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ABSTRACT 

 

This dissertation studies the role of amorphous intermediates during crystallization, specifi-

cally in carbonate systems. The stabilization and isolation of these transient species represent 

a unique challenge in regard to chemical synthesis. Structural characterization and crystalli-

zation experiments were performed to investigate these intermediates in detail. Thereby, this 

work contributes to a deeper understanding of the fundamental processes occurring during 

crystallization. Additionally, two sub-projects were addressed. Crystalline calcium car-

bonate was amorphisized mechanochemically in a planetary ball mill, and the properties of 

the new material were investigated. Also, a synthesis of partially amorphous calcium sulfate 

nanoparticles was devised. These particles exhibit unusual dispersibility properties in or-

ganic media and promise interesting applications as “nano-gypsum”.  

 

The main part of this thesis deals with the role of amorphous intermediate species of  

carbonates; it is divided into three separate projects as discussed below.  

In the first project, a new two-phase reaction system was developed that enables the stabili-

zation of amorphous carbonates of various metals (calcium, strontium, barium, manganese, 

and cadmium). Droplet-shaped nanoparticles of the amorphous carbonates were coated with 

an oleate layer immediately after their formation. These nanoparticles exhibited unusual 

long-term stability for several days to weeks, despite normally being an extremely short-

lived species. The only exception was amorphous barium carbonate, which was stabilized 

only for a few hours. Heteronuclear correlation spectroscopy (HETCOR) indicated that the 

oleate ligand was solely found on the surface of the particles; no mixed carbonate/oleate 

phase was detected. Therefore, the samples were regarded as actual intermediates during the 

crystallization process, which were stabilized by an oleate capping ex post. Through  

thermogravimetric analysis (TGA), the amount of structural water in the hydrated amor-

phous carbonates was determined to be less than 1 mol H2O per formula unit. Simultane-

ously, the thermally induced crystallization was monitored by differential thermal analysis 

(DTA). In order to characterize the local structure of the amorphous carbonates, total scat-

tering experiments utilizing high-energy synchrotron radiation were performed that allowed 
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the derivation of the respective pair distribution function (PDF). On basis of the PDF,  

a structural model for amorphous calcium carbonate was developed.  

The approach above describes a stabilization of amorphous carbonates, but it does not allow 

the study of the crystallization mechanism. Therefore, a synthesis for non-stabilized  

amorphous carbonates was devised in a second project. By precipitation in an organic  

solvent and using solid cesium carbonate as a precursor, dispersions of non-stabilized  

amorphous calcium, strontium, and manganese carbonate were obtained. With these  

samples, the crystallization mechanism and the influence of water were probed. For all  

carbonates, the crystallization speed increased with increasing water concentration, which 

implies a dissolution-recrystallization mechanism for the phase transformation of the amor-

phous intermediates. This was further supported by potentiometric experiments and electron 

microscopy.  

In the carbonate system, the hydration of the amorphous intermediate species represents a 

profound difference from the anhydrous crystalline modifications. Therefore, in the third  

project, the local water environment and the strength of the hydrogen bonding network in 

the amorphous carbonates were investigated in detail by various nuclear magnetic resonance 

techniques (NMR) and Fourier transform infrared spectroscopy (FTIR). To this end, the  

synthesis of non-stabilized amorphous carbonates was modified and relatively stable  

powders of the amorphous carbonates of magnesium, calcium, strontium, and barium were 

prepared. The strength of the internal hydrogen bonding network is predominantly deter-

mined by the Pearson hardness of the respective cation. Yet, in amorphous magnesium  

carbonate, hydroxide ions were identified that additionally strengthen the hydrogen bonding 

network by acting as strong hydrogen bond acceptors. The detailed examination of the struc-

tural water in amorphous carbonates represents a key aspect of completely characterizing 

these transient intermediate species. 

In the first sub-project, the mechanochemical amorphization of crystalline calcium carbonate 

was studied. High-energy ball milling of calcite with a certain amount of sodium carbonate 

yielded a new form of amorphous calcium carbonate, which was referred to as BM-ACC 

(ball milled amorphous calcium carbonate). The formation process was monitored by using 

sodium ions as a probe for changes in their local environment via 23Na NMR. Total scattering 

experiments were performed to illuminate the structure of BM-ACC. The coordination  

number of calcium was decreased in this compound, compared to crystalline calcium  
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carbonate. Finally, the crystallization kinetics and mechanism were studied of both  

thermally induced and water-induced crystallization. In both cases, BM-ACC exhibited a 

distinctively different crystallization behavior from amorphous calcium carbonate prepared 

by wet-chemical methods.  

Inspired by the precipitation of amorphous carbonates in organic solvents, in the second sub-

project, calcium sulfate nanoparticles were synthesized. These droplet-shaped particles 

(∼30 nm) were predominantly amorphous with small crystalline areas of γ-anhydrite. The 

most prominent feature of the nanoparticles was their highly unusual dispersibility in  

acetone, which allowed the fabrication of transparent calcium sulfate films. By 1H NMR and 

FTIR, 2-propanol molecules were identified as surface-attached species, which induced the 

dispersibility in organic media. Finally, the transformation of the particles to gypsum on 

contact with water was monitored with electron microcopy. The crystallization proceeded 

via bassanite as an intermediate phase that formed by oriented attachment of the calcium 

sulfate nanoparticles.
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KURZZUSAMMENFASSUNG 

 

Die vorliegende Dissertation untersucht die Rolle amorpher Intermediate bei der Kristallisa-

tion, insbesondere von Carbonaten. Die Stabilisierung und Isolierung dieser kurzlebigen  

Spezies stellt die besondere Herausforderung in Bezug auf die chemische Synthese dar. Zur 

genauen Untersuchung der Intermediate wurden diese strukturell charakterisiert und Kris-

tallisationsexperimente wurden durchgeführt. Damit trägt diese Arbeit zu einem tieferen  

Verständnis der fundamentalen Mechanismen während des Kristallisationsprozesses bei. 

Darüber hinaus wurden zwei Nebenprojekte bearbeitet. Kristallines Calciumcarbonat wurde 

in einer Planetenkugelmühle mechanochemisch amorphisiert und die Eigenschaften dieser 

neuartigen Verbindung wurden untersucht. Zusätzlich wurde eine Synthese für teilamorphe  

Calciumsulfat-Nanopartikel entwickelt. Diese Partikel weisen eine ungewöhnliche Disper-

gierbarkeit in organischen Lösungsmitteln auf und versprechen somit interessante Anwen-

dungen als „Nano-Gips“.  

 

Der Hauptteil dieser Arbeit beschäftigt sich mit der Rolle amorpher Carbonatspezies; er ist 

in drei separate Projekte aufgeteilt.  

Im ersten Projekt wurde ein Zwei-Phasen-Reaktionssystem entwickelt, das die Stabilisie-

rung  amorpher Carbonate verschiedenster Metalle (Calcium, Strontium, Barium, Mangan 

und Cadmium) ermöglicht. Tropfenförmige Nanopartikel der amorphen Carbonate wurden 

sofort nach ihrer Bildung mit einer Oleat-Schicht umschlossen. Diese Nanopartikel wiesen 

eine ungewöhnliche Langzeitstabilität von mehreren Tagen bis Wochen auf, obwohl es sich 

dabei normalerweise um extrem kurzlebige Spezies handelt. Amorphes Bariumcarbonat  

bildete die einzige Ausnahme, es konnte nur für wenige Stunden stabilisiert werden. Hete-

ronukleare Korrelationsspektroskopie (HETCOR) zeigte, dass sich die Oleat-Liganden nur 

auf der Oberfläche der Partikel befanden; keine gemischte Carbonat/Oleat-Phase wurde  

detektiert. Daher wurden die Proben als tatsächliche Kristallisationsintermediate betrachtet, 

die nachträglich mit einer Oleat-Hülle stabilisiert wurden. Mittels thermogravimetrischer 

Analyse (TGA) wurde der Wassergehalt der hydratisierten amorphen Carbonate auf unter  

1 mol H2O pro Formeleinheit bestimmt. Gleichzeitig wurde die thermisch induzierte  

Kristallisation durch differentielle Thermoanalyse (DTA) verfolgt. Zur Aufklärung der  
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lokalen Struktur der amorphen Carbonate wurden Streuexperimente mit hochenergetischer 

Synchrotronstrahlung durchgeführt, welche die Berechnung der jeweiligen Paarverteilungs-

funktion (PDF) ermöglichten. Auf Grundlage der PDF wurde ein Strukturmodel für  

amorphes Calciumcarbonat entwickelt.  

Der oben beschriebene Ansatz ermöglicht die Stabilisierung amorpher Carbonate, erlaubt 

jedoch nicht die Untersuchung des Kristallisationsmechanismus. Daher wurde in einem 

zweiten Projekt eine Synthese für nicht-stabilisierte amorphe Carbonate ausgearbeitet. 

Durch die Fällung in einem organischen Lösungsmittel und die Verwendung von Cäsium-

carbonat als Präkursor wurden Dispersionen nicht-stabilisierten amorphen Calcium-,  

Strontium- und Mangancarbonats erhalten. Mit diesen Proben wurden der Kristallisations-

mechanismus und der Einfluss von Wasser untersucht. Alle Carbonate zeigen einen Anstieg 

der Kristallisationsgeschwindigkeit mit steigender Wasserkonzentration, was auf einen  

Auflösungs-Rekristallisationsmechanismus für die Phasenumwandlung der amorphen  

Carbonate hindeutet. Dies wurde zudem durch potentiometrische Messungen und Elektro-

nenmikroskopie bestätigt. 

Die Hydratisierung der amorphen Intermediate stellt einen grundlegenden Unterschied zu 

den wasserfreien kristallinen Modifikationen im Carbonat-System dar. Daher wurde in  

einem dritten Projekt die lokale Wasserumgebung und die Stärke des Wasserstoffbrücken-

netzwerks mit verschiedenen Kernspinresonanz-Techniken (NMR) und Fourier-Transfor-

mations-Infrarotspektroskopie (FTIR) untersucht. Zu diesem Zweck wurde die Synthese für 

nicht-stabilisierte amorphe Carbonate modifiziert und relativ stabile Pulver amorphen  

Magnesium-, Calcium-, Strontium- und Bariumcarbonats erhalten. Die Stärke des internen 

Wasserstoffbrückennetzwerks wird hauptsächlich von der Pearson-Härte des jeweiligen  

Kations bestimmt. In amorphem Magnesiumcarbonat wurden Hydroxidionen identifiziert, 

die das Wasserstoffbrückennetzwerk durch ihre ausgeprägte Akzeptorwirkung zusätzlich 

stärken. Die genaue Untersuchung des strukturellen Wassers in amorphen Carbonate reprä-

sentiert einen Schlüsselaspekt in Bezug auf die vollständige Charakterisierung dieser kurz-

lebigen Intermediate. 

