments and
prepared the ACCs. Some of the experiments have been carried out by my bachelor
student Patricia G ttlein. | performed most of the analyses at the University of
Konstanz, including FT-IR, TEM, TGA/DSA, and Raman spectroscopy. Solid-state NMR
analyses were performed by our collaborator prof. Niklas Hedin at the Stockholm
University and EXAFS measurements were carried out by Mr. Daniel M. Chevrier and
prof. Peng Zhang at the Dalhousie University. The results were discussed and
interpreted with the corresponding collaborator in detail. | wrote the manuscript together

with Dr. Denis Gebauer.

Publication 2: Masoud Farhadi-Khouzani, Daniel M. Chevrier, Peng Zhang, Niklas

Hedin, and Denis Gebauer*, Water as the key to proto-aragonite amorphous CaCOs,
Angewandte Chemie International Edition, 2016, 55, 8117

Record of contribution of publication 2:

| and Dr. Denis Gebauer designed the experiments. | carried out all of the experiments
and analyzed the ACC samples and post-nucleation sediments. Mr. Daniel M. Chevrier
and prof. Peng Zhang from Dalhousie University provided help with analyzing of the
samples with EXAFS technique. Our collaborator Prof. Niklas Hedin at the Stockholm
University contributed to the NMR analyses of the ACC samples. We discussed and
interpreted the obtained data with all the authors. | wrote the manuscript together with

Dr. Gebauer.
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Publication 3: M. Farhadi Khouzani, C. Schtz, G. M. Durak, J. For nell, J. Sort, G.

Salazar-Alvarez, L. Bergstr m, D. Gebauer* , A CaCO3/nanocellulose-based bioinspired

nacre-like material,
Journal of Materials Chemistry A, (2017); DOI: 10.1039/C6TA09524K.
Record of contribution of publication 3:

Dr. Denis Gebauer and | developed the idea. Our collaborators at the Stockholm
University, Dr. Christina Schtz, Prof. Lennart Ber gstrm and Dr. GermAn Salazar-
Alvarez helped by providing the nanocellulose sample, transferring the knowledge of
coating of nanocellulose onto the substrate, as well as some preliminary FT-IR and
SEM analyses of the mineralized samples. | conducted all of the experiments at the
University of Konstanz. Dr. Grazyna Durak helped with the confocal microscopy imaging
and SEM analyses of the nacre-like samples. Mechanical properties of the samples
were performed at the University of Barcelona by Prof. Jordi Sort and Dr. Jordina

Fornell. | together with Dr. Denis Gebauer wrote the manuscript.
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3.1. Publication 1. Disordered amorphous calcium carbonate from direct
precipitation

Masoud Farhadi Khouzani, Daniel M. Chevrier, Patricia G ttlein, Karin Hauser, Peng
Zhang, Niklas Hedin, and Denis Gebauer*, CrystengComm, 2015,17, 4842.
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instantaneous precipitation of ACC

Record of contribution:

| together with Dr. Denis Gebauer developed the idea. | performed the experiments and
prepared the ACCs. Some of the experiments have been carried out by my bachelor
student Patricia G ttlein. | performed most of the analyses at the University of
Konstanz, including FT-IR, TEM, TGA/DSA, and Raman spectroscopy. Solid-state NMR
analyses were performed by our collaborator prof. Niklas Hedin at the Stockholm
University and EXAFS measurements were carried out by Mr. Daniel M. Chevrier and
prof. Peng Zhang at the Dalhousie University. The results were discussed and
interpreted with the corresponding collaborator in detail. | wrote the manuscript together

with Dr. Denis Gebauer.
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3.1.1. Abstract

Amorphous calcium carbonate (ACC) is known to play a prominent role in
biomineralization. Different studies on the structure of biogenic ACCs have illustrated
that they can have distinct short-range orders. However, the origin of so-called proto-
structures in synthetic and additive-free ACCs is not well understood. In the current
work, ACC has been synthesised in iso-propanolic media by direct precipitation from
ionic precursors, and analysed utilising a range of different techniques. The data
suggest that this additive-free type of ACC does not resemble clear proto-structural
motifs relating to any crystalline polymorph. This can be explained by the undefined pH
value in iso-propanolic media, and the virtually instantaneous precipitation. Altogether,
this work suggests that aqueous systems and pathways involving PNCs are required for
the generation of clear proto-structural features in ACC. Experiments on the ACC-to-
crystalline transformation in solution with and without ethanol highlight that polymorph
selection is under kinetic control, while the presence of ethanol can control dissolution

re-crystallisation pathways.

3.1.2. Introduction

ACC has received much attention not only thanks to its pivotal role in
biomineralization, but also due to its potential use in biocompatible
nanocomposites.? In biomineralization, ACC has different functions, ranging
from calcium storage to the pre-moulding of complex structures for mineralized
tissues.®* Recent studies of biogenic ACCs show that their short-range orders
can relate to different crystalline polymorphs.>"! Having in mind that crystalline
polymorphism is specifically controlled in biomineralization, such distinct short-
range orders might play a key role in crystalline polymorph selection.?®

The "pre-structuring” of biogenic ACCs towards the crystal structures, which they
eventually transform into, seems to rely upon a complex interplay with
bio(macro)molecules, and may be genetically controlled.”®! In synthetic ACCs,

distinct short-range orders can be induced by the use of additives as well.l®
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Without any additives, amorphous polymorphism (polyamorphism) has been
observed to emerge in ACC when it is formed according to the so-called pre-
nucleation cluster pathway.®*® While this model can mechanistically explain a
pH-dependent link observed between pre- and post-nucleation speciation, the
derivation of a structural model for ACC polyamorphism remains to be a great
challenge.”

A key question is which parameters, besides pH, define the proto-structure of
ACC in the absence of any additives. A potential route to proto-vaterite ACC (pv-
ACC) has been reported utilizing vortex fluidic syntheses.*! Owing to the rather
undefined conditions in vortex mixing, and the presence of ethylene glycol as a
potential additive, it is difficult to draw any conclusions regarding alternative
pathways to pv-ACC in this particular case. Other novel synthetic routes
employing freeze-drying,*? flame sprays,™*® precipitation in ethanolic solutions,**
or miniemulsions™® have not been assessed in detail with respect to the obtained
proto-structures.

While the potential role of alcohols as additives in aqueous routes to CaCOs;
cannot be excluded,*® supersaturated solutions of pH 8.75 and pH 9.80, which
contain pre-nucleation clusters and potentially ACC nanodroplets,*”! yield proto-
calcite ACC (pc-ACC) and pv-ACC, respectively, when quenched in excess
alcohol.™® Despite the alcohol excess, both pc-ACC and pv-ACC contain one
mole of structural water per mole of calcium carbonate and no traces of the
organic solvent, as was demonstrated by thermogravimetric analyses and IR
spectroscopy, respectively.*® They can be regarded as additive-free, and of
equivalent composition, rendering them polyamorphic forms.[? The role of water
in ACC is in the focus of recent research activities,**?% and it remains unclear
whether ACC polyamorphism is inherent to the system calcium-carbonate-water,
rather than calcium carbonate alone. A broad range of water contents per mole of
additive-free calcium carbonate has been reported. For instance, Radha et al.["]
found 1.2-1.58; Michel et al.?? 1.19-1.38 moles; Ihli et al.'¥ 0.7 mole; and
Rodriguez-Navarro et al.”®! 0.4-1.4 moles of water molecules per mole of CaCO:s.

The latter authors suggest that there is a continuous variation in ACC water
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content, from more hydrated, disordered ACC to less hydrated, proto-structured
ACC with only less than 0.4 moles of water per mole of CaCO3; displaying a
calcite-like proto-structure.®® It should be emphasized that the pc- and pv-ACCs
contain 1 mole of water per mole of CaCOj3; showing that distinct short-range
orders can also occur in ACCs with higher water contents. Moreover, it is
noteworthy that a comparison of ACCs with different amounts of water and
different short-range orders within the notion of polyamorphism is not
straightforward, as they exhibit varying compositions; in analogy with crystalline

hydrates, the phenomenon then may be referred to as pseudo-polyamorphism.

When ACC is precipitated in aqueous environments by direct mixing of solutions with
concentrations of 0.1 M calcium and carbonate ions, no distinct proto-structure
emerges.?? Such mixtures have very high levels of supersaturation, and likely, ACC is
formed via a spinodal pathway.” 2*?4 The absence of proto-structures in spinodal ACC
strongly suggests that equilibrated pre-nucleation clusters play a key role during binodal
pathways to ACC.*"! The generation of very high levels of supersaturation by the use of
a non-solvent of calcium carbonate alcohol henc e allows for further insights into
the emergence of distinct proto-structures from the point of view of precipitation
pathways, and the critical role of water in this context. Here, we obtained ACC by direct
mixing of the ionic precursors in ~95% (v/v) isopropanol, and analysed the structure and
composition of the ACC nanoparticles by NMR, IR and EXAFS spectroscopies, as well
as electron microscopies and TGA. The ACC contains one mole of water per mole of
CaCOs, and exhibits no clear proto-structural motifs, whereas any role of pre-nucleation
clusters during direct precipitation in isopropanol can likely be excluded. This suggests
that the formation of proto-structured ACC requires aqueous routes and moderate levels
of supersaturation, that is, precipitation pathways with pre-nucleation -clusters.
Furthermore, the crystallisation of the disordered ACC in aqueous and solid states has
been explored. Polymorph selection is kinetically controlled and depends on the solvent,
whereas the least stable form (vaterite) is obtained first, similar as in previous
studies.*® 2 This is in contrast to other studies where other crystalline polymorphs are

formed directly or indirectly from ACC, with and without additives.?>?"
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3.1.3. Experimental

Chemicals

All chemicals used in this work were of analytical grade. Sodium carbonate
(anhydrous) was retrieved from Fischer Scientific (99.8% w/w). Calcium chloride
(anhydrous) was purchased from Merck (99.8 %w/w). Isopropanol, ethanol and
acetone, which were used as solvents and in washing procedures, were of
technical grade. *C enriched sodium carbonate was purchased from Cambridge

Laboratories, Inc. with 99% isotopic enrichment.