In dem ersten Nebenprojekt wurde die mechanochemische Amorphisierung kristallinen  

Calciumcarbonats untersucht. Mechanische Behandlung von Calcit in einer Planetenkugel-

mühle führte bei der Zugabe einer geringen Menge Natriumcarbonat zu einer neuen Form  
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amorphen Calciumcarbonats, welches als BM-ACC (ball milled amorphous calcium carbo-

nate) bezeichnet wurde. Der Bildungsprozess wurde untersucht, indem Natriumionen mittels 

23Na NMR als Sonde für Veränderungen in der lokalen Struktur verwendet wurden. Zur 

Strukturaufklärung von BM-ACC wurden Streuexperimente durchgeführt. Es zeigte sich, 

dass die Koordinationszahl des Calciums in dieser Verbindung, verglichen mit kristallinem 

Calciumcarbonat, erniedrigt ist. Abschließend wurden die Kinetik und der Mechanismus  

sowohl der thermisch induzierten als auch der wasserinduzierten Kristallisation untersucht. 

BM-ACC zeigte in beiden Fällen ein Kristallisationsverhalten, welches deutlich von nass-

chemisch hergestelltem amorphem Calciumcarbonat abwich.  

Inspiriert durch die Fällung amorpher Carbonate in organischen Lösungsmitteln, wurde in  

einem weiteren Nebenprojekt eine Synthese für Calciumsulfat-Nanopartikel entwickelt. Die 

tropfenförmigen Partikel (∼30 nm) waren überwiegend amorph mit kleinen kristallinen  

Bereichen aus γ-Anhydrit. Die herausragende Eigenschaft dieser Partikel war ihre unge-

wöhnlich gute Dispergierbarkeit in Aceton, was die Herstellung transparenter Calcium- 

sulfat-Filme ermöglichte. Mittels 1H NMR und FTIR wurde 2-Propanol auf der Oberfläche 

der Partikel identifiziert, welches die Dispergierbarkeit in organischen Lösungsmitteln  

induzierte. Schließlich konnte die Umwandlung der Partikel zu Gips durch Wasserkontakt 

elektronenmikroskopisch verfolgt werden. Die Kristallisation verlief dabei über Bassanit als  

Intermediat, welcher sich durch orientierte Anlagerung aus Calciumsulfat-Nanopartikeln  

bildete. 
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1 
THEORETICAL BACKGROUND 

1.1 LAMER MODEL 

Crystallization describes the formation of a new solid phase with highly ordered structure 

from a supersaturated solution, a melt, or a gaseous phase. Classically, this process is divided 

into two sub-processes: (i) The nucleation of the second phase in the former one-phase  

system by the generation of a new phase boundary and (ii) the subsequent growth of the 

second phase to the final crystal.  

A general approach, including both nucleation and crystal growth, was developed by V.K. 

LaMer in 1950 (Figure 1.1).1 This model describes the concentration of the building blocks 

of the crystal (atoms, ions, monomers) with time at a constant addition/generation rate. In 

the original work, this model is based on the disproportionation of Na2S2O3 in the presence 

of HCl to S8 and HSO3
-, which results in a constant increase of the sulfur concentration in 

water, until nucleation and growth of bulk sulfur occur. 

 

 

Figure 1.1 LaMer Model. Building block concentration at a constant addition rate over the course of the crystal-

lization. (I) Linear increase of the concentration. (II) The incipient nucleation on reaching ccrit. consumes the 

building blocks. (III) Diffusion-controlled crystal growth. Based on [1].  
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This model is applicable to a wide variety of systems. In stage I, the monomer concentration 

increases linearly with constant rate. Even after the saturation concentration cS is reached, 

no measurable nucleation occurs and the system becomes supersaturated. In stage II, the 

critical concentration ccrit. for homogeneous nucleation is reached and nucleation occurs.  

Afterwards, the concentration increases with a lower rate due to the consumption of the  

building blocks for the generation of nuclei. With stable nuclei present, also crystal growth 

starts, which consumes further building blocks. At the maximum of the curve, the nucleation 

and growth rate compensate for the generation of new building blocks. The increasing  

number of nuclei leads to a faster consumption of the building blocks and the concentration 

drops under the critical concentration again; the generation of new nuclei stops. The final 

stage III is dominated by diffusion-controlled growth of the nuclei to larger crystals. As 

every newly generated building block is consumed by the growing crystals, the concentra-

tion approaches the saturation concentration cS.

 

1.2 NUCLEATION 

Nucleation describes the formation of a new phase boundary in a parent phase. This process 

is classified as a first order transition according to Ehrenfest,2 as it exhibits a discontinuity 

in the first derivate of the free energy at the transition. In a one-component system, the  

nucleation event generates a phase boundary, resulting in a heterogeneous system with two 

separate phases. Thermodynamically, nucleation can only occur, if the free enthalpy of the 

resulting two-phase system ΔG2 is lower than the one of the one-phase system ΔG1. 

∆G2 < ∆G1 (1.1) 

Different theories and models were established to describe the nucleation process, which 

will be discussed in the following sections. 

 

Spinodal Decomposition 

Spinodal decomposition is a nucleation pathway that is accessible especially at high super-

saturation. Emerging from a homogeneous solution, a barrier-free demixing process into two 

phases takes place.3 Thereby, one phase, rich in the formerly dissolved component, and a 

depleted second phase form.4 The transition exhibits no distinct nucleation event, but  



1. Theoretical Background 

3 

is a global process in the whole reaction volume.5 Such a pathway was proposed for the 

nucleation of calcium carbonate by Faatz et al.6 In 2013, Wallace et al. predicted a possible 

liquid-liquid phase separation in the CaCO3–H2O system by molecular dynamics  

simulations.7  

 

 

Figure 1.2 Spinodal decomposition. Bottom image: Phase diagram of two partly miscible components, A and 

B. Outside the binodal, A and B form a stable homogeneous solution. Within the binodal, the system is meta-

stable with respect to small fluctuations. Within the spinodal, the system is unstable and spontaneous demixing 

occurs. Top image: Free enthalpy ΔG of the system at given temperature T. Minima determine the position of 

the binodal, turning points determine the position of the spinodal. Based on [4]. 

 

Figure 1.2 displays the phase diagram of a system with two components, A and B. They 

exhibit a miscibility gap, confined by the binodal (dotted line). As mixing is favorable from 

an entropic point of view, the miscibility gap gets smaller with rising temperature due to 

ΔGmix = ΔHmix - T ∙ ΔSmix. Outside the miscibility gap, a homogeneous stable mixture exists. 

The binodal is calculated by the minima of the free enthalpy ΔG at every temperature T 

(Figure 1.2, top image). 
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(
δΔG

δχ
) = 0 (1.2) 

Within in the binodal regime, demixing is thermodynamically favored. The system is meta-

stable with regard to small fluctuations though. By random collision of many molecules, a 

local phase separation can take place in the solution, comparable to a classical nucleation 

event (vide infra). The diffusion in the solution is defined by Fick´s law: 

J = −D (
δc

δx
)

p,T
 (1.3) 

The particle flux J per area and time is associated with the concentration gradient over the 

diffusion constant D of the respective species. The flux is directed downhill the gradient of 

𝑐 (minus), which results in a homogeneous distribution of the molecules in solution. Ther-

modynamically, the flux within the solution is driven by a gradient in the chemical potential 

μ. A modified Fick´s law is formulated, which depends via the constant Κ on μ and the molar 

fraction χ. 

J = −Κ (
δμ

δχ
)

p,T

 (1.4) 

 Comparing eq. 1.3 with eq. 1.4 gives a relation between the gradients in concentration and 

the chemical potential: 

(
δμ

δχ
)

p,T

∝   (
δc

δx
)

p,T

 (1.5) 

Within the binodal and the miscible regime, the free enthalpy curve ΔG is concave (Figure 

1.2, top image) and (δμ

𝛿𝜒
)

𝑝,𝑇
 is positive.  

      (
δ2ΔG

δχ2
)

p,T

= (
δμ

δχ
)

p,T

> 0 (1.6) 
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Due to eq. 1.5, the diffusion is directed downhill the concentration gradient and a homo-

geneous solution is favored, even in the binodal regime. However, in the spinodal regime, 

the free enthalpy curve ΔG is convex and (δμ

𝛿𝜒
)

𝑝,𝑇
 becomes negative (Figure 1.2, top image). 

(
δ2ΔG

δχ2
)

p,T

= (
δμ

δχ
)

p,T

< 0 (1.7) 

According to eq. 1.5, this leads to an inversion of the diffusion direction and molecules flow 

to regions of already high concentration. So, in the spinodal regime, microscopic fluctuations 

of the concentration cause a flux along the concentration gradient and result finally in the 

phase separation of the solution.  

 

Classical Nucleation Theory 

The classical nucleation theory (CNT) describes the homogeneous nucleation of a spherical 

particle based on thermodynamic considerations. The energetics of the nucleation are  

primarily dominated by two terms, the surface free enthalpy ΔGS and the volume free  

enthalpy ΔGV. The surface term ΔGS increases the free enthalpy of the system, as a new 

surface has to be generated between the nucleus and the liquid. The surface free enthalpy is 

proportional to r² of the spherical nucleus. The overall attractive interaction of the building 

blocks within the nucleus releases energy, which is proportional to the volume (∝ r3).  

 

 

Figure 1.3 Homogeneous nucleation according to the classical nucleation theory. Free enthalpy of the nucleus 

is defined by the surface enthalpy ΔGS (∝ r2) and the volume enthalpy ΔGV (∝ r3). At the critical radius rcrit., the 

nucleus becomes stable, as every further addition of a building block – increasing r – leads to a decrease of ΔG.  
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∆G =  ∆GS +  ∆GV (1.8) 

∆G =  4πr2 ∙ γ +
4πr3

3 ∙ v
∙ ∆Gv (1.9) 

The surface tension between the nucleus and the liquid is given by γ. The free enthalpy for 

the incorporation of one building block with the volume v in the nucleus is represented by 

ΔGν; it is negative by definition. Therefore, the stability of the nucleus is defined by its ratio 

of surface to volume, ergo its size. The surface tension represents an energy barrier that 

hinders small nuclei to form. It can only be overcome by the collision of enough building 

blocks to form a nucleus, whose volume free enthalpy exceeds the surface term. The critical 

radius rcrit. of such a nucleus can be determined by deviation of eq. 1.9.  

∂∆G

∂r
= 8πr ∙ γ +

4πr2

v
∙ ∆Gv = 0 (1.10) 

rcrit. =  
−2γ ∙ v

∆Gv
 (1.11) 

Substituting rcrit. in eq. 1.9 gives an expression for the nucleation barrier ΔGcrit.: 

∆Gcrit. =
16μ ∙ γ³ ∙ v²

3 ∙ ∆Gv²
=  

4

3
π ∙ γ ∙ rcrit.

2  (1.12) 

A characteristic parameter to describe crystallization processes is the supersaturation S. It is 

defined as the ratio between the activity α of building blocks in the liquid and the activity in 

equilibrium αe. Often, the natural logarithm σ of the supersaturation is deployed. 

S =
a

ae
 (1.13) 

σ = ln (S) (1.14) 
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The supersaturation S can be linked to the chemical potential μ. Therefore, the chemical 

potentials of the solution in equilibrium with the solid after nucleation and at a different 

activity prior to nucleation are calculated. The chemical potential and the activity of an  

arbitrary reference state are marked with an asterisk; T is the temperature and kB is the  

Boltzmann constant. 

μ = μ∗ + kBT ∙ ln (
a

a∗
) (1.15) 

μe = μ∗ + kBT ∙ ln (
ae

a∗) (1.16) 

∆μ = μe − μ = kBT ∙ ln (
ae

a
) = −kBT ∙ ln(S) = −kBT ∙ σ (1.17) 

If the supersaturation S is higher than 1, ln(S) becomes positive and the difference in the 

chemical potentials between building blocks in the solid and the solution is negative. So, the 

supersaturation is the thermodynamic driving force for the transition of the building blocks 

from the solution into the crystal. At a supersaturation of S = 1, the system is in equilibrium 

and Δμ = 0. As Δμ for this process is equal to the free enthalpy change for the inclusion of a 

building block in the solid, which was defined prior as ΔGν, the combination of eq. 1.11 and 

eq. 1.17 gives an expression for the critical radius, which depends on the logarithmic super-

saturation σ. 

rcrit. =  
2γ ∙ v

kBT ∙ σ
 (1.18) 

Substituting eq. 1.18 in eq. 1.12 yields the following expression for the nucleation barrier: 

∆Gcrit. =
16π ∙ γ³ ∙ v²

3 ∙ (kBT ∙ σ)²
 (1.19) 

The nucleation barrier depends on the cube of the surface tension γ and reciprocally on the 

square of the temperature and the square of the logarithmic supersaturation. Hence, higher 

temperatures and supersaturations are an effective way to induce nucleation. The kinetics of 

the nucleation can be approximated with an Arrhenius approach.8  
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J = A ∙ exp (
−∆Gcrit.

kBT
) (1.20) 

The experimental nucleation rates often deviate by magnitudes from the predicted values.9,10 

The CNT gives a relatively simple image for the nucleation, only considering surface and 

volume energy of the nucleus and assuming continuous thermodynamics in nano-sized  

systems. A lot of assumptions and simplifications cause the inability of the CNT to predict 

nucleation quantitatively in most cases. The values of the surface tension are assumed to be 

constant, whereas on a microscopic scale, the curvature of the surface depends strongly on 

the size of the particle. Even if a spherical nucleus is a reasonable approach due to the favor-

able volume surface ratio, different shaped nuclei have been observed.11 Finally, the influ-

ence of the solvent is completely neglected. However, the gain in entropy by the release of 

solvent molecules on the incorporation of the building blocks in the solid is an important 

driving force for crystallization.12,13  

 

Heterogeneous Nucleation 

Heterogeneous nucleation takes place on surfaces and interfaces, e.g. templates, vessel walls, 

solution air interface, or impurities.  

 

 

Figure 1.4 Heterogeneous nucleation. The total surface enthalpy of the system is decreased due to a favorable 

interaction between the nucleus and a surface. The respective surface enthalpies between surface (s), nucleus 

(n), and liquid (l) are referred to as α.  

 

For heterogeneous nucleation, the same approach is possible as for the CNT.14 But, all the 

different surface interactions α in the system are taken into account (Figure 1.4). For a  

hemisphere on a flat surface, the change in the free enthalpy can be written as: 
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∆GH =
1

2
( 

4πr3

3 ∙ v
∙ ∆Gv) +

1

2
(4πr2 ∙ αnl) + πr2 ∙ αsn − πr2 ∙ αsl (1.21) 

The volume term is bisected, compared to homogeneous case of the CNT, as only a hemi-

sphere is considered. For the same reason, the surface term between nucleus and liquid (αnl) 

is multiplied by the factor ½. Additionally, the new interface between surface and nucleus 

(αsn) has to be taken into account, as well as the loss of the liquid surface interaction (αsl) in 

that specific area.  As αnl is identical with the surface tension γ in the case of homogeneous 

nucleation, equation 1.21 is transformed to: 

∆GH =
2πr3

3 ∙ v
∙ ∆Gv + πr² ∙ (2γ + αsn − αsl) (1.22) 

Analogously to the homogeneous case, the critical radius can be calculated for the hetero-

geneous nucleation.  

rcrit.,H =  
−2γ ∙ v

∆Gv
∙ (1 −

αsl − αsn

2γ
) (1.23) 

So, the critical radius – and consequently the nucleation barrier – is reduced in the hetero-

geneous case, if the interaction of the surface with the nucleus is energetically favored over 

the one with the liquid (αsl > αsn). Hence, to promote heterogeneous nucleation, a favorable 

interaction of the surface with the nucleus is necessary. This can be achieved by attraction 

through opposing surface charges,15 a lattice match, e.g. for heterodimer nanoparticle  

synthesis,16 or complexation of ions via functional groups, e.g. in biominerals.17 Conse-

quently, the heterogeneous nucleation can also be suppressed by increasing the interfacial 

energy, e.g. silylation of glassware on nucleation from aqueous media. In an experimental 

setup, usually both homogeneous and heterogeneous nucleation take place. The separation 

of both processes is hardly possible. However, a specific nucleation pathway can be pro-

moted by the choice the experimental conditions. As the nucleation barrier is usually lower 

for heterogeneous nucleation, this pathway is preferred at low supersaturations, where the  

homogeneous nucleation rate is slow. At high supersaturation, the nucleation barrier for  

homogeneous nucleation can be overcome easily. Due to the finite number of heterogeneous 

nucleation sites, homogeneous nucleation becomes the preferred pathway then. 
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Ostwald-Volmer Rule of Stages 

Solid compounds of the same composition can appear in different crystal structures; this 

phenomenon is known as polymorphism. Only one modification represents the thermody-

namic stable phase of the system at a given state, while the other modifications are metasta-

ble and transform on varying timescales to the thermodynamic end product. Usually, the 

thermodynamic stable modification exhibits the highest density, as it realizes the most  

attractive interactions and the closest packing. The metastable modifications are less dense; 

they can also be amorphous. The solubility of the respective modifications decreases with 

increasing stability. Hence, the thermodynamic stable phase is the least soluble one (compare 

eq. 1.15). In Figure 1.5, the polymorphism of the calcium carbonate system is displayed. 

 

 

Figure 1.5 Polymorphism of calcium carbonate. The modifications are sorted with regard to the decreasing free 

enthalpy. Amorphous calcium carbonate (ACC) is the least stable modification. Ikaite and monohydrocalcite are 

metastable crystalline hydrates. Vaterite is an anhydrous metastable modification. Aragonite represents the 

high-pressure phase of calcium carbonate. Calcite is the thermodynamically stable phase at ambient conditions. 

 

The Ostwald-Volmer rule claims that the least dense and most soluble phase nucleates first 

at sufficient supersaturation and cascades successively through the metastable phases to the 

thermodynamic product.18 In the calcium carbonate system, usually ACC forms immediately 

and transforms to vaterite and finally to aragonite and calcite.19 Ikaite and monohydrocalcite 

are not observed. This example illustrates that the Ostwald-Volmer rule is a good concept to 

understand complex crystallization processes, but no strict law. The faster formation of the 

metastable intermediates can be explained by the CNT. According to eq. 1.20, the nucleation 
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rate depends on the ratio of surface tension to supersaturation (γ³/σ²). The nucleation rate 

increases with a decreasing value for this ratio. As the thermodynamic stable modification 

generally exhibits the highest density, the amount of unsaturated bonds on the surface should 

be increased accordingly. This results in a higher surface enthalpy and consequently a higher 

nucleation barrier. Since the supersaturation σ is lower for all metastable phases, their lower 

surface tension has to overcompensate this effect to reach a higher nucleation rate.     

 

Two-step Nucleation 

In a two-step nucleation pathway, the nucleation event is divided into two separate  

processes: (i) the concentration of the building blocks in dense liquid droplets and (ii) the  

subsequent formation of a crystalline phase in this dense liquid (Figure 1.6, top image).20 

CNT suffers from the assumption that solute building blocks exchange directly with an  

ordered nucleus. This implies that two parameters change abruptly on the face boundary of 

the nucleus: the concentration of the building blocks, which is significantly higher in the 

nucleus, and the order parameter, as the nucleus has an ordered crystal structure, whereas 

the solvated building blocks are randomly distributed.  