Synthesis of ACC

50 ml of 10 mM sodium carbonate were poured into a plastic beaker with 2 L
iIsopropanol, and stirred for ca 2 min. Then 50 ml of 10 mM calcium chloride was
added to the solution and the beaker was sealed utilizing parafilm. The solution
was then stirred for 0.5 h and after collecting the magnet bar and re-sealing the
beaker, the solution was kept in a quiet place for 0.5 h. Afterwards, transparent
ACCs sediments at the bottom of the beaker were isolated by decanting the
supernatant and centrifuging the sediment for ca. 10 min at 9000 rpm. Then, the
resulting ACCs were washed with pure isopropanol and re-dispersed with the
pure solvent and centrifuged again. The washing process was continued with
acetone in the same manner as before, again centrifuged and the resulting ACCs

were stored as acetone dispersions.

Crystallization experiments

In order to monitor the crystallization of the obtained ACC over time, an in-situ
crystallization experiment in aqueous media was designed. To that end, about 1
mg of dried and neat ACC sample was placed on the diamond crystal of the
ATR/FTIR instrument, and 20 | pure water, or 90% et hanol and 10% water (v/v),
was added to the sample utilizing a micropipette. Then, the ATR spectra of the
mixture were continuously recorded. The time interval for every measurement

was ca. 2 minutes.
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ATR/FTIR, Raman, TEM, TGA and DSC Analyses

The FT-IR spectra were recorded utilizing a Perkin Elmer spectrometer 100
equipped with diamond ATR crystal. Raman measurements were carried out
using a TriVista CRS Raman Microscope. The TEM images were taken utilizing
an In-column OMEGA filter microscope (Zeiss Libra 120) operated at 120 kV. In
order to avoid the samples to crystallize during the imaging, the optimum size of
objective aperture was found to be 130-160 m. TGA measurements were
performed using STA 449 F3 Jupiter” Simultaneous TGA-DSC under oxygen
atmosphere with a 10 K/min rate. DSC analysis was accomplished utilizing a
DSC 204 F1 Phoenix" under nitrogen atmosphere with a heating rate of 10 K/

min and the temperature interval was between 35-400 C.

Solid-State NMR

Direct polarization **C solid-state NMR spectra were acquired at a frequency of
100.61 MHz on a Bruker Avance Illl spectrometer using a 9.4 T wide bore
superconducting magnet. The measurements were performed under conditions
of magic angle spinning (MAS) with a frequency of 14 kHz for ACC. A *3C pulse
length of 70 was used. Special care was taken not to saturate the spectra and
to compensate for the magnetic field drift, and high-power *H decoupling was
used. The relaxation delay and the number of collected scan were for the ACC in
this work (150s, 384). The calcite and vaterite spectra are from ref.*® they were
recorded with long recycling delays: calcite (1200s, 16) and vaterite (720s, 12).

The samples for NMR analyses were prepared using **C enriched sodium
carbonate and the ACC of this work was embedded in epoxy resin in order to
avoid crystallization of the sample due to the spinning of the MAS rotor. The
embedding of the ACC in epoxy resin was performed using 45 mg of dried and
neat ACC, and mixing with 140 mg freshly prepared 2-component epoxy resin
(UHU" plus endfest 300). The homogenous mixture of ACC and epoxy resin was

allowed to harden and then grinded until a fine powder was achieved.
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Extended X-ray absorption fine structure (EXAFS) analysis

Experiments were conducted at the PNC/XSD beamline (Sector 20-BM) of the
Advanced Photon Source (Argonne National Laboratory, Argonne, IL, USA). The
ACC sample was measured in the solid-phase at room temperature under
ambient conditions. The sample was ground with a mortar and pestle and then
pressed into a compact pellet for measurement. X-ray absorption data were
collected at the Ca K-edge (ca. 4038 eV) using ionization chambers (lp and It
channels) for transmission measurements. An absorption edge jump (o) of ca.
0.75 was achieved for the ACC sample. Several scans were collected and
averaged to improve the signal to noise ratio. Background subtraction, energy
calibration and EXAFS fitting were performed using the WIinXAS 3.1 software
package. A k-range of 3.5-8.0 ~ ' was used for the Fourier transform (FT) to R-
space (FT-EXAFS, shown in Figure 5 B). For EXAFS fitting, the amplitude
reduction factor was fixed at 1, which was determined by fitting a calcite
reference EXAFS spectrum and fixing the Ca-O coordination number to 6. A
fitting window of 1.2-2.8 was used for the EXAFS fitting region for the ACC
sample. Theoretical phase and scattering amplitude functions used for fitting Ca-
O scattering were calculated using the FEFF8.2 computational package?® using
calcite as a model system.” No other scattering paths were evident in the
EXAFS data. Reported uncertainties for EXAFS fitting results were computed
from off-diagonal elements of the correlation matrix and weighted by the square
root of the reduced chi-squared value.®® The magnitude of experimental noise
(determined from 8 to 25 in the R-space) was also incorporated in the error

calculation.

3.1.4. Results and discussions

Figure 1 shows a TEM image of the obtained spherical particles of ACC with a
diameter of ca. 10-15 nm. The diffusive rings in the selected area electron
diffraction (SAED) pattern indicate that the particles are indeed amorphous

(Figure 1, inset). The ATR/FTIR spectrum (Figure 2 A) shows typical bands for
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calcium carbonate; the absence of any sharp bands in the v4 spectral region, and
all-over band positions and shapes are also consistent with ACC (see the
Supporting Information, Table S1). The broad band in the spectral region 2750-
3600 cm™ indicates that the obtained ACC contains water, whereas no bands
from the alcohol can be detected (Supporting Information, Figure S1). The v
band can be used to differentiate between pc- and pv-ACC.*® |t is located at a
frequency of 1073 cm™, and band shape and position are very similar to those of
the v; band in pc-ACC (1074 cm™). However, there are non-systematic
differences in all IR-modes (Supporting Information, Table S1), suggesting that
the ACC of this work is not pc-ACC.

The Raman spectrum (Figure 2 B) does not exhibit distinct bands in the spectral region
of 70-360 cm™ belonging to the lattice modes, whereas the v, band is located at 1083

cm, which provides further support that the particles are indeed ACC.*!

Figure 1 TEM image of ACC from direct precipitation in isopropanol. Negative of SAED is shown in the

inset. The scale bars of TEM and SAED are 200 nm and 2 nm™, respectively.

Weight losses in thermogravimetric analysis (TGA, Figure 3A) of the ACC sample
occur at temperatures between 55-218 C due to the release of water (reduction
to 85%), and between 650-820 C due to the calcination of CaCO3z with the
corresponding loss of CO, from the compound (relative weight reduction to 50%).
These losses are in very good agreement with the stoichiometry of CaCO3H,O
and theoretical relative weights of 85% and 48%, respectively. Differential

Scanning Calorimetry (DSC) analysis of the ACC sample shows a broad
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endothermic peak associated with the loss of water molecules (Figure 3B). It is
not symmetric and exhibits a rather complex shape, which is likely due to the
disordered structure of ACC and non-homogeneous local environments of the

water molecules.?”

Absorbance

1083

Intensity

T T T
500 1000 1500
Raman Shift (cm™)

Figure 2: (A) ATR/FTIR spectrum and (B) Raman spectrum of the ACC of this work. (A) The band at
~1640 cm™ marked with an arrow is due to the OH bending vibration; magnified spectral regions are

shown in the Supporting Information (Figure S1).

An exothermic peak is located at 338 C and is related to the crystallisation of ACC
yielding pure-phase calcite (Figure 4). According to Radha et al. and Ihli et al.,**?” an
initial step of water release is related to the loss of physically adsorbed water, whereas
a second step is due to the release of stronger bound structural water molecules,
rendering the crystallisation of ACC possible. The fact that these are not clearly seen in
the current TGA trace (Figure 3A) as opposed to ea rlier reports*®?% may be due to

differences in the types and properties of its hydrous components. Corresponding
proton environments are not accessible in NMR analyses, because the ACCs have to
be stabilized against crystallisation due to MAS utilizing organic resins. It may be

speculated that the apparent "energetic smearing" of water sites that is evident from the
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continuous water loss in TGA (Figure 3) may be due to the rather small size of the ACC

nanoparticles studied here.
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Figure 3 (A) TGA and (B) DSC curves of ACC from direct precipitation in isopropanol (negative gradients

indicate exothermic processes).

Figure 5A shows the solid-state **C NMR spectra of calcite!*® and vaterite*® and
of the ACC precipitated directly from isopropanol. The broad resonance of the
ACC of this work exhibits a chemical shift of 168.8(5) ppm (also see the
Supporting Information, Figure S2 and table S2). Care has been taken to properly
reference the chemical shift scale, and the ACC from direct precipitation differs
from that of both pc-ACC (168.7 ppm) and pv-ACC (169.5 ppm).*® Indeed, the
chemical shift agrees with that of Gastrolith ACC, which has been shown to be
unstructured.®? Figure 5B shows the Fourier transform of the Ca K-edge
extended X-ray absorption fine structure (EXAFS) data (R-space, see Figure S3
for the k-space) together with a best fit according to the EXAFS equation, in
which a dominant Ca-O coordination shell is located at R = 2.44  (see the

Supporting Information for details on the EXAFS analysis).
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Figure. 4: ATR/FT-IR spectra of ACC before (solid-curve) and after (dashed-curve) the DSC
measurement. The only phase that can be seen after the DSC measurement with a final temperature of
400 C is calcite according to the v, band located at 713 cm™. The minor band, which is marked by an

asterisk (*) and is located at 677 cm™, is due to absorbed CO, released upon heating of the sample.