 

 

Figure 1.6 Two-step nucleation via a dense liquid. Top image: Dense liquid droplets form from solution. Within 

the droplets, the crystal nucleates. Bottom image: Phase transition from solution to a crystal is a propagation 

along the concentration and an ordering parameter. In the case of two-step nucleation, first, the concentration 

of the building blocks is increased in a dense droplet and, subsequently, it orders to a crystal (red line). In the 

CNT, concentration and ordering parameter change simultaneously (black line). Based on [21]. 
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So, the nucleation is to be seen as progression along the concentration and the order para-

meter. It is argued that the simultaneous change of both parameters is unlikely and that a 

local densification of the solvated building blocks and a subsequent ordering is a more  

favorable pathway (Figure 1.6, bottom image). The ordering process is assumed to proceed 

by small fluctuations in the dense liquid, where pairs of the building blocks are formed with 

the identical orientation as in the crystal. These pre-oriented pairs agglomerate to form the 

nucleus. 

 

 

Figure 1.7 Free enthalpy of two-step nucleation via a dense liquid. Two nucleation barriers occur respectively 

for formation of the dense liquid droplet and for its crystallization. The dense liquid can be metastable (a) or 

stable (b) with regard to the solution. Based on [21]. 

 

As a result, two energy barriers have to be overcome stepwise, which each should be lower 

than the single one in the CNT though. The intermediate dense liquid phase can be stable or 

metastable with regard to the building blocks in solution. For proteins, e.g. lysozymes, the 

formation of macroscopic droplets with subsequent crystallization is a common mecha-

nism.22,23 But, also small organic molecules form liquid-like clusters as intermediary phase.24 

For biominerals, like calcium carbonate, many examples are known, where proteins25 or 

polymers26,27 can stabilize dense liquid phases. These so-called PILPs (Polymer Induced 

Liquid Precursors) present highly interesting systems to study the complex morphology de-

sign in biominerals.   
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Amorphous Intermediates 

The formation of amorphous intermediates prior to the final crystal is observed in various 

systems, like calcium phosphate,28 iron oxide,29 or clathrates.30 Especially amorphous  

calcium carbonate (ACC) is of high interest, as it seems to play a key role in the formation 

of biominerals.31. Even though the nucleus is usually considered crystalline, the occurence 

of an amorphous phase is not excluded by the CNT. The Ostwald-Volmer rule allows the 

precipitation of metastable amorphous phases at a sufficient supersaturation. For the nucle-

ation rate of an amorphous phase to be dominant, the surface tension of this phase has to be 

small according to the CNT. In the case of ACC, this is a reasonable assumption, as the 

amorphous phase is less dense and hydrated, which should cause a favorable interaction with 

the surrounding solvent phase and therefore a lower nucleation barrier. The energetics of 

this pathway are comparable to the two-step nucleation with a dense liquid as intermediate. 

The morphology and the internal structure of the amorphous phase resembles a liquid. It is  

resonable to assume a lower mobility in the amorphous structure than in the liquid, which 

hinders a direct rearrangement of the ions to a crystalline structure at ambient conditions. 

 

 

Figure 1.8 Crystallization via an amorphous intermediate. From the supersaturated solution, a metastable  

amorphous phase nucleates, which subsequently transforms to the thermodynamic stable crystal. This pathway 

exhibits two smaller barriers, in contrast to one high barrier in the CNT (gray line).  

 

A more plausible mechanism is the dissolution of the amorphous phase followed by the  

recrystallization to crystalline modifications. This is also in accordance with the CNT and 

Ostwald-Volmer rule: As the supersaturation is drastically decreased by the precipitation of 
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the amorphous phase, the system is closer to an equilibrium state and the thermodynamic 

product forms now due to the lower concentration of building blocks in solution. As solvated 

building blocks are consumed for the formation of the crystalline phase, the amorphous 

phase dissolves with time. 

By the formation of an amorphous intermediate, the high nucleation barrier for the direct 

formation of a crystalline phase is split up into two smaller barriers for the formation of the 

amorphous phase and its subsequent crystallization. In general, a high supersaturation is an 

effective way to promote the formation of an amorphous intermediate, as it is kinetically 

favored over the thermodynamic crystalline product. 

 

1.3 CRYSTAL GROWTH 

After the nucleus has formed, the crystal starts growing until the concentration of the  

building blocks in solution drops under the critical concentration, which is given by the  

solubility product of the crystalline phase.  

 

Classical Crystal Growth 

In the classical image, the crystal grows layer-wise by the attachment of single building 

blocks from solution. Analogously to the nucleation event, supersaturation is essential for 

this process. At low supersaturation, the growth is mainly thermodynamically controlled, 

whereas kinetics play the dominant role at high supersaturation. 

When the growth is thermodynamically controlled, the system strives for a minimization of 

the surface energy. The morphology with the lowest surface energy is exhibited by the  

crystal. If the surface energy for every possible surface is known, the thermodynamic equi-

librium shape can be derived by the Wulff construction (Figure 1.9), which gives the crystal 

shape with the minimum surface energy.32 Usually, crystal planes with zero net charge are 

expressed. 

Often, the actual morphology of a crystal strongly deviates from the equilibrium morphol-

ogy, predicted by the Wulff construction. Due to a high supersaturation, the crystal growth 

is controlled mainly by kinetics. Thus, the growth rates of the respective crystal facets  

determine the morphology rather than their surface energy. The slowest growing crystal  

facets will mainly terminate the crystal. This growth mechanism provides a way to influence 
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the final morphology of a crystal. As additives bind to the specific facets with deviating 

binding constants, these facets can be blocked and the growth rate decreases in this direction. 

Consequently, the final crystal will mainly exhibit the facets blocked by the additive. For 

this reason, small impurities or the change of the solvent can have severe influence on the 

crystal morphology.  

 

 

Figure 1.9 Crystal shape. a) The Wulff construction gives the thermodynamic equilibrium shape of a crystal by 

minimization of the surface enthalpy. The red line is the orientation-dependent surface enthalpy. In every direc-

tion, the intersection of a line emerging from the center of the crystal with the surface energy is determined (red 

arrow). The perpendicular blue line at the intersection is the respective lattice plane. The inner lattice planes are 

lowest in energy and define the final crystal morphology. b) A crystal that grows kinetically controlled will be 

terminated mainly by the slowest growing facets (001) and (010), while the fast growing facet (100) outgrows.     

 

The classical crystal growth proceeds by the attachment of single building blocks to the 

crystal. As the surface of the growing crystal is not completely flat and uniform, preferred 

positions for the attachment of the next building block exist (Figure 1.10). The adhesion  

of a single building block on a flat surface is a kinetically favored process, as this area  

is large and easily accessible. However, the flat surface position is energetically unfavored, 

as a bond can only be formed in on direction. Therefore, the building block will diffuse on 

the surface until it reaches a step or kink, where more bonds can be formed to neighboring 

building blocks. Then, it is integrated into the crystal lattice. This leads to the formation of 

terraces; their growth front proceeds over the crystal surface to form a new layer. At higher 

supersaturation, islands can form on the crystal surface, which is also referred to as 2D  

nucleation. The critical size for such an island can be calculated analogously to the CNT for 

heterogeneous nucleation.33 

On a microscopic scale, the growth of a crystal can be divided into several steps. First, the 

building block has to diffuse to a surface on the crystal, where it attaches to. To minimize 

the surface energy and to form more bonds, it diffuses on the surface to a kink or step. In 

order to form a bond to the crystal, the building block has to lose its solvation layer. Finally, 
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it is incorporated into the crystal. Since the desolvation is the only process which requires 

the splitting of bonds, it is presumably the rate-determining step. Therefore, changes in the 

pH, ionic strength, or even a complete exchange of the solvent can have drastic effects on 

the growth kinetics. 

 

                   

Figure 1.10 Crystal growth by the attachment of single building blocks. After adsorption on the surface, the 

building block diffuses to a step edge or a kink, where it is incorporated into the crystal. These positions are 

energetically favored, as the relative increase in surface energy is minimized and a greater number of bonds to 

neighboring building blocks is exhibited. This leads to the formation of terraces and a layer-wise growth of the 

crystal. At high supersaturations, also island growth on flat surfaces is observed.  

 

Even if the concentration of the building blocks drops under the supersaturation and the 

actual crystal growth has stopped, another process can still change the size of the crystals. 

Larger crystals grow further on the expense of smaller crystals, which dissolve over time. 

This phenomenon is referred to as Ostwald ripening.18 Due to the higher surface enthalpy 

and the energetically unfavorable ratio of surface atoms to bulk atoms, small crystals dis-

solve and the building blocks are attached to larger, more stable particles. Ostwald ripening 

usually occurs, if the crystals have a sufficiently high solubility. 

 

Non-classical Crystal Growth 

While classical crystal growth proceeds by the attachment of single ions/atoms/molecules to 

the growing crystal, in the case of non-classical growth, primary nanoparticles are formed 

from these building blocks, which subsequently arrange themselves.34,35 This mechanism is 

preferred at high supersaturation, where many nanoparticular seeds form, and in the presence 

of additives, which stabilize these primary nanoparticles. The crystal grows by the oriented 

attachment of the nanoparticles to minimize the surface energy. This presents an alternative 
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process to the Oswald ripening in order to decrease the total energy of the system. The  

attachment of the nanoparticles is favored, if their solubility is comparably low. If the nano-

particles are crystalline and align along a certain crystallographic axis, the formed super-

structure is referred to as mesocrystal. Due to the alignment of the subunits, the mesocrystal 

shows a diffraction pattern comparable to a single crystal and can only be identified by elec-

tron microscopy. Still, the numerous interfaces of the nanoparticles in a mesocrystal cause a 

high surface energy, which makes the mesocrystals metastable with regard to fusion.  

Non-classical growth allows potentially a wide series of non-equilibrium morphologies that 

cannot be explained by classical layer-by-layer growth. Therefore, this process is believed 

to be crucial in the formation of biominerals, where mesocrystalline structure with organic 

or amorphous matrices are found.36,37 

 

 
Figure 1.11 Non-classical crystal growth. Nuclei form primary nanoparticles that agglomerate along a special 

crystallographic axis to form an iso-oriented crystal (mesocrystal). By fusion of the respective building blocks, a 

single crystal forms. Based on [35].
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1.4 MECHANOCHEMISTRY 

Since the amorphous state of a system has a higher free enthalpy than the crystalline one, 

the amorphization of a crystalline material can only proceed by the external supply of energy. 