The first shell Ca-O distance for the ACC sample of this work is significantly
longer than average Ca-O bond lengths in proto-structured ones (Supporting
Information, Table S3). The determined Ca-O coordination number (CN) of 5 also
exceeds that in pc-ACC and pv-ACC but remains under-coordinated relative to
bulk CaCOg3; (Table S3). The higher CN compared to proto-structured ACCs could
originate from water molecules coordinating to Ca in addition to carbonate ions.
The longer Ca-O distance and lower than bulk Ca-O coordination are consistent
with Ca in an amorphous environment.

The crystallization of ACC in aqueous environments over time has been
monitored using ATR/FT-IR spectroscopy. Figure 6 illustrates the crystallisation
progress over time upon addition of water. Immediately after addition of water
(within less than a minute) crystallisation happens. This can be seen from the v,
band located at 873 cm™, which immediately develops and indicates the
presence of vaterite or calcite. However, strong water absorption overlaps with
the carbonate v4 band, and it is not possible to determine the formed CaCOj;
polymorph unambiguously from this band in aqueous solution. Hence, spectra
were recorded until the water was completely evaporated and the carbonate v,
band became clear (see below).
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Figure. 5: (A) Direct polarization solid-state **C nuclear magnetic resonance spectra of calcite (dashed),
vaterite (dotted) and unstructured ACC (solid curve), recorded under magic angle spinning conditions.
The calcite and vaterite spectra are taken from ref. 18! (B) Fourier transform of Ca K-edge EXAFS (solid

curve) together with fitted curve (dashed).

The v, band of the ACC located at 863 cm™ vanishes within 2-10 minutes after the
addition of water (Figure 6B). No additional information can be obtained from the v,
spectral region, as there is an overlap with water absorption. Spectra recorded at later
times show somewhat weaker band intensities when compared with the initial spectrum,
which may be related to the partial dissolution of vaterite in water and later on,
precipitation of calcite (re-dissolution crystallization).*® The final spectrum of the dried
sample (Figure 6A, top spectrum) shows two bands in the v4 spectral region, which are
located at 712 cm™ and 744 cm™ and are indicative of calcite and vaterite, respectively.

This shows that the final product is a mixture of these two crystalline polymorphs.
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Fig 6: ATR/FTIR spectra illustrating the in-situ crystallisation of unstructured ACCs upon addition of water
over time. The time interval between each spectrum is ~2 minutes, time increases in upward direction.
The overall measurement takes about 45 minutes, but there were no changes observed in ten spectra
before the last one displayed, which are hence not shown for the sake of clarity. The black spectrum at
the bottom is for pure ACC, and the violet spectrum at the top is for the obtained crystalline form, i.e.
without added water and dried, respectively (note the ACC contains structural water, cf. Figure S1). A)

Overview of the ATR/FTIR spectra. B) Magnified v, spectral region.

In order to slow down the process of crystallisation, a mixture of 90% ethanol and 10%
water (v/v) has been used. The IR spectra for the crystallisation process after addition of
the water-ethanol mixture are shown in Figure 7. The complete transformation from
pure ACC to crystalline calcium carbonate in this case occurred within 20 min, while in
the case of pure water the transformation was finished within less than a minute. As it
can be seen from Fig 7 B, the overlap between the C-H vibrations of ethanol and the
carbonate v; band does not allow obtaining information on the crystallization from this

band. However, as in the case of the crystallisation in pure water, the v, band illustrates
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the transformation (Figure 7C). At first, a shoulder for the v, band of ACC (863 cm™)
appears at 873 cm™ within 2-6 minutes; then, this shoulder starts to grow and finally, is

the only band that remains in this spectral region.

A Vs

I

Absorbance

Absorbance
Absorbance

11I°°v/cm" 10'00
Fig 7: ATR/FTIR spectra illustrating the in-situ crystallisation of unstructured ACCs upon addition of a
mixture of 90% ethanol and 10% water (v/v) over time. The time interval between each spectrum is ~2
minutes, time increases in upward direction. The overal measurment takes about 30 minutes. The black
spectrum at the bottom is for pure ACC, and the light blue spectrum at the top is for the obtained
crystalline form, both without added water/ethanol. A) overview of the ATR/FTIR spectra. B) v; spectral
region of the recorded spectra. The asterisks in B indicates the C-H vibrations of ethanol. C) v, spectral

region of recorded spectra.

53



Publication 1-Conclusions

It is noteworthy that there are no pronounced differences among the intensities of
the recorded spectra, indicating that CaCO3 dissolution is suppressed due to the
presence of the non-solvent, which may be one basic reason for the slowed down
kinetics of ACC crystallisation. The final spectra acquired from the dried
specimen after crystallisation shows only one band in the 4 spectral region
located at 744 cm™, indicating that the only obtained phase is vaterite.
Theoretical and experimental works on the effects of ethanol-water binary
mixtures (EWBM) on the crystallisation of CaCO3 have suggested that Ca** and
COs* are solvated differently and this leads to local inhomoginities and hence to
polymorph selection upon changing ethanol/water ratios.*® 34! However, to the
best of our knowledge, all previous works investigated the effect of this mixture
during the direct formation of CaCO3; and there is no indication that the EWBM
plays the same role during the transformation of as-prepared ACCs. Exploration
of the precise role of ethanol during the crystallisation of ACC is beyond the
scope of this work. However, based on the previous results and the present
preliminary tests, the data corroborates that an important factor for polymorph
selection is kinetics. In pure water, the least stable polymorph (vaterite) is
produced directly, and then based on dissolution-precipitation, some of it
afterwards transformes into calcite.®® In excess ethanol, vaterite is the final
(kinetically stabilized) product likely because dissolution-precipitation processes

are inhibited in the non-solvent.

3.1.5. Conclusions

In conclusion, rather large yields of small nanoparticles of ACC are accessible
from direct precipitation in isopropanol. These yields will be useful for future in-
depth studies of their crystallisation behaviour and has already proved to be
usable in materials science.®” Overall, the analyses show that the ACC studied
here is distinct from pc- and pv-ACC as it does not exhibit any clear proto-
structural motif. Most likely, this relates to the virtually instantaneous precipitation

of ACC nanopatrticles in isopropanol, occurring without the equilibration of pre-
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nucleation clusters. Indeed, from the point of view of supersaturation, the
exchange of the precipitation medium from water to alcohol is qualitatively
analogous to increasing the concentration of the ions within an aqueous system.
The rather disordered character of the ACC directly precipitated in alcohol in this
work essentially agrees with the ACC precipitated in water from high ion
concentrations (i.e. high supersaturation).’?? ACC formed from such high levels of
supersaturation cannot develop distinct proto-structures. In turn, this suggests
that the occurrence of proto-structures relies upon a pathway to ACC that
involves equilibration of pre-nucleation clusters at moderate levels of
supersaturation.*”? Notably, despite being precipitated directly in excess of
iIsopropanol, the ACC contains one mole of water per mole of CaCOg3, suggesting
that the water molecules coordinated to ion precursors remain within ACC. This
indicates that water is inherent to ACC polyamorphism, which remains to be
elucidated in detail. Last, the crystallization experiments in water corroborate the
notion that the formed polymorphs mainly depend on the kinetics, which is also
the case for pc- and pv-ACC.'%* |nterestingly, the EWBM can control

dissolution re-crystallisation pathways of ACC transformation.
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3.1.7. Supplementary Figures and Tables
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Figure S1: ATR spectrum of the ACC of this work. (A) The overview of the full spectral range,
and spectral regions of the (B) v, band, (C) v, band, and (D) v, band.
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Figure S2: **C MAS-NMR spectrum of the precipitated ACC (black trace) together with a
Gaussian fit (red).
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Figure S3: Calcium K-edge EXAFS for the ACC of this work plotted in k-space.
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Table S1: ATR/FT-IR band positions of obtained ACC in this work in comparison with those of some
other additive-free ACCs."?

Sample v, V, Vs V,
ACC in this
1073 863 1395, 1464 690, 721
work
pc-ACC 1074 862 1392, 1462 694, 723
pv-ACC 1026,1071 864 1392, 1462 697,721
Ethanolic ACC 1075 864 1417,1471 613, 693
Freeze-dried
1130 868 1406,1473 NA
ACC

Table S2: The chemical shift together with full width at half maximum (FWHM) of unstructured ACC

together with crystalline polymorphs (calcite and vaterite). The data in the parentheses represent those,

which are achieved from best Gaussian fit of the acquired NMR peak of unstructured ACC of this work.

Sample /ppm FWHM/ppm
Unstructured ACC 168.85 (168.83) 3.4 (3.34)

Calcite 168.7 0.25

Vaterite 170.7; 169.5 0.46; 0.69
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Table S3: Comparison between EXAFS data for synthetic ACCs,>*® biogenic ACCs,”™ and crystalline
9, 14

polymorphs with those of the ACC of this work. The data are arranged based on ascending values of

the first-shell distance R. CN is the coordination number within that shell, the Debye-Waller factor.