The amorphization requires the breaking of bonds and the dislocation of atoms in the crystal 

lattice until the long-range order breaks down. This degradation of the crystalline material 

can be achieved in a planetary ball mill (Figure 1.12a). Initially, the material is placed in a 

jar – eventually, a dispersion medium is needed – and grinding balls are added. Usually, 

these balls consist of a material with great hardness, like zirconium oxide or tungsten car-

bide. The jar rotates on a plate and additionally around its own axis at high speed and the 

material is ground by the collision with the grinding balls and the wall. In industrial pro-

cesses, ball mills are used in larger scales to grind materials to fine powders. With laboratory 

ball mills, which operate with high rotational speed of several 100 rpm, the production of 

nanoparticles,38 alloying of metals39 and amorphization is feasible.40,41   

 

 

Figure 1.12 High-energy ball milling. a) Planetary ball mill deployed in this work (Pulverisette 7, Fritsch).42  

b) Magma plasma model: By the impact of the grinding balls on the material, high-energy plasma-like states are 

generated in a locally confined area. The sudden increase in pressure and temperature enables mechano-

chemical reactions.43 

 

The mechanical energy is transferred to the material by the impact of the grinding balls  

(Figure 1.12b) and by the collision with the jar walls and other grains. A qualitative model 

for this process was developed by Thiessen et al. in 1967, the so-called magma plasma 

model.43 The impact on the particle creates a highly excited plasma-like state with a lifetime 

of less than 10-7 s. In a small locally confined area, pressure and temperature increase my 

magnitudes. Simulations predict temperatures of 10000 K and pressure of several GPa.44 

This highly excited state relaxes via different channels, which include the emission of  
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photons, the dispersion of heat, and the plastic deformation of the material. Some of these 

plastic deformations are metastable over a longer time. So, the impact energy is stored in the 

material in form of defects; this phenomenon is referred to as mechanical activation. The 

mechanochemical treatment of a material brings a material in a high-energy non-equilibrium 

state by the induction of defects and strain.45    

 

 

Figure 1.13 Defects in crystalline materials: a) vacancy, b) interstitial atom, c) Frenkel defect, d) small substitu-

tional atom, e) large substitutional atom, and f) edge dislocation. 

 

Figure 1.13 displays different kinds of defects that can be found in a crystalline system: An 

unoccupied lattice position is referred to as vacancy (a). Surplus atoms can be found in voids 

as interstitial atoms (b). Often, the combination of the two former defects occurs, where an 

atom leaves its position in the lattice for an interstitial spot. This so-called Frenkel defect 

usually is found in Pearson soft systems with small cations (c). In addition, atoms can be 

replaced by foreign atoms, which induces strain due to the deviating radii (d,e). As these 

defects only occur on one distinct position in the lattice, they are referred to as point defects. 

Moreover, defects also exist in higher dimensions, like screw dislocations, stacking faults, 

and edge dislocation (f). Already in thermodynamic equilibrium, defects exist in every  

crystalline material above 0 K due to the gain in entropy. The mechanochemical treatment 

of a material increases the number of defects significantly and prepares the system in a meta-

stable non-equilibrium state. After sufficient milling time, when the particle size cannot  

decrease anymore and further energy is supplied still, the accumulation of defects and the 

deformation of the crystal lead to the collapse of long-range order; the materials gets  
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amorphous. This behavior is found in broad variety of substances ranging from pure  

elements, like silicon46 and germanium,47 over inorganic48 and organic materials49 to  

organometallic compounds.50,51  

Mechanochemical reactions often follow specific kinetics that is divided into three regimes 

(Figure 1.14a):52 Initially, the material is broken down to smaller particles. The so-called 

Rittinger law is valid:53 The generated surface area increases linearly with the imparted  

energy, which is mainly transformed to surface energy of the material. In the second regime, 

new surface area is produced at a lower rate, as structural changes inside the material start 

to appear, e.g. the defect concentration rises. In the final regime, the surface area decreases, 

as the particles agglomerate to minimize their surface energy. This phenomenon is consid-

ered the equilibrium state of milling.41 In this state, the amorphization of the material occurs.  

 

 

Figure 1.14 Mechanochemical reactions: a) Kinetics of mechanochemical treatment is defined by three regimes. 

Whereas, in regime I, the particles are crushed and the surface increases linearly, the material starts to deform 

plastically in II. Finally, the surface decreases due to the agglomeration of the particles, which minimizes the 

surface energy of the system. Based on [52]. b) The local high-energy states during the collision of particles 

allow for material transfer on their surface. Based on [54]. 

 

When two different compounds are processed together in a ball mill, material is transferred 

between the particles (Figure 1.14b).54,55  On collision of the particles, the kinetic energy is 

deposited on the rough surfaces, causing a sudden increase in temperature and excitation of 

several hundred/thousand atoms.56 Under these conditions, alloying processes are possible 

and material is transferred. Moreover, the defects on the surface decrease the melting  

temperature, which further supports atom mobility and material transport. The mechano-

chemical alloying of metals is based on this mechanism.57 For the system germanium- 

niobium, Koch et al. showed by electron microscopy that the homogeneity increased with 

milling time.58 The efficiency of this process depends significantly on the hardness of the 

materials,57 their asperities,59 and the work of adhesion.60 
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1.5 CALCIUM CARBONATE 

Calcium carbonate represents one of the most common materials on earth, it is found in huge 

deposits, in form of chalk, marble, and limestone.61 Moreover, a large number of different 

organisms use calcium carbonate as biomineral to form hard, structure-giving frameworks, 

i.e. eggshells, corals, clams, and the exoskeletons of various animals.62–65 In all these  

examples, calcium carbonate crystallites exhibit unique shapes and morphologies, which  

deviate from the equilibrium structures due to the influence of proteins and the organic  

matrices. The widespread use of calcium carbonate originates from the large abundance of 

both components, calcium salts and carbon dioxide, as well as from its large structural  

diversity. The wide solubility range of the different modifications, the reversible hydration 

of the calcium ion, and the pH dependence of the system open a multitude of ways to influ-

ence the crystallization process. Calcium carbonate exhibits a rich polymorphism with one 

– or several66 –  amorphous species and five crystalline modifications (Figure 1.5). 

 

ACC 

Despite being the least stable modification, amorphous calcium carbonate attracted a lot of 

attention over the past decades, as its importance in biological crystallization processes  

became evident. Many examples were found in which ACC was deployed as structure- 

giving biomineral itself67 or served as calcium reservoir to precipitate other crystalline  

modifications.68,69 Living organism have developed different strategies to stabilize this  

metastable species. The incorporation of foreign ions, especially Mg2+, enhances the stability 

of ACC significantly.70,71 The higher hydration energy of magnesium, in contrast to calcium, 

is assumed to pose a high barrier for the transformation of the magnesium bearing  

amorphous phase to an anhydrous crystalline modification. Also, the interaction with  

proteins or other biological macromolecules,72 as well as the local confinement of ACC in 

vesicles73–75 exhibit a stabilizing effect.  

In accordance with the Ostwald-Volmer rule, ACC forms directly at higher supersaturation 

during the precipitation of calcium carbonate. The low interfacial energy between ACC and 

the solution kinetically favors its formation. ACC exhibits the highest solubility of all  

calcium carbonate modifications (Ikaite solubility cannot be determined at ambient temper-

ature), it was determined by Brečević and Nielsen as 4.0 × 10−7 mol²/L².76   
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ACC readily transforms to the crystalline modifications, usually to calcite via vaterite as 

intermediate. In aqueous solution, the transformation of ACC occurs within seconds to 

minutes.19 By rapid quenching of the reaction solution and drying of ACC, it can be stabi-

lized for several months.77 This presents strong evidence that the transformation of ACC 

proceeds via a dissolution-recrystallization process, and not via a solid state reaction.   

 

Ikaite 

Ikaite is the least stable crystalline modification of calcium carbonate. It is strongly hydrated 

with six molecules of water per formula unit. Natural deposits are found at elevated hydro-

static pressure and temperatures around the freezing point in marine environments.78,79  

At ambient temperatures, ikaite readily dehydrates and transforms to calcite.80 Therefore, it 

is not observed as intermediate during the transformation of ACC to calcite.  

 

 

Figure 1.15 Coordination sphere and unit cell of ikaite.82 Ca = blue, C = black, O = red, H2O = purple. 

 

Table 1.1 Crystallographic data of ikaite. Data from reference [82]. 

composition CaCO3 × 6 H2O 

space group C2/c (15) – monoclinic, Z = 4 

lattice parameters 
a = 8.7920 Å, b= 8.3100 Å, c = 11.0210 Å, 

β = 110.5300° 

density ρ 1.83 g/cm³ 

solubility Ksp (-1.1 °C)83 4.35 × 10−6 mol²/L²  
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The structure of ikaite consists of lone CaCO3 pairs, lying on twofold axis. These pairs are 

isolated by 18 enveloping water molecules. Eight of these molecules form hydrogen bonds 

with the carbonate ion, while six are coordinated to the calcium ion. Four additional water  

molecules are not bonded directly to the ion pair, but to adjacent water molecules.81,82 The 

carbonate ions binds bidentately to the calcium ion, which gives, together with the water 

molecules, a total coordination number of eight for the calcium.  

 

Monohydrocalcite 

Monohydrocalcite is a hydrated crystalline modification of calcium carbonate with one  

water molecule per formula unit CaCO3. As it is metastable with regard to the anhydrous 

crystalline modifications of calcium carbonate, natural deposits are rarely found. Usually, 

monohydrocalcite is associated with other magnesium and calcium carbonate bearing  

minerals84 Also, monohydrocalcite is reported to act as biomineral in specific organism, e.g. 

in the otoliths of tiger sharks85 and the calcareous corpuscles of a cestode parasite.86 Mono-

hydrocalcite can be synthesized in the presence of magnesium, whose partial incorporation 

apparently stabilizes this modification.87 When monohydrocalcite is stored in dry air, it is 

stable for several months. In water, crystallization occurs to aragonite and calcite. Mono-

hydrocalcite crystallizes with a trigonal unit cell. The calcium ion exhibits an eightfold  

coordination by two water molecules and four carbonate ions, of which two are bound  

bidentately.  