Sample CN RI™ 2 (x10%)/ 2 Ref.
2
plant cystoliths ACC 2.3 2.20 5
-
lobster carapace ACC 1.9 2.23 5
9
calcite 6 2.34 9
2
plant cystoliths ACC 2 2.35 17
2
pc-ACC 2 2.36 20-10
rough woodlouse 51 237 10 10
cuticula (with calcite)
ACC 6.6 2.37 12
9
vaterite 6 2.37 7
8
sea tulip spicules ACC 7.4 2.37 9
rough woodlouse sternal 1
deposits ACC 3.8 2.38 14
2
pv-ACC 2 2.39 20-10
6.4 2.39 11.1 4
Synthetic ACCs 5.7 2 40 11.6
5.3 241 10.7
3
Gastrolith ACC 5.8 241 8
Synthetic ACCs 6.1 2.41 10 >
6.7 2.41 9
monohydrocalcite 14
8.2 2.42 14
plant cystoliths ACC 12
2 2.43 29
2 2.44 34
ACC in this work 51-0.7 2.440 - 0.015 73-27 -
- 6
snail larval shells ACC 9 244 31
aragonite 9 2.47 33 9
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3.1.8. References of supporting information
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3.2. Publication 2: Water as the key to proto-aragonite amorphous CaCO;

Masoud Farhadi-Khouzani, Daniel M. Chevrier, Peng Zhang, Niklas Hedin, and Denis
Gebauer*, Angewandte Chemie International Edition, 2016, 55, 8117
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Record of contribution:

| and Dr. Denis Gebauer designed the experiments. | carried out all of the experiments
and analyzed the ACC samples and post-nucleation sediments. Mr. Daniel M. Chevrier
and Prof. Peng Zhang from Dalhousie University provided help with analyzing of the
samples with EXAFS technique. Our collaborator Prof. Niklas Hedin at the Stockholm
University contributed to the NMR analyses of the ACC samples. We discussed and
interpreted the obtained data with all the authors. | wrote the manuscript together with

Dr. Gebauer.
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3.2.1. Abstract

Temperature and pH levels can affect the short-range order of proto-structured and
additive-free amorphous calcium carbonates (ACCs). While a distinct change occurs in
proto-vaterite (pv-) ACC above 45 C at pH 9.80, proto-calcite (pc-) ACC (pH 8.75) is
unaffected within the investigated range of temperatures (7-65 "C). IR and NMR
spectroscopy together with EXAFS show that the temperature-induced change relates
to the formation of proto-aragonite (pa-) ACC. The data strongly suggests that the
binding of water molecules causes dipole moments across the carbonate ions in pa-
ACC as in aragonite where it is caused by the symm etry of the crystal structure.
Altogether, a (pseudo-) phase diagram of CaCOg3; polyamorphism may be formulated in
dependence of variables of state such as temperature and solution parameters such as

pH, where water plays a key role.

3.2.2. Introduction

Amorphous calcium carbonate (ACC) plays an important role as an intermediate in
CaCO; biomineralization processes,*® and can be used as the inorganic component in
biocompatible hybrids.[4'8] Investigations of the structure of both biogenic and synthetic
ACCs, and its correlation with thermodynamic stability and polymorph selection in
crystallization and biomineralization have recently been in the centre of attention.®*
Water can be a structural constituent of ACC, and plays a pivotal role for its kinetic and
thermodynamic stability.****! Accordingly, associated water molecules can govern the

[16-17

transformation of ACCs to crystalline forms; I however, their role in the proposed

ACC (pseudo-) polyamorphism remains unclear.” While the water content of ACC can

[16-19] there are indications for a prevalence of stoichiometric CaCO3eH,0.% 15 20

vary,
High pressures can lead to the development of aragonite-like short-range structures,"
and aqueous routes to proto-calcite (pc-) and proto-vaterite (pv-) ACC can be directed
by the pH level.”! Eventually, the aqueous formation of ACC via pre-nucleation clusters
and nanoscopic liquid-liquid demixing may lay the foundation for the importance of

water for the precursors and intermediates of CaCO3.!** 222
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Herein, we investigated the effect of temperature on the structure and composition of
ACC at two pH levels pH 8.75 and 9.80 due to their relevance for the formation of pc-
and pv-ACC, respectively; the data strongly suggests that structural water is
fundamental to the formation of proto-aragonite (pa-) ACC above 50 "C at pH 9.80.

3.2.3. Results and discussions

Aragonite is preferably formed at elevated temperatures,?” although it becomes
thermodynamically stable at much higher temperatures than typically accessible by
aqueous routes at ambient pressures.?® The robust formation of pure-phase aragonite
under kinetic control occurs at both investigated pH levels above ca. 45 "C (section S3-
1 and Figures S1-S3 in the Supporting Information, Sl). To elucidate the potential role of
ACC proto-structures in this context, syntheses of pc- and pv-ACC (i.e. at pH 8.75 and
9.80, respectively) were performed at 7 "C and in increments of 10 K between 25 "C
and 65 "C using an ethanol quench. The obtained ACC phases are composed of
spherical nanopatrticles with diameters of 15-20 nm (Figure 1a for pH 9.80 and 65 "C).
Neither the temperature nor the pH conditions strongly affect their size (Sl Figure S4).
The SAED patterns of all samples display diffuse rings, underpinning their amorphous
character (insets in Figure 1a, and Sl Figure S4). Interestingly, a distinct change occurs
in pv-ACC at temperatures of 45 C and 55 C (Figur e 1b), which is prominent in the
carbonate-v; IR spectral region. The effect arguably suddenly occurs between 45-
50 "C (S| Figure S5). Notably, as opposed to calcite and vaterite, the carbonate-v;
vibrational mode is IR-allowed in the anhydrous polymorph aragonite due to symmetry
(space group Pmcn; point group 2/m 2/m 2/m), causing a dipole moment within the
plane of the flat and triangular carbonate ions. The increase in intensity in the
carbonate-v; spectral region thus is commensurate with the notion of pa-ACC. The very
broad band suggests that structural water plays a role for this effect. However, the
absence of any temperature-induced transition in pc-ACC at pH 8.75 also indicates that
carbonate environments present in pv-ACC are essential for the formation of pa-ACC
(S| section S3-2, Figures S5, S6, and Table S1). The preparation containing pa-ACC,
yields aragonite via solid-state transformation by heating to 500 C, or slow
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crystallization in aqueous ethanolic environments at room temperature, as opposed to
pv-ACC (Sl section S3-3, Figures S7-S13). Thus, pa-ACC likely poses the intermediate
underlying robust aragonite selection, which was successfully isolated and transferred

into the solid state.
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Figure 1. (a) TEM image and SAED, (inset) of pa-ACC synthesized at 65 C and pH 9.80. The SAED is
shown as a negative so as to make weak features clear. Scale bars are 100 nm and 2 nm™ for TEM and
SAED, respectively. (b) ATR/FT-IR spectra of ACCs at different temperatures as indicated (pH 9.80);

spectra are shown staggered for the sake of clarity.
TGA indicates that calcium hydroxide is co-precipitated alongside ACC in all
preparations, which is formed by the quench in ethanol rather than an actual solution

species (S| section S3-4, Figures S15-S18, Table S3). Consistently, IR-spectroscopy
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and evidence from solid-state NMR (S| section S3-4) suggests that the calcium
hydroxide constitutes a distinct phase. Due to the higher temperatures for quenching
pa-ACC (i.e. at pH 9.80 above 50 "C), the hydroxide content reaches ~(40 — 5) weight-
% (Sl Table S3). Still, crystalline Ca(OH), is not apparent in the ATR/FT-IR spectra, as
there is no sharp band at 3643 cm™ (Sl Figure S5).”®! Closer inspection of the IR-
spectra (Figure 1b, and Sl Figure S5, Table S2) furthermore reveals that the carbonate-
v; band of pv-ACC is superimposed on the broad feature assigned to pa-ACC. Taken
together, this shows that the preparation contains at least three distinct environments
relating to (i) pv-ACC, (ii) pa-ACC, and (iii) (amorphous) calcium hydroxide.

As opposed to pc- and pv-ACC (see ref.”) and SI, Figure S18), the *C magic angle
spinning NMR spectrum of the preparation containing pa-ACC shows clear deviations
from a single Gaussian line (Figure 2a, signal-to-noise ratio, S/N, of ~20). The S/N
cannot be improved significantly by any reasonable experimental effort (S| sections S1-
1 and S2-4), precluding the acquisition of reliable *H-*3C cross-polarization spectra
(data not shown), or even heteronuclear correlation experimentation. Although the S/N
is satisfactory for quantitative determinations,’*” the overlap of distinct resonances at
the given peak-widths does impair the robustness of any de-convolution. Given the
information from IR spectroscopy and TGA, de-convolution is justifiable though the as-
obtained quantitative information is associated with distinct errors. The NMR spectrum
can be de-convoluted into three Gaussian-shaped spectral contributions, whereas the
maximum of the dominating resonance peak is located at a chemical shift of 169.1 ppm
(Figure 2b). This corresponds to a pv-ACC environment (Sl Tables S1 and S4),
identified independently via the superimposed band in the IR spectra (see above). A
second resonance is centred at 170.6 ppm, commensurate with an aragonite-like proto-
structure (the single resonance of aragonite is at 170.5 ppm, Sl Table S1), in accord
with results from IR spectroscopy. The relative abundance of these distinct
environments is ca. 1:2 (Sl Table S4), i.e. a larger amount of pv-ACC coexists with pa-
ACC in this preparation. There is an additional chemical environment characterised by a
Gaussian spectral contribution centred at 167.6 ppm. This agrees with a form of ACC
containing hydroxide 829 (or ikaite, although the occurrence of ikaite-like environments
at high temperatures is unexpected, Sl Table S1). Regarding the S/N, this minor
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spectral contribution may also pose a misinterpretation of noise. In any case, though,
hydroxides cause effective shielding of neighbouring carbonates by additional charge
(167.6 ppm),[?#?% suggesting that no significant hydroxide content is present in the pa-
ACC environment, which is the most de-shielded one (170.6 ppm, Figure 2b).

1706

169.1 167.6

b) T T T T T 1
174 172 170 168 166 164
-—/ppm

Figure 2. **C magic angle spinning NMR spectra from the preparation containing pa-ACC (pH 9.80,
65"C). Vertical dotted lines are a guide for the eye. (a) Spectrum recorded by single pulses (bold black
trace) (b) De-convolution of the spectrum into three Gaussians (fine black lines). The dashed grey line
represents the sum of the respective Gaussians so as to illustrate the agreement of the de-convolution

with the experimental data. Please see the text for a discussion of the robustness of the de-convolution.

Analysis of the Fourier-transformed Ca K-edge extended X-ray absorption fine structure
(EXAFS) (SI section S2-5, Figure S19, and Table S5) yields 2.41 for the first shell
distance (Ca-O), which is higher than in pc-ACC (2.36 ) and pv-ACC (2.39 ). A

corresponding trend is found for calcite (2.34 ), vaterite (2.37 ) and aragonite (2.47
). Taking into account that the preparation gives the Ca-O distance as a result from the
weighted average of short-range orders of ca. 30% pa-ACC and 60% pv-ACC (based
on NMR, SI Table S4), the Ca-O distance in pa-ACC is the longest of all proto-
structured ACCs. Also the average EXAFS-derived Ca-O coordination number of
3.7-1.1 for the preparation containing pa-ACC is somewhat larger than in pv- and pc-
ACC (~2), but still lower than in calcite and vaterite (6), as well as aragonite (9) (Sl
Table S5).
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3.2.4. Conclusions

In conclusion, pa-ACC develops at pH 9.80 above 45 C. A global rationalization of our
results is possible based upon structural water molecules associated with carbonate
ions. This can induce dipole moments across the carbonate ions, leading to the
observed IR spectroscopic effect. Second, it can displace electrons from the central
carbon giving the de-shielded NMR environment of pa-ACC. Third, binding between
water and carbonate can explain the increase in average Ca-O distances determined by
EXAFS, which may be accompanied by a somewhat closer packing (as in aragonite). A
confirmation of this collection of indirect evidence is possible by closer inspection of the
IR-spectra for the temperature-induced crystallization of pa-ACC in comparison to pv-
ACC (SI section S3-3, Figures S7 and S9): While the IR-spectral features of water
remain significantly more prominent in pa-ACC with increasing temperature than in pv-
ACC, it remains a structural constituent up to 400 "C, and the broad and strong
carbonate-v; band only disappears with the remaining water upon complete
crystallisation at 500 "C. Aragonite forms at both pH values above ~45 "C, while a
significant amount of pa-ACC can be found only at pH 9.80. It can be speculated that
low amounts of aragonite-like environments are present at both pH values, and grow
faster thanks to the directive role of dipole-dipole interactions in aggregation-based
pathways,*® thereby facilitating robust kinetic aragonite selection. In additive-controlled
scenarios, organic-inorganic interactions could lead to similar effects that may be

relevant to aragonite selection in biomineralization.
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3.2.6. Supplementary information

S1. Experimental
S1-1 Syntheses of ACCs at different temperatures

The principle set-up consists of a 665 Dosimat device for the dosing of calcium chloride
solution, and a Metrohm Titrino titration device for pH measurement and control, and a
thermostat (model: HAAKE K20) for temperature control. The carbonate source solution
used in all experiments of this work was prepared via mixing of 10 mM sodium
carbonate and 10 mM sodium bicarbonate solutions, utilizing the appropriate amounts
of carbonate and bicarbonate solutions, in which the approximate percentage of
carbonate in the final buffer solution is ~20% for pH 9.8, and ~3% for pH 8.75. The

exact pH value was set with a pH electrode. All solutions were prepared at (25 —1) "C.

200 ml of sodium carbonate buffer (pH 9.80 or pH 8.75) was poured into a thermostated
beaker, which had a volume of 500 mL. First, the carbonate buffer solution was pre-
adjusted for 30 min for all investigated temperatures (7, 25, 35, 45, 55, and 65 "C). At
every temperature, the pH electrode was calibrated, and the pH of carbonate buffer was
measured at the different temperatures after 30 min pre-heating. The measured pH for
the sodium carbonate buffer was pH 9.80 at 25 "C, and changed to pH 9.95, 9.70, 9.60,
9.50, and 9.42 at 7 "C, 35 "C, 45 "C, 55 "C, and 65"C, respectively. Corresponding
measurements for the carbonate buffer of pH 8.75 at 25"C gave pH 8.80, 8.70, 8.65,
8.60, and 8.58 at 7 "C, 35 "C, 45 "C, 55 "C, and 65 "C respectively.

So as to prepare the calcium carbonate pre-nucleation solutions for the quench, calcium
chloride (10 mM) was added to the pre-heated carbonate buffer solution at a constant
rate of 0.13 mL/min for pH 9.80 (0.4mL/min for pH 8.75) utilizing a Metrohm Dosino
device. The carbonate buffer was continuously stirred. In order to keep the pre-set pH
constant, 10 mM NaOH solution was added to the solution by means of automatic
counter titration utilizing a Titrino device. Before reaching to nucleation point, which is
evidenced by a sudden increase in the rate of NaOH titration, the reaction was stopped
by a sudden transfer of the solution to 2 L ethanol, which was stirred in a plastic beaker.

For both pH 8.75 and 9.80, the nucleation point occurs earlier by a factor of 3 and later
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by a factor of 5 at 65 "C and 7 "C, respectively, in comparison to room temperature.
This results in minor amounts of amorphous calcium carbonate (ACC) that can be
obtained at increased temperatures, especially so at the higher pH level. After the
guench, the beaker was sealed with parafilm, and after stirring for 30 min the magnet
stirrer was removed, the beaker was resealed, and kept in quiet place for 1.5 h. Then,
the ethanol was decanted very carefully and the remaining solution, which contains
aggregated ACC nanopatrticles, was centrifuged and washed with pure ethanol and
again re-dispersed in pure ethanol by shaking and sonication for 10 min. Afterwards, the
dispersion was again centrifuged, and then the ethanol decanted, and the obtained
ACC pellet was washed with acetone. The ACCs were kept in acetone, so as to avoid

exposure to humidity, and turned out to be stable for at least 2 months.

S1-2 Syntheses of ACCs at low temperature

Syntheses of ACCs were also performed at 7 C. This temperature was chosen so as to
probe a distinctly lower level than room temperature. The protocol for the syntheses of
additive-free ACCs at lower temperature is largely the same as at room and higher
temperature, but, as a decrease in temperature leads to a delay in the point of
nucleation (see above), half of the volume of the carbonate buffer solutions (100 mL)
was utilized for the syntheses of ACCs at 7 "C. Accordingly, the volume of ethanol used

for the quench of the pre-nucleation solutions was also decreased to 1 L.

S1-3 Syntheses of crystalline references

Syntheses of vaterite were performed based on the procedure described by Gebauer et
al.! Briefly, for vaterite, within 15 min, 50 ml of a 1 M calcium chloride solution was
dosed via an automatic dosimeter into 50 ml of 1 M sodium carbonate, which was
stirred vigorously, and after mixing, the sediments were centrifuged and washed with
ethanol and dried in a vacuum oven. For the synthesis of aragonite, 50 ml of a 10 mM
calcium chloride solution was dosed within 1 hour into 50 ml of 10 mM sodium
carbonate solution, which was stirred vigorously in a thermostated bath at 60 C. Then,
the resulting solution was transferred to centrifuge tubes and centrifuged for 10 min at
9000 rpm. Afterwards, the residual water was carefully decanted from the centrifuge
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tubes and sediments were washed with ethanol, re-dispersed in ethanol and centrifuged

again. Then, the resulting products were dried in a vacuum oven for 12 h.

S1-4 Collection of post-nucleation sediments of crystalline calcium carbonate at
different temperatures

Crystalline calcium carbonate was obtained in the same way as described for the
syntheses of ACCs at different temperatures; however, the reaction was continued until
3000 s after the point of nucleation. For all reactions at different temperatures, the
reactions were again stopped via an ethanol quench at the same time after the
nucleation point in order to investigate the obtained sediment. After stopping the
reaction, the solutions were transferred to centrifuge tubes and were centrifuged for 10
min at 9000 rpm. Then, the supernatant was decanted and the precipitates were
washed with ethanol and were centrifuged again. Then, the remaining ethanol was

decanted and the sediments were dried in a vacuum oven for 1 day before analyses.

S1-5 Crystallization of ACCs
Temperature-induced

The temperature-induced crystallization of ACCs was investigated using a Nabertherm
controller P320 furnace. The ACCs dispersed in acetone were pipetted on the surface
of a silicon wafer and the residual acetone was allowed to evaporate. The complete
evaporation of the solvent was assured by means of IR. Then, the silicon wafer with the
ACC was transferred into the furnace and heated at a rate of 10 K/min. After reaching
100 "C, 200 "C, 300 "C, 400 "C and 500 "C (in individual experiments), each
temperature was maintained for 10 min. Samples heated to 100 "C, 200 "C and 300 "C
were removed directly from the furnace afterwards, and transferred into a desiccator
equipped with dry silica pearls. Samples heated to 400 "C and 500 "C were cooled
down to 300 "C after maintaining the higher temperature for ten minutes within the
furnace, as it cannot be opened otherwise. The samples stored inside of the desiccator
were immediately taken to ATR-IR analyses. To that end, the samples were scratched

off the surface of the silicon wafers and collected on top of the ATR crystal.
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In water-ethanol binary mixtures

The transformation of pa-ACC in different water-ethanol binary mixtures was
investigated by placing about 1 mg of a dried and neat sample of pa-ACC on the ATR
crystal, and using a micropipette, 6 | of distinct ratios of water/ethanol solutions (as
indicated) was added to the sample and the ATR spectra of the mixture were

continuously recorded.

S2. Analysis techniques
S2-1 ATR/FT-IR spectroscopy

Fourier transform ATR (Attenuated Total Reflection) infrared (ATR/FT-IR) spectra were
recorded with a PerkinElmer spectrum 100 spectrom eter equipped with a diamond
crystal based ATR accessory. The infrared spectra were recorded in the spectral range
of 4500-250 cm™ with a resolution of 0.5 cm™. Before the measurements, samples were
placed on the diamond crystal and the acetone was let to dry. To get a sufficient signal-
to-noise ratio, 16 scans were accumulated for each spectrum and at least two spectra

were recorded for each sample to ensure the reproducibility of measurements.

In case of all crystallization experiments, ATR/FT-IR analyses were performed on a
Bruker platinum FTIR spectrometer utilizing a ZnSe eco-ATR crystal in the range of
500-4000 cm™ with a spectral resolution of 4 cm™. 64 scans were collected for both the

background (air) and the actual samples.