 

 

Figure 1.16 Coordination sphere and unit cell of monohydrocalcite.88 Ca = blue, C = black, O = red,  

H2O = purple. 
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Table 1.2 Crystallographic data of monohydrocalcite. Data from reference [88]. 

composition CaCO3 × 1 H2O 

space group P31 (144) – trigonal, Z = 9 

lattice parameters a = 10.5536 Å, c = 7.5446 Å 

density ρ 2,43 g/cm³ 

solubility Ksp (25 °C)89 6.14 × 10−8 mol²/L²  

 

Vaterite 

Vaterite represents the least stable anhydrous crystalline modification in the calcium  

carbonate system. It is by far the least abundant anhydrous modification of calcium  

carbonate on earth, only few natural deposits exist.90,91 Also, vaterite is of minor relevance 

in biomineralization and only few examples are known.92,93 Even though, vaterite seems to 

play a role in healing and regeneration processes of biominerals,94 e.g. it is found in deformed 

shells of Corbicula fluminea.95 In a similar way, vaterite nanoparticles can be employed in 

bone replacement materials, as they exhibit a relatively high solubility and can act therefore 

as calcium reservoir.96 Even after decades of research, the structure of vaterite is still debated 

heavily and a multitude of structure solutions was proposed over the years.97  

 

 

Figure 1.17 Coordination spheres and unit cell of vaterite.98 Ca1 = green, Ca2 = blue, C = black, O = red. 
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Table 1.3 Crystallographic data of vaterite. Data from reference [98].  

composition CaCO3  

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

lattice parameters 
a = 12.1700 Å, b = 7.1200 Å, c = 9.4700 Å 

β = 118.3700° 

density ρ 2,65 g/cm³ 

solubility Ksp (25 °C)100 1.22 × 10−8 mol²/L²  

 

Vaterite does not form macroscopic single crystals, but is a polycrystalline material, which 

is built up from nano-sized domains. This impedes an accurate structural characterization by 

scattering methods, as only powder techniques can be employed. Recent studies try to  

circumvent this problem by using electron diffraction on nano-sized vaterite crystals.98,99 

The structural model proposed by Mugnaioli et al. has a monoclinic unit cell and exhibits 

two distinct sites for the calcium ion. In both cases, it is coordinated by six carbonate ions. 

This leads to an oxygen coordination number of six for the first position. In the second  

calcium site though, one carbonate ion binds bidentately and the coordination number is 

increased to seven.  

 

Aragonite  

Aragonite has the highest density of all calcium carbonate modifications and it represents 

the high-pressure phase in this system. It is the second most abundant calcium carbonate 

mineral and it is found in sedimentary deposits, especially in hydrothermal and marine  

environments.101 The most prominent example for aragonite as biomineral is the nacre in 

clams. This material consists of 500 nm thick platelets of aragonite embedded in an organic 

matrix.102 The periodicity is on the length scale of the visible light, which causes the inter-

ference colors of nacre. Moreover, the composite-like construction enhances the mechanical 

properties of the shell. Aragonite can be synthesized easily by precipitating calcium car-

bonate at elevated temperatures above 50 °C.103 Also, the presence of certain foreign ions, 

especially strontium and magnesium, favor the formation of aragonite. Strontium carbonate 

itself exhibits aragonite structure because of the larger size of the cation. If calcium carbonate 

is precipitated in the presence of strontium, its incorporation will promote the formation of 

aragonite. 
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Figure 1.18 Coordination sphere and unit cell of aragonite.106 Ca = blue, C = black, O = red. 

 

Table 1.4 Crystallographic data of aragonite. Data from reference [106].  

composition CaCO3  

space group Pnma (62) – orthorhombic, Z = 4 

lattice parameters a = 5.7952 Å, b = 5.0192 Å, c = 8.0393 Å 

density ρ 2,84 g/cm³ 

solubility Ksp (25 °C) 100 4.61 × 10−9 mol²/L²  

 

The aragonite-inducing effect of magnesium works presumably by the destabilization of the 

calcite phase. Whereas the small magnesium ion can be incorporated into the calcite struc-

ture, it is not tolerated by aragonite. Due to lattice strain, the solubility of the formed mag-

nesian calcite rises above the one of aragonite, which makes it the thermodynamic stable 

modi-fication under these conditions.104 Although aragonite is metastable at ambient condi-

tions, its transformation can take millions of years.105   

Aragonite has an orthorhombic unit cell and it exhibits the highest coordination number for 

Ca2+ of all calcium carbonate modifications. The calcium ion is enclosed by six carbonate 

ions. Three are bound bidentately, which results in a coordination number of nine. This high 

coordination number is favorable for bigger cations. Therefore, strontium  

carbonate and barium carbonate crystallize in the aragonite type, while carbonates with 

smaller divalent cations, i.e. magnesium, manganese, or iron, exhibit calcite structure.  
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Calcite 

Calcite is the thermodynamic stable modification of calcium carbonate. Thus, huge deposits 

of chalk and limestone mainly consist of calcite.61 Calcite crystals usually exhibit a typical 

rhombohedral shape and are terminated by (104) lattice planes. Due to the equal number of 

calcium and carbonate ions in this plane, resulting in a zero net charge, the surface energy is 

minimized. Calcite occurs as biomineral in various organisms, e.g. mussels,107 eggshells,108 

algae,109 and corals;110 even lenses in the eyes of tribolites are made of calcite.111 

As it represents the thermodynamic minimum of the calcium carbonate system at ambient 

conditions, all modifications transform with time to calcite, especially when exposed to 

moisture and/or heat. 

 

Figure 1.19 Coordination sphere and unit cell of calcite.112 Ca = blue, C = black, O = red. 

 

Table 1.5 Crystallographic data of calcite. Data from reference [112]. 

composition CaCO3 

space group R3̅c (167) – trigonal, Z = 6 

lattice parameters a = 4.9920 Å, c = 17.0690 Å 

density ρ 2,70 g/cm³ 

solubility Ksp (25 °C) 100 3.31 × 10−9 mol²/L²  
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Calcite consists of alternating layers of calcium ions and carbonate ions. The calcium ions 

are enclosed in a distorted octahedron of carbonate ions, which results in a coordination 

number of six. The lower coordination number enables substitution of the calcium by small 

cations, e.g. magnesium. Statistical substitution of the calcium ions (magnesian calcite) is 

equally possible as alternating substitution of complete calcium layers (dolomite).  

 

1.6 CALCIUM SULFATE  

Calcium sulfate occurs in nature in three different modifications, which can be distinguished 

by their degree of hydration: anhydrite (CaSO4), bassanite (CaSO4 × 0.5 H2O), and gypsum 

(CaSO4 × 2 H2O). Moreover, calcium sulfate is one of the most important construction  

materials for thousands of years.113,114 The transformation of anhydrite to gypsum and the 

simultaneous uptake of structural water represent the molecular mechanism for the  

hardening of plaster. Calcium sulfate is found in huge quantities in evaporitic mineral  

deposits,115 especially gypsum116 and anhydrite.117 Bassanite is less common.118 Even on 

Mars, evidence of calcium sulfate materials were observed.119 

Due to its relatively high solubility, calcium sulfate is rarely employed as biomineral. Even 

though, it was found in the stems of Salvadora persica, a plant known as natural tooth-

brush.120 The gravity sensing organs, so-called statoliths, of Scyphomedusae contain small 

bassanite crystals.121 These findings underline the importance of an organic matrix in the 

formation of biominerals, as bassanite is metastable at all temperatures. Gypsum is the  

thermodynamically stable modification at ambient temperature, whereas it dehydrates via  

bassanite to anhydrite upon heating. At elevated temperatures, anhydrite becomes the stable 

modification. The exact value of the gypsum-anhydrite transition temperature was heavily 

discussed in the last century though. The difficulty of an exact determination arises from the 

fact that the crystallization of anhydrite in solution is kinetically hindered at temperatures 

below 70 °C.122 The reports range from 25 °C up to 60 °C.123,124  
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Anhydrite 

Anhydrite is the anhydrous crystalline modification in the calcium sulfate system and repre-

sents the thermodynamically stable phase at temperatures above 60 °C. The structure is  

characterized by chains of calcium ions alternating with sulfate tetrahedrons. The calcium 

ion has six neighboring sulfate groups, of which two are bound bidentately, resulting in a 

coordination number of eight.  

 

Figure 1.20 Coordination sphere and unit cell of anhydrite.125 Ca = blue, S= yellow, O = red. 

 

Table 1.6 Crystallographic data of anhydrite. Data from reference [125]. 

composition CaSO4 

space group Cmcm (63) – orthorhombic, Z = 4 

lattice parameters a = 6.9980 Å, b = 6.2450 Å, c = 7.0060 Å 

density ρ 2,95 g/cm³ 

solubility Ksp (25 °C) 126 4.08 × 10−4 mol²/L²  

 

 

Bassanite 

Bassanite is a metastable crystalline modification of calcium sulfate, containing half a  

formula unit of water. Bassanite crystals show a typical rod-shaped morphology.127 It ap-

pears as intermediate product during the thermal transformation of gypsum to anhydrite. 

Also, bassanite plays a key role in crystallizing calcium sulfate from solution.128 Nano-sized  

bassanite rods were found as precursor phase of gypsum.129 Like anhydrite, bassanite  

consists of alternating calcium sulfate chains. These chains form pores along the c-axis with 

a diameter of 4 Å, in which the water molecules are situated. Figure 1.21 displays all possible 
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water positions in the channel structure, which would correspond to one formula unit water 

per CaSO4. Actually, only half of these positions are occupied; the ordering of the water 

molecules results in an orthogonal superstructure cell of the symmetry I2.130 This open frame-

work structure facilitates hydration/dehydration processes and the incorporation foreign 

ions.122 With four mono- and two bidentate sulfate ions, the calcium coordination in  

bassanite is similar to anhydrite. The additional water molecule increases the coordination 

number to nine.   

 

 

Figure 1.21 Coordination sphere and unit cell of bassanite.130 Ca = blue, S = yellow, O = red, H2O = purple. 