S2-2 Electron microscopy

The transmission electron microscopy (TEM) measurements were performed using an
In-column OMEGA filter microscope (Zeiss Libra 120) at 120 kV, which has a point
resolution of 0.34 nm. In order to save the ACC samples from crystallization due to
irradiation, several tests were performed to find the optimum illumination angle, the
optimum size of objective aperture was found to be 130-160 m for analyzing the ACC
samples without transformation to a crystalline state. The TEM imaging samples were
prepared on 400 mesh copper grids coated with carbon. Prior to preparation of the
samples, the ACC samples were kept under acetone with a concentration of 0.1 g/l

which were sonicated for 30 min and then, by using a micropipette, one drop was taken
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from the dispersion and applied on the TEM grid. Immediately after the droplet was

dried, the samples were analyzed by TEM.

Scanning electron microscopy (SEM) imaging of amorphous or crystalline calcium
carbonates was performed on TM3000, Hitachi, and Zeiss CrossBeam 1540 XB
microscopes. As calcium carbonate is not conductive, the quality of images is highly
dependent on the size and morphology of the samples. Therefore, the analysis of post-
nucleation sediments formed at 55 C, which have fiber-like morphologies with a
diameter about 1-2 m, were performed on the TM3000 microscope, and the imaging of
samples obtained at a temperature of 7-45 C were done on the Zeiss CrossBeam 1540
XB Microscope, which gives a better resolution. For sample preparations, the
specimens, dispersed in ethanol, were sonicated for 10 min, and a micropipette was
used to spread out one drop on SEM tapes covered by carbon. All samples were coated

with a 10-15 nm thick layer of gold before imaging.

S2-3 Powder X-ray diffraction

The XRD diffractograms were recorded with a Huber Imaging Plate Guinier Camera
G670 (Cu K-alpha). This diffractometer has the advantage of a detection system
containing an imaging plate, which allows obtaining results very fast, in principle.
However, for achieving a sufficient signal-to-noise ratio, all of the measurements were
performed for 12 hours. The dried neat powders were applied to a 6 m thick Mylar film

mounting.

S2-4 Solid-state nuclear magnetic resonance

Direct polarization (DP) *3C solid-state nuclear magnetic resonance (NMR) spectra, and
cross-polarization **C{*H} NMR spectra were acquired at a frequency of 100.61 MHz on
a Bruker Avance lll spectrometer using a 9.4 T wide bore superconducting magnet. The
measurements were performed under conditions of magic angle spinning (MAS) with a
frequency of 14 kHZ. A *3C pulse length of 70 was used for the DP experiments, 384
transients were added and a recycling time of 150 s was used. For the CP experiments,
a crosspolarization time of 1.73 ms was used and 17k transients were added. Special
care was taken to compensate for the magnetic field drift, and high-power H

decoupling was used.
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The samples for NMR analyses were prepared using 99% *3C enriched sodium
carbonate and bicarbonate (purchased from Cambridge Isotope Laboratories Inc.), and
the ACC of this work was embedded in epoxy resin in order to avoid crystallization of
the sample due to the spinning of the MAS rotor. The embedding of the pa-ACC in
epoxy resin was performed using 6 mg of dried and neat ACC (for pv-ACC, 7 C, and
pc-ACC, 7 C, 8 and 15 mg, respectively) and mixing with 170 mg (for pv-ACC, 7 C,
and pc-ACC, 7 C, 140 and 170 mg, respectively) fre shly prepared 2-component epoxy
resin (UHU"plus endfest 300). The homogenous mixture of ACC and epoxy resin was
allowed to harden and then grinded until a fine powder was achieved. Note that as
indicated in section S1-1, the nucleation point occurs significantly earlier at higher
temperatures. This leads to the low amounts of ACC, because the solution is quenched
at a significantly lower content of calcium carbonate. For obtaining 6 mg of neat ACC at
65 "C and pH 9.80 for NMR analyses, more than 30 batches were prepared, and
carefully washed and kept in acetone for as short time as possible (so as to avoid
crystallization prior to stabilization in epoxy resin). The syntheses for pv- and pc-ACC at
7 C, on the other hand, could give sufficient amounts for NMR analyses with 4-6
batches. Furthermore, mixing of the ACC powders with epoxy resin is cumbersome
owing to electrostatic charging of the ACC powders, as well as the low amounts of both
the powders and the resin. This causes unforeseeable losses in resin-stabilized ACCs,
which becomes higher the lower the amount of powders get, which is most critical for
pa-ACC.

S2-5 Extended X-ray absorption fine structure (EXAFS) analysis

Experiments were conducted at the PNC/XSD beamline (Sector 20-BM) of the
Advanced Photon Source (Argonne National Laboratory, Argonne, IL, USA). The ACC
sample was measured in the solid-phase at room temperature under ambient
conditions. The sample was ground with a mortar and pestle and then pressed into a
compact pellet for measurement. X-ray absorption data was collected at the Ca K-edge
(ca. 4038 eV) using ionization chambers (Ip and I+ channels) for transmission
measurements. An absorption edge jump (o) of ca. 0.75 was achieved for the ACC
sample. Several scans were collected and averaged to improve the signal to noise ratio.

Background subtraction, energy calibration and EXAFS fitting were performed using the
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WiIinXAS 3.1 software package. A k-range of 3.5-8.0 ~—* was used for the Fourier
transform (FT) to R-space (FT-EXAFS, shown in Figure S9 B). For EXAFS fitting, the
amplitude reduction factor was fixed at 1, which was determined by fitting a calcite
reference EXAFS spectrum and fixing the Ca-O coordination number to 6. A fitting
window of 1.2-2.8 ~ was used for the EXAFS fitting region for the ACC sample.
Theoretical phase and scattering amplitude functions used for fitting Ca-O scattering
were calculated using the FEFF8.2 computational package!® using calcite as a model
system.[s] No other scattering paths were evident in the EXAFS data. Reported
uncertainties for EXAFS fitting results were computed from off-diagonal elements of the
correlation matrix and weighted by the square root of the reduced chi-squared value.
The magnitude of experimental noise (determined from 15 to 25 in the R-space) was

also incorporated in the error calculation.

S2-7 Thermogravimetric analysis (TGA)

TGA measurements were performed using a simultaneous thermal analyzer instrument,
NETZSCH STA 449 F3 Jupiterﬁ, under oxygen atmosphere with a heating rate of 10
K/min. According to the manufacturer’s specifications, the weight accuracy of this
machine is 0.1 g over the entire weighing range wi th a drift smaller than 5 g/h. Still,
for all measurements, a calibration and correction was performed. The calibrations were
accomplished utilizing the calibration kit from the accessories of the instrument whereas
the actual crucible of the measurements was used. Furthermore, the TGA traces were
corrected by curves obtained by placing the empty crucible in the sample holder and
heating in the same manner as during the actual measurements. These corrections

were performed in order to exclude baseline artifacts.

The TGA measurements of the ACCs were performed by placing ca. 4 mg of the dried
and neat sample in the crucible and heating the sample in the range of 25-900 C
(reference and correction as outlined above). Note that all measurements were
performed utilizing nearly the same initial sample mass, so as to exclude any related
artifacts. Before starting the measurements, a stand-by mode was activated for 15
minutes so as to eliminate temperature fluctuations and have a precise initial weight

value from the microbalance under dry gas flow.

78



Publication 2-Supplementary information

S3. Remarks
S3-1 Analyses of post-nucleation sediments

FT-IR analyses of post-nucleation sediments are in good agreement with XRD
analyses. As it can be seen from Figure S1, the FT-IR spectra of sediments obtained at
25 C and 35 C have only one band for v, which is located at 745 cm™ evidencing
vaterite. The 4 spectral region of the sample obtained at 45 C, however, shows this
single band of vaterite as well as the split band of aragonite (700/713 cm™) indicating a
mixture of vaterite and aragonite. The ratio of vaterite to aragonite is different in the
sample obtained at 45 C at pH 8.75 in comparison with the sample at pH 9.80, which
has higher content of vaterite. The spectra obtained for specimens prepared at 55 C at
both pH values show only the split band in the 4 spectral region, evidencing that pure-
phase aragonite was obtained.

The crystalline phases in post-nucleation sediments at different temperatures were
analysed by powder-XRD measurement shown in Figure S2. As there are no notable
differences between the XRD patterns of post-nucleation sediments obtained from pH
8.75 and pH 9.80, only XRD data of those obtained from pH 8.75 are shown. Figure S2
shows that at room temperature, the only XRD visible phase observed is vaterite. This
phase is also present in post-nucleation sediments at 35 C. However, the change from
vaterite to aragonite starts at a temperature of 45 C; according to the XRD pattern, at
this temperature the crystalline phases are a mixture of vaterite and aragonite. At 55 C,
the only observed phase is aragonite. The morphology of as-prepared crystalline
calcium carbonate at different temperatures was analysed by SEM imaging shown in
Figure S3. Samples obtained from both pH 8.75 and pH 9.8 show nearly the same
morphology at the different temperatures, and micrographs are shown only for samples
from pH 9.80. The SEM images of post-nucleation sediments at 7 C show typical
morphologies of a mixture of small particles of vaterite and calcite. This result is in
agreement with the work of Jiang et al., who synthesized calcium carbonate polymorphs
without additives at different temperatures by a double jet method."® However, the size
of vaterite obtained from the titration method in this work is in the range of 50-60 nm.

The reason for the formation of vaterite nanoparticles remains unclear, and further
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investigations are beyond the scope of this work. There is a small portion of truncated
cubes of calcite, which are most likely formed via ripening of vaterite nanoparticles
along Ostwald’s rule of stages. The post-nucleation sediments formed at 25 C,
however, only consist of vaterite particles with 2 m in diameter. By increasing the
temperature up to 45 C, the resulting mixture is composed of vaterite and aragonite
crystals with a diameter of around 200 nm. The way that they have grown is similar to a
sprouting plant. Finally, the post-nucleation sediments obtained at 55 C only contain
aragonite needle-like particles with a diameter of around 2 m, and vaterite has
disappeared at this temperature. In principle, the results are in agreement with the
proto-structures in the isolated ACCs from pH 9.80 at different temperatures, where

there is an obvious change towards aragonite-like ACC above ca. 45 C.

S3-2 FT-IR spectroscopy of ACCs

Figure S5 shows ATR-FTIR spectra of the ACCs obtained at different temperatures at
pH 9.80 (pv-ACC) to support Figure 1b and its discussion in the main manuscript. Full
range FTIR spectra of the ACCs are presented in Figure S5a together with spectra of
vaterite and aragonite for reasons of comparison; note that the carbonate ions exhibit 4
vibrational modes, vi, vz, V3, and vy, i.e. the symmetric stretch, out-of-plane bending,
asymmetric stretch, and in-plane bending vibration, respectively. The major difference
between crystalline and amorphous calcium carbonates, besides the bands due to
structural water (most prominent is the broad absorption around 3000-3500 cm™), is
seen in the v4 band, which is a rather sharp band for the crystalline forms that can be
used for distinguishing between different polymorphs. As can be seen in Figure S5a, for
aragonite, the doubly-degenerate v, mode splits into two bands at 700 and 713 cm™,
while in case of vaterite, there is only one v, band at 745 cm™. These values are in
accord with the literature.!® The v, bands for ACC are very weak and superimposed by
a broad water band, and it is not possible to differentiate between different types of
ACCs using this band. As shown elsewhere,™ the v, band can be used to discriminate
between pc-ACC and pv-ACC. The symmetric stretch vibration of the trigonal and flat
carbonate anion is IR forbidden in symmetric bonding environments; however, due to

the disordered nature of the ACCs, and vaterite, as well as defects in the calcite
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structure, this band becomes IR active. In pc-ACC and pv-ACC, there are one and two

v, bands, respectively, as in the corresponding crystalline structures.

When the temperature of the synthesis is increased from 25 "C to 45 "C, the spectra of
pv-ACC (pH 9.80, Figure S5) and pc-ACC (pH 8.75, Figure S6) do not change, thus
indicating that the respective structures may remain unaffected. However, when the
temperature is further increased from 45 "C to 55 "C, there is a very distinct change in
the spectral region of the v; vibrational mode only in case of pH 9.80 (Figure S5). It does
not occur at pH 8.75 (i.e. in pc-ACC, Figure S6). The change in the FTIR spectrum of
pv-ACC concerns the shape and position of the v; band (Figure S5b), strongly

suggesting the occurrence of a distinct type of ACC.

At this point, the central question is whether the IR data gives us an idea of the relation
of the newly formed high-temperature ACC to crystalline polymorphs, as in the case of
pc-ACC and pv-ACC versus calcite and vaterite, respectively? Regarding the v, bands
in the spectra of vaterite and aragonite in comparison to this type of ACC (Figure S5c¢),
this indeed appears to be possible: Vaterite has two v, bands (1089/1077 cm?') with a
rather low intensity, which are due to at least two different carbonate sites in the crystal
structure of vaterite. In case of aragonite, however, the symmetry of the unit cell (space
group Pmcn; point group 2/m 2/m 2/m) leads to a dipole moment within the plane of the
flat and symmetric carbonate ion, and the v; vibrational mode becomes allowed.
Consequently the intensity of the single vi band (1083 cm?) is much higher than in
case of vaterite (where it is weak and only occurs due to the disordered nature of the
vaterite structure),!”’ or calcite (where it is very weak,'™! and occurs only due to defects).
Thus, the strong increase in absorption in the v; spectral region, which is also rather
broad in this particular ACC, suggests the occurrence of proto-aragonite ACC (pa-
ACC).

Notably, the v, bands of vaterite and aragonite are located at v, = 871 cm™ and v, = 853
cm™, respectively (Figure S5a), and this band can be used to discriminate between
aragonite and vaterite. In the case of the ACCs, we do not trace remarkable changes in

the position of the maximum of the rather broad v, band (864-865 cm®, Figure S5b).
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The slight broadening of the v, band of pv-ACC when rising the synthesis temperature
from 25 "C to 35 "C and 45 "C may indicate a somewhat higher degree of structural
disorder in the pv-ACC formed at elevated temperatures, before pa-ACC occurs. The

band positions of the ACCs together with aragonite are summarized in table S2.

The effect of temperature on pc-ACC has been investigated, and the FT-IR results
suggest that there are no differences between pc-ACCs from 7 "C up to 65 C (Figure
S6).

S3-3 Crystallization of ACCs
Temperature-induced crystallization

ATR/FT-IR analyses of pa-ACC after heating to 100 "C, 200 "C, 300 "C, 400 "C, and
500 C are shown in Figure S7. After heating to 100 "C and 200 C, minor spectral
differences when compared to pa-ACC without heat treatment (25 "C) can be found, as
can be seen from the respective v; and v, bands. The split in the vz band becomes
somewhat less pronounced at 200 "C, whereas the broad water band in the region of
ca. 3000-3500 cm™ is hardly affected. However, in the region of 2800-2950 cm™ minor
bands related to C-H vibrations appear, however, these may also be noise (specimens
were checked for the absence of CH vibrations in ATR/FT-IR analyses prior to heat
treatments). Still, these bands may be due to minor amounts of ethanol (i.e. insufficient
drying), which might react and form calcium ethoxide and thus not be evaporated. Again
note that directly before each measurement, the dried ACCs were analyzed and no C-H

vibrations were detected.

Upon increasing the temperature from 200 "C to 300 C, the intensity of the water band
(3000-3500 cm™) significantly decreases. Also, minor bands at 700 cm™ and 712 cm™
start to develop, indicating the onset of the formation of aragonite. However, at 300 "C,
the v, band remains at 860 cm™ showing that still most of the ACC has not

transformed. By increasing the temperature up to 400 C, the v, band indicative of
aragonite becomes clear (split band 712/700 cm™), with the v, band at 872 cm™ (calcite)
and a shoulder at 865 cm™ (mixture of ACC and aragonite). Note that the broad band

due to water at 3000-3500 cm™ (400 "C, Figure S7a) is consistent with the presence of
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ACC, which also explains a shoulder at 865 cm™ in the v, spectral region (Figure S7c).
Apparently, the pv-ACC that co-exists with pa-ACC (see the main manuscript)
transforms into a small amount of calcite at 400 C, whereas the calcite v, band (712
cm™) is covered by the split band of aragonite. This is consistent with previous reports

on the heat-induced crystallization of pv-ACC vyielding pure calcite.™

Interestingly, after heating to 400 "C, the broad water band at ca. 3000-3500 cm™ can
still be identified, and is evidently related to strongly bound water molecules, associated
with pa-ACC (water leaves at lower temperatures in case of pv-ACC, see below).
Having a closer look at the v, band position in the spectra of ACCs treated at different
temperatures, it can be seen that there is a trend towards 1082 cm™, i.e. the location of
the v, band of aragonite (Figure S7b). Heating of the sample to 500 C resulted in
complete removal of the water, and consequently the split aragonite v, band is clearly
resolved (700/712 cm™). As calcination of ACC also starts around this temperature, the
carbonate band intensities decrease and it is not possible to find the exact location of
the v; band, also due to a inclined baseline. So as to show that these results are not
influenced by impurities, especially sodium carbonate, SEM imaging and EDS analyses
were conducted on the pa-ACC after heating up to 400 C and are shown in Figure S8.
The EDS data indicates that the sample only consists of CaCO3 with no significant
amounts of impurities. Note that the Si signal is due to the silicon wafer. Last, but not
least, the heat-induced crystallization reveals that the broadness of the carbonate-v,
vibrational band is due to the binding of water molecules; at 400 "C, the broad water
band (~3000-3500 cm?') is clearly apparent, and so is the broad carbonate-v;
vibrational band. Only at 500 "C, the water is removed, and the broad carbonate-v;
vibrational band now shows a significantly lower intensity, associated with an inclined

baseline in this spectral region.

ATR/FT-IR analyses of pv-ACC after heating to 100 "C, 200 "C, 300 "C, 400 "C, and
500 C are shown in Figure S9. After heating to 100 "C and 200 C, minor spectral
differences when compared to pv-ACC without heat treatment (25 "C) can be found in
the spectral region of the carbonate vibrational modes, however, the broad water band

in the region of ca. 3000-3500 cm™ has become significantly weaker (as opposed to the
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preparation containing pa-ACC, see above and Figure S7). Upon increasing the
temperature from 200 "C to 300 C, the intensity of the water band (3000-3500 cm™)
decreases further, whereas it is again weaker at 300 "C and 400 "C than in the case of
pa-ACC, respectively. At 400 "C, a band at 712 cm™ develops, indicating the formation
of calcite. This is consistent with the v, band moving to 872 cm™ (calcite) at 400 "C and
500 "C. All of this agrees with previous reports on the heat-induced crystallization of pv-
ACC yielding pure calcite.™) In addition, it becomes evident that (some) water molecules

in pv-ACC are less strongly bound than in the preparation containing pa-ACC.

Cystallization in ethanol-water binary mixtures

As it can be seen from Figures S10 and S11, the preparation containing pa-ACC does
not crystallize up to a water content of 30% (v/v) in an ethanol-water binary mixture
(EWBM) within the investigated duration of time. This is at odds with according
investigations on a disordered form of ACC, which readily crystallized into vaterite in a
mixture of 90% ethanol and 10% water (v/v).! This indicates that the present
preparation is kinetically stabilized.