 

Table 1.7 Crystallographic data of bassanite. Data from reference [130]. 

composition CaSO4 × 0.5 H2O 

space group P3121 (152) – trigonal, Z = 3 

lattice parameters a = 6.9370 Å, c = 6.3450 Å 

density ρ 2.74 g/cm³ 

solubility Ksp (25 °C) 131 2.14 × 10−3 mol²/L²  

 

 

Gypsum 

Gypsum is the thermodynamically stable modification at ambient conditions and has the 

highest degree of hydration in the calcium sulfate system. Gypsum crystals show a charac-

teristic needle-like morphology. The entanglement of theses needles influences the mechan-

ical properties of plaster as construction material.132,133 Gypsum exhibits a layered structure 

perpendicular to the b-axis. Between double layers of calcium and sulfate ions, the water 
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molecules are situated. The calcium ion is enclosed by four sulfate groups in the layer, of 

which two are bound bidentately. The coordination of two additional water molecules results 

in a total coordination number of eight.  

 

Figure 1.22 Coordination sphere and unit cell of gypsum.134 Ca = blue, S = yellow, O = red, H2O = purple. 

 

Table 1.8 Crystallographic data of gypsum. Data from reference [134]. 

composition CaSO4 × 2 H2O 

space group C2/c (15) – monoclinic, Z = 4 

lattice parameters 
a = 6.2910 Å, b = 15.2180 Å, c = 5.6810 Å 

β = 114.1430° 

density ρ 2.31 g/cm³ 

solubility Ksp (25 °C) 126 1.45 × 10−4 mol²/L²  
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2 
TRAPPING AMORPHOUS 

 CARBONATES 

 

 

 

 

Amorphous intermediates during the crystallization process received increasing interest in 

recent years due to the desire to gain more control over crystallization pathways and  

products. Yet, their fast transformation to a crystalline modification poses a severe problem 

to a detailed characterization. We circumvented this problem and developed a new reaction 

system that allows the stabilization and isolation of amorphous intermediates of various car-

bonates (calcium, strontium, barium, manganese, and cadmium). The long-term stabilization 

of these transient species enabled detailed investigation of their morphology, composition, 

and structure. Our study shows that a multi-step crystallization pathway via amorphous  

intermediates is open to a great number of carbonates. 
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2.1 INTRODUCTION 

Crystallization processes play a fundamental role in the synthesis and development of new 

materials, especially when specific polymorphs or distinct morphologies are desired. Many 

organisms solve this problem in biomineralization,1–3 where proteins4 or templates5 are  

involved in the nucleation and crystal growth of inorganic compounds. In this way, bones6 

or teeth7 are formed as hybrid materials with unusual morphologies and extraordinary  

mechanical properties.  

Calcium carbonate is the most common and widespread biomineral.8 It is found mostly in 

marine organisms, forming the shells of mussels9 or the exoskeletons of algae10 and  

corals.11,12 Many organisms have developed strategies to stabilize an amorphous form of 

calcium carbonate (ACC), which serves as reservoir for subsequent crystallization and  

molding into the desired shape.13,14 Proteins and organic templates direct the morphology 

and phase during the crystallization,15,16 e.g. aragonite, the high pressure modification of 

calcium carbonate, is formed at ambient conditions for the nacre of clams.17 To interfere 

selectively in the nucleation and growth of crystals for synthetic applications,18 a detailed 

understanding of the crystallization process is necessary. Therefore, early crystallization 

stages and amorphous intermediates have received increasing attention. For metals,19,20 

metal chalcogenides,21,22 molybdenum oxides,23 calcium sulfate,24,25 clathrate hydrates,26 or 

iron oxide,27 crystallization via clusters (partially stabilized by “capping agents”), amor-

phous, and partially crystalline intermediates were reported, with CaCO3 being a prominent 

system.28–31 The ability of ACC to crystallize in different morphologies and modifications 

makes it an interesting model system for materials science.32 Phase selection can be influ-

enced by temperature,33 pressure,34 or additives (e.g. magnesium ions and amino acids).32,35 

Even chirality can be induced by chiral amino acids.36–38 In addition, calcium carbonate finds 

widespread use in industrial39 and medical applications, i.e. as drug carrier.40  

Still, the characterization of these intermediates is a difficult task due to their metastability 

and the fast transformation of these short-lived species.41,42 Moreover, ACC can vary in wa-

ter content,43 particle size,44 and amount of foreign ions.45 In particular, the properties of 

ACC depend on the pH during synthesis.46 ACC has been made in different ways: Faatz et 

al. used the hydrolysis of carbonic esters,47 Han embedded ACC in a self-assembled  
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monolayer,48 and Meldrum and co-workers employed freeze-drying.49 A variety of inor-

ganic50,51 and organic additives31,52–55 were used to stabilize the amorphous modification. 

However, these methods are restricted to the isolation of calcium carbonate and often require 

the addition of additives like Mg2+ cations, which are incorporated into ACC, thereby chang-

ing its composition.56,57 This restricts the generalization of the observed phenomena. Alt-

hough several synthetic routes to ACC and studies on its structure have been reported,3,58,59 

other amorphous carbonates (besides MnCO3) could be isolated only with large amounts of 

additives60,61 and without structural characterization.62 Amorphous MnCO3 was synthesized 

by mixing cooled MnSO4 and Na2CO3 solutions.63 Still, there is evidence that amorphous 

SrCO3  and BaCO3 are present in some bacteria.64 Also, traces of amorphous SrCO3 were 

observed in tribological experiments inside the micelles of strontium soaps.65 

Here, we describe a new reaction system that allows the stabilization and isolation of amor-

phous intermediates of metal carbonates. Immediately after their formation, the amorphous 

intermediates are trapped by encapsulating them with surface ligands and extracted from the  

reaction. This stops any further phase transformation abruptly. The system allows trapping 

highly reactive transient amorphous species of CaCO3, SrCO3, BaCO3, MnCO3, and CdCO3. 

Except for BaCO3, which crystallizes within hours, we were able to stabilize these interme-

diates for several weeks or months. This allowed a detailed investigation of their composi-

tion and structure by transmission electron microscopy (TEM), solid state nuclear magnetic 

resonance (NMR), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric and  

differential thermal analysis (TGA-DTA), and high-energy synchrotron total scattering  

experiments. In this way, we could derive a structural model for ACC that allowed for the 

analysis of the Ca2+ coordination sphere. Our results show that crystallization via amorphous 

intermediates is a possible pathway for many carbonates of divalent metals and not restricted 

to calcium carbonate. The detailed structural characterization of a variety of amorphous car-

bonates represents a conceptional advance for our understanding of stepwise crystallization 

via amorphous intermediates.66–68
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2.2 RESULTS AND DISCUSSION 

Stabilization of Amorphous Carbonates 

The amorphous intermediates of the carbonates were isolated with a two-phase reaction sys-

tem consisting of a water/methanol mixture and a cyclohexane phase. Sodium carbonate and 

sodium oleate were dissolved in the aqueous phase. Methanol prevented oleate from forming 

micelles in aqueous solution, thereby increasing the number of “free” oleate anions.69  

Cyclohexane was used as organic phase, because it is immiscible with methanol. A white 

emulsion forms upon stirring, as sodium oleate acts as a surfactant. A solution of the respec-

tive metal chloride in water/methanol was added, and the stirring was stopped immediately 

afterwards. The emulsion separated into two phases within seconds. The turbid cyclohexane 

phase contained the ligand-stabilized amorphous intermediates. This organic phase was  

decanted carefully, the product was isolated by centrifugation, washed with acetone, and 

subsequently stored in a desiccator. The surface-bound oleate ligand interrupts the crystalli-

zation of the amorphous particles. The solubility of carbonates in the cyclohexane phase is 

so low that no phase transformation via dissolution and recrystallization can occur. In air, 

the products remained amorphous for days to several months. No crystallization was ob-

served in vacuo. Only amorphous BaCO3 crystallized within several hours, which prevented 

to collect synchrotron data of this compound. However, its non-crystallinity could be con-

firmed by laboratory powder X-ray diffraction (Figure S1, Supporting Information). 

 

 

Figure 2.1 Reaction scheme of the stabilization of ACC: A calcium chloride solution is added to a two-phase 

system, consisting of cyclohexane and a solution of sodium carbonate and oleate in water/methanol. After the 

formation of ACC, the particles are capped immediately by the oleate ligand, which stops further transformation 

to a crystalline modification. The functionalization with oleate makes the particles hydrophobic, and they are 

extracted into the cyclohexane layer.  
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In the following, the amorphous carbonates of the respective elements are referred to as ACC 

(amorphous calcium carbonate), ASC (amorphous strontium carbonate), ABC (barium), 

AMnC (amorphous manganese carbonate), and ACdC (amorphous cadmium carbonate). 

 

Morphology and Composition  

TEM images (Figure 2.2) show comparable morphologies for all samples. The amorphous 

intermediates form drop-like nanoparticles with diameters of ~20 nm. The particles are  

polydisperse and fused to larger aggregates.  

 

 

Figure 2.2 TEM image of a) ACC, b) ASC, c) ABC, d) AMnC, and e) ACdC. All carbonates form drop-like, fused 

nanoparticles with a size of ~20 nm. ACdC particles are significantly smaller. f) Schematic sketch of amorphous 

carbonate particles with oleate layer.  
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Whereas all alkaline earth carbonates and AMnC have a comparable particle size, ACdC  

particles are significantly smaller (~10 nm). We assume that the lower solubility of CdCO3
71 

leads to a higher supersaturation on mixing, which results in the formation of a higher  

number of smaller nuclei according to classical nucleation theory.72 The drop-shaped  

morphology of all amorphous intermediates is in accordance with previous studies that  

suggest carbonate minerals to have liquid-like precursors.47,55,62 Despite their liquid-like  

appearance, the amorphous carbonates presented here are solids.  

The composition of the amorphous intermediates was probed by thermogravimetric and  

differential thermal analysis (TGA-DTA). The results for ACC are shown in Figure 2.3. The 

TGA curve (red) exhibits two mass losses at 50 –200 °C and at 350–500 °C. We attribute the 

first step (-11 wt%) to the loss of structural water. The second step (-19 wt%) is  

associated with the thermal decomposition of the oleate ligand. The respective temperature 

range is in agreement with reports for the decomposition of calcium soaps.73 From the mass 

loss, we determined the composition of ACC as CaCO3 × 0.9 H2O. Comparable values were 

found in previous studies.43,58,74 The sample contained ~0.1 mol of oleate per formula unit. 