By increasing the amount of water in the EWBM to 40%, the preparation containing pa-
ACC starts to crystallize (Figure S12). The disappearance of the C-H vibrations of the
ethanol in the v, spectral region (1042 and 1085 cm™) with proceeding time indicates
the complete evaporation of the ethanol and drying of the sample. The v, region of the
final spectrum reveals minor bands at 713 cm™ and 701 cm™, representative of
aragonite. However, due to the superposition with a broad band arising from strongly
bound structural water, or not completely dried water from the EWBM, the intensity of
these bands is very low. The v; band position for aragonite (854 cm™) is distinct from
calcite and vaterite (873 cm™), and Figure S12b thus reveals a mixture of calcite and
aragonite. Note that the formation of aragonite from pa-ACC in ethanol/water mixtures is
not due to the ethanol acting as an additive; we never observed any aragonite formation
upon crystallization in such mixtures at room temperature for disordered ACC™® or pc-
/pv-ACC (which always vyield calcite and vaterite at varying ratios, depending on the

specific ethanol/water ratio; data not shown).
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Figure S13 shows the in-situ crystallization of pa-ACC in the presence of mixture of 50-
50% water/ethanol. The v, band in the final spectrum (figure S13c) shows a minor band
at 700 cm™/713 cm™ indicating the existence of aragonite in the final product. However,
by referring to the v, band position, immediately after the addition of the droplet the
spectrum shows a shoulder at 854 cm™. This shoulder gets weaker as time proceeds,
most likely due to dissolution-re-crystallization of aragonite to calcite (the final spectrum
shows a minor intensity at 854 cm™ meaning that most of the aragonite transformed).
Crystallization of pa-ACC in pure water, however, shows a completely different
behavior. In pure water, vaterite, which is the least stable polymorph, is formed. Further
transformation of some vaterite into calcite likely occurs due to the Ostwald ripening
and/or dissolution/ re-precipitation processes and hence the final precipitate consists of

calcite and vaterite.

S3-4 Thermogravimetric analyses
Delineation of compositions

Figure S15 shows the thermogravimetric analyses (TGA) of the ACCs
synthesised at 7 C and 55 C for pH 8.75, and at 7 C and 65 C for pH 9.80.
Repetitions are shown for each measurement, illustrating that the TGA traces are
well reproducible. The weight percentages of the different plateaus were
assigned utilizing the first derivatives of the curves, which were used to identify
temperatures, at which deviations from continuous gradients occur (vertical black
lines in Figure S15 and S16). The as identified temperatures then provide
corresponding weight percentages associated with the respective plateaus (i.e.
intercepts of vertical lines with the measured curves give the horizontal black
lines in Figure S15). A close inspection of this procedure shows that the exact
temperature, at which the weight losses occur, can vary. However, the plateaus
of weight losses apparently agree within minor errors. In case of pa-ACC, the
final plateau is slightly inclined, indicating that final weight constancy is not
achieved, which may be due to an uncorrected drift or kinetic effects upon

carbonate and/or hydroxide decomposition.
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It is evident that the composition of pc-ACC (pH 8.75) does not vary with the
temperature of the synthesis, whereas the composition of pv-ACC (7 "C at pH
9.80) and pa-ACC (65 "C at pH 9.80) seems to be different. The decomposition of

calcium carbonate occurs according to

CaCO3; - CaO +COzt (100u — 56 u+ 44 ut) (eqgn. TGA 1)

Egn. TGA 1 can be used to calculate the content of CaCOg3 in the samples based
upon the release of CO, between ca. 550-800 "C, which is well defined, as well
as the theoretical residual mass of CaO (Table S3). These values do not agree
with the measured residual masses, showing that the ACCs do not consist of
pure calcium carbonate. Energy-dispersive X-ray (EDX) spectroscopy analyses
(Figure S17) do not show significant amounts of other elements, and this
deviation must be due to a certain hydroxide content (note that calcium hydroxide
does not play a role under the conditions of our work in the aqueous system,
however, the present ACCs have been quenched in ethanol, which is likely
responsible for hydroxide co-precipitation). In fact, weight losses between ca. 350

"C and 550 "C can be due to calcium hydroxide decomposing according to

Ca(OH), - CaO + H;O1 (74u - 56 u+ 18 ut) (egn. TGA 2).

With the difference in theoretical and measured residual mass and egn. TGA 2,
the corresponding theoretically expected weight loss between ca. 350 "C and 550
"C can be calculated. While plateaus due to calcium hydroxide decomposition in
this temperature range may be present in the data (Figure S15, dashed red lines,
see below), they cannot be clearly identified within the noise level in the
differentiated curves for pa-ACC and pc-ACC (Figure S16, dashed red lines),
however, there is an additional corresponding plateau for pv-ACC.

The relative weight of calcium hydroxide is calculated based on the values
obtained from the difference in residual mass, which have a lower error overall

thanks to the well defined CO, release (Table S3). The error in relative weight for
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each plateau is around —1-2 weight-%, that is, on the range of max. -4 weight-%
for any given release of water, hydroxide decomposition or carbonate
decomposition (the absolute error is associated with twice the error of the
plateaus, as corresponding changes in relative weight are based upon
differences between two plateaus). Error estimation (Table S4) for the calculation
of the relative weights is based on the propagation of relative errors.

Calculated levels for hydroxide decomposition (based on the difference in
residual mass) are shown as red horizontal lines in Figure S15, and
corresponding temperatures by red vertical lines in Figure S16. Close inspection
shows that although these temperatures cannot be identified clearly a priori, they
are consistent with the TGA data. In case of pv-ACC (7 "C), the measured weight
loss (2.5%) due to calcium hydroxide decomposition is lower than the calculated
one (4.1%) (Table S3), which lies within the expected error of the determination
(see above).

The relative weight of calcium in the distinct calcium carbonate and calcium

hydroxide phases can be determined via the formal reactions:

Ca(OH), — Ca*" +20H (74u - 40u + 34 u) (eqn. TGA 3),
CaCO; - Ca*" + CO3* (100u — 40 u + 60 u) (eqn. TGA 4).

Based on the calcium distribution within these two phases, the calcium carbonate
hydroxide stoichiometry can be calculated (Table S3). It should be noted that
despite of the significant hydroxide content, ATR/FT-IR spectra do not provide
any evidence for crystalline calcium hydroxide species (which would be
characterized by a sharp band at 3643 cm™ that is not observed,” cf. Figures S5
and S6).

The initial weight losses between ca. 30 "C and 200 "C and then between ca. 200
"C and 350 "C are due to weakly (w) and strongly (s) bound water molecules,*”
respectively, and give the structural water content of the ACCs (Table S3). The

full composition can now be determined as y with x =0.33, x =0.5 and x =0.19
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for pv-ACC (7 "C), pa-ACC (65 "C), and pc-ACC (7 "C and 5 5”C), respectively,

according to:

Ca(CO3)x-10H2xe(y H2O) - Ca(CO3)x-10H2*(OH) +y H,Ot (egn. TGA 4)
(4AOu+(1-x)60u+2x17u+yl18u - (40u+ (1-x) 60U +2x 17 u) +y 18 ut.

The compositions are compiled in Table S3. Note that hydroxide decomposition prior to
CO, release was taken into account for calculating the actual water contents (red lines
in Figures S15 and S16, red figures in Table S3).

Discussion

No hydroxide was found in previous syntheses of pc-ACC at room temperature,
whereas there was evidence of a minor hydroxide content in pv-ACC that may relate
that of the pc-ACC prepared in this work.™! A close inspection of the ATR/FT-IR spectra
(Figure 1b in the main manuscript, and Figures S5 and S6 in this Sl), reveals that there
is no crystalline calcium hydroxide at any pH or temperature, which would be apparent
by a sharp band at 3643 cm™.! Importantly, when comparing the spectra for differing
hydroxide contents in this work (Figure 1b in the main manuscript, and Figures S5 and
S6 in this Sl), and those of pc- and pv-ACC from the literature,!!! it is evident that
hydroxide does not influence the carbonate-v; spectral pattern: Independently, there are
always one and two bands in pc-ACC and pv-ACC, respectively. Both solid-state DP
3¢ and CP 3C{*H} NMR analyses give peak maximum positions for the pc- and pv-
ACCs that are in accord with the literature (Table S1) within experimental certainty.
There is no clear correlation with the hydroxide content, or any clear effect of
temperature on pc- or pv-ACC. A varying composition with an additional anion should
have a distinct de-/shielding effect on carbonate chemical shifts that is not observed.
Hence, we resume that the hydroxide predominantly constitutes a distinct, i.e. co-

precipitated phase.
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Figure S1. ATR-FTIR spectra of post-nucleation sediments obtained at different temperatures at pH 9.80
(solid) and 8.75 (dotted). The v, band shows the transformation trend starting from pure vaterite at 25 C

and ending with pure aragonite at 55 C
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Figure S2. XRD diffractograms of post-nucleation sediments obtained at different temperatures as
indicated (pH 8.75). The diffractograms obtained for pH 9.80 are essentially identical (data not shown).
The lines at the bottom represent aragonite (blue) and vaterite (black) reflections according to the COD

database, which are labelled by "a" and "v" on top of all observed reflections, respectively.
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Figure S3. SEM images of post-nucleation sediments obtained at various temperatures (pH 9.80) as
indicated, with different magnifications. The blue arrows mark calcite morphological features in the post-

nucleation sediments at 7 C.
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25°C

55°C

Figure S4. TEM images and SAEDs (insets) of ACCs, which have been obtained at different
temperatures (as indicated) from carbonate buffer at pH 9.80 and 8.75 at different magnifications. The
scale bars in the images are 100 nm and scale bars of SAEDs are 2 nm™.
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Figure S5. ATR/FTIR spectra of ACCs obtained from carbonate buffer at pH 9.80 and different
temperatures (7-65 "C). (a) Overview with vy, v,, v3 and v, vibrational bands; magnified spectral regions
of the (b) v, band; (c) v, band for vaterite (dotted red curve) and aragonite (dotted blue curve); and (d) v,
band. The vertical dashed lines are for a guide for the eye. Note that around the temperature, at which
pa-ACC starts to occur, syntheses were performed in finer temperature increments than displayed in
Figure 1 in the main manuscript. Also see Table S2.
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Figure S6. ATR-FTIR spectra of ACCs obtained from calcium carbonate pre-nucleation solution
at pH 8.75 by quenching at different temperatures (7, 25, 45, 55, and 65 °C). (a) Overview with n,
n,, N3 and n, bands; corresponding enlarged spectral regions of the n, band (b) and n, band (c).

The vertical dashed lines are for a guide for the eye. Also see Table S2.
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