Assuming a particle radius of ca. 10 nm from TEM, the amount of oleate corresponds to a 

layer thickness of ca. 2 nm (mathematical derivation, Supporting Information). This value is 

generally assumed for a monolayer of oleic acid.75 Such a monolayer of oleic acid, coordi-

nated with the carboxylate group to the ACC particle, is in agreement with the observed 

dispersibility properties in non-polar solvents.  

For ASC, ABC, AMnC, and ACdA (Figure S2, Supporting Information), the approximate 

compositions were calculated: SrCO3 × 0.8 H2O, BaCO3 × 0.4 H2O (water content was  

presumably reduced during the treatment in the vacuum oven), MnCO3 × 0.9 H2O, and 

CdCO3 × 0.7 H2O. All samples contained ca. 0.1 mol oleate. Except in ACdC, a higher con-

tent of ca. 0.2 mol was found. This corresponds to the smaller size of the ACdC particles 

(Figure 2e) and the respective higher ratio of surface to volume. 

The DTA curve (blue) of ACC displays two endothermic effects, which correspond to the 

two steps of mass loss. The exothermic effect at 340 °C is caused by the crystallization of 

ACC to calcite. This temperature is in agreement with previous reports50,74 and indicates that 

the oleate coating does not exert an effect on the crystallization of the amorphous carbonates. 

The crystallization process proceeds via a solid state reaction, as ACC is already dehydrated 

at this temperature and no solvent-mediated mechanism is possible. Thermally induced  
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crystallization of ASC occurs at a lower temperature of 310 °C. ABC crystallizes at 250 °C. 

We assume that the weaker coordination of the carbonate on the larger (Pearson soft)76  

cation, e.g. Ba2+, results in higher mobility of the carbonate group and facilitates the  

structural rearrangement during the thermal crystallization process. The carbonates of the 

transition metals, AMnC and ACdC, show no thermally induced crystallization, as they  

decompose already at ca. 250 °C. 

 

 

Figure 2.3 TGA-DTA of ACC capped with oleate. In the TGA curve (red), two mass loss steps occur. The first 

between 50 °C and 200 °C is attributed to the loss of structural water. The second mass loss around 450  °C 

originates from the decomposition of the oleate ligand. In the DTA curve (blue), we observe an exothermic effect 

at 340 °C, which indicates the thermally induced crystallization of ACC to calcite.  

 

Oleate Capping 

Nuclear magnetic resonance (NMR) is a powerful tool to probe the local structure of amor-

phous materials. Using 13C-enriched samples synthesized with Na2
13CO3, we performed 

magic angle spinning 1H-13C cross polarization experiments (13C{1H} CP MAS-NMR) and 

recorded heteronuclear correlation spectra (HETCOR) of all amorphous intermediates  

(except for paramagnetic AMnC). The 13C{1H} CP MAS-NMR spectrum of the ACC  

sample is displayed in Figure 2.4a. The presence of the oleate ligand is indicated by the 

signals of the methylene groups around 30 ppm and the ethenyl group at 130 ppm. The  

carboxylate group is not observed due to its negligibly small intensity, compared to the over-

lying carbonate signal of the 13C-enriched ACC centered around 168.5 ppm. The chemical 

shift of the carbonate is in accordance with previous reports of Nebel et al.77 Compared to 

crystalline calcite (Figure 2.4a, inset), the carbonate signal of ACC is significantly broadened 

with a FWHM of 288 Hz. As broadening due to a lower mobility in the amorphous state is 
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highly unlikely, we attribute the broad signal to a variety of slightly different chemical  

environments of the carbonate group in ACC (vide infra, PDF).  

HETCOR experiments were performed to probe the contact between the respective nuclei 

in the sample (Figure 2.4b). The 13C spectrum on the x-axis displays the carbonate signal at 

168.5 ppm and the methylene groups of the oleate chain around 30 ppm. On the y-axis, the 

1H spectrum shows the oleate signals around 0.9 ppm (ethenyl protons at 5.0 ppm). The 

water signal is too broad to be resolved (Figure S3, Supporting Information). Previous  

studies give values between 5.0 ppm77 and 5.3 ppm43 for the water signal of ACC. The 

HETCOR experiment shows a strong correlation between carbonate and the assumed water 

signal around 5 ppm, as ACC contains ~0.9 mol structural water (Figure 2.3). We also  

observe the contact of the hydrogen and carbon atoms in the oleate chain. Yet, the oleate 

carbon atoms show no correlation to the water protons, and we do not observe a correlation 

between oleate protons and the carbonate group. Therefore, we conclude that carbonate and 

water molecules are not connected to the oleate chains. The oleate chains are solely on the 

surface of the particles and are not incorporated into the amorphous material. Hence, the 

oleate-stabilized particles are a valid system to study the amorphous intermediates during 

the crystallization of the respective carbonates. 

 

Figure 2.4 a) 13C{1H} CP MAS-NMR of 13C-enriched ACC with oleate. Spectrum displays the methylene groups 

of the oleate chain around 30 ppm and the ethenyl group at 130 ppm. The carbonate signal centered at 

168.5 ppm is broadened and slightly shifted, compared to calcite (inset). Spinning side band is marked with an 

asterisk. b) HETCOR spectrum of 13C-enriched ACC with oleate. Contact between carbonate and water at ca. 

5 ppm is indicated, as well as the evident correlation between the respective hydrogen atoms and carbon atoms 

of the oleate chain. The oleate signals shows no correlation with neither water nor carbonate. Therefore, we 

conclude that oleate is on the surface of the particles and not inside the amorphous material. 
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We observe comparable spectra for all amorphous carbonates (Figure S4, Supporting Infor-

mation). Interestingly, ABC and – to a smaller degree – ASC display an additional small 

signal at ca. 162 ppm in the 13C spectrum. For ABC, we observe a correlation between this 

signal and strongly deshielded protons at ~12 ppm. Both the coupling and the respective 

chemical shift77 are strong evidence that hydrogencarbonate species are present in the  

amorphous intermediates of barium and strontium carbonate. For the other carbonates, these  

species are not observed and were also excluded in previous studies on ACC.77 We assume 

that the weak coordination of the larger Pearson76 soft cations (Ba2+ and Sr2+) increases the 

basicity of the carbonate group, which results in the partial protonation of the former.  

Chemical shift and FWHM of the carbonate signal of the amorphous and respective crystal-

line carbonates are compiled in Table 2.1.  

 

Table 2.1 13C chemical shift δ and linewidth of the carbonate signal of the amorphous carbonates and their 

respective crystalline modifications (in brackets). 

Sample δ(13C) / ppm FWHM / Hz 

ACC (calcite) 168.5 (168.4) 288 (33) 

ASC (strontianite) 169.4 (170.3) 261 (38) 

ABC (witherite) 168.5 (169.7) 261 (25) 

ACdC (otavite) 168.4 (169.5) 343 (56) 

 

Carbonate Environment 

Infrared spectra were recorded of the amorphous intermediates and their respective crystal-

line modifications (Figure S5, Supporting Information). Figure 2.5a displays the FTIR  

spectrum of ACC. The sample exhibits the characteristic vibrational modes of the carbonate 

anion:78 the symmetric stretching (ν1), the out-of-plane deformation (ν2), and the asymmetric 

stretching (ν3) mode. Compared to calcite, the bands of ACC are broadened and slightly 

shifted. The ν4 mode around 700 cm-1 is extremely broadened and therefore not detectable, 

which is expected for ACC.77 In contrast, the ν1 mode, which is symmetry-forbidden in  

calcite, has a pronounced band. This underlines the symmetry loss in the amorphous state. 

All amorphous carbonates show an intense, broad band at around 3300 cm-1. This band orig-

inates from the O-H stretching vibration of structural water, quantified by thermogravimetric 

analysis (Figure 2.3, vide supra). The O-H bending vibration is manifested by the weak band 

at 1650 cm-1. Additionally, we observe the C-H vibrations of the surface-bound oleate  

ligands at 2850–3000 cm-1. For ACdC, these bands are more intense, which is consistent 
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with a smaller particle size and a resulting larger surface area that is coated with oleate  

(Figure S6, Supporting Information). The vibrational mode wavenumbers of the carbonate 

group are clearly shifted in a linear fashion with the ionic radius79 r of the alkaline earth 

metals (Figure 2.5b). Whereas the stretching vibrations (ν1 and ν3) appear at lower energies 

with increasing radius, the out-of-plane vibrational mode ν2 shows opposite behavior. 

 

 

Figure 2.5 a) FTIR spectra of ACC with oleate ligand. Vibrational modes of the carbonate anions are assigned 

(ν1: symmetric stretching, ν2 out-of-plane, ν3: asymmetric stretching). Moreover, the spectrum of ACC shows 

the C-H stretching vibrational modes of the oleate ligand and a pronounced water band around 3300 cm-1.  

b) Vibrational mode wavenumbers of the amorphous carbonates plotted against the ionic radii of the metal 

cations. The carbonates of the alkaline earth elements show a linear dependence on the ionic radius (red line). 

The carbonates of the transition metals, AMnC and ACdC, do not follow this trend and their vibrational modes 

appear at lower wavenumbers.    

 

Free CO3
2- anions have D3h symmetry with the ν2 vibration at 879 cm-1.80 Interaction with 

cations in the solid decreases their symmetry and leads to a shift of the band position. There-

fore, the ν2 bands in the amorphous modifications appear clearly below this value. The wave-

numbers show a clear trend with increasing ionic radius from Ca2+ to Ba2+, which indicates 

a stronger interaction for calcium. As the metal-oxygen interaction becomes stronger, the  

C-O bond is weakened, which shifts the ν2 band to lower wavenumbers. For both stretching 

vibrations ν1 and ν3, a decrease of the wavenumber is found when going from Ca2+ to Ba2+. 

As the oxygen atoms are required to move in these vibrational modes, a stronger metal-

oxygen interaction shifts the bands to higher energies, i.e. to higher wavenumbers. The  

distinct deviation of the transition metals manganese and cadmium can be explained by a 

more covalent bonding character, in contrast to the mainly ionic interaction in the alkaline 

earth carbonates. In all cases, the vibrational modes are lower in energy than expected from 

the r-ν correlation. This indicates a significantly stronger interaction of the metal with the 
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oxygen, which is also indicated by the low decarboxylation temperatures of AMnC and 

ACdC (Figure S2, Supporting Information). Gatehous et al.81 reported a shift of ν2 to lower 

wavenumbers in more covalent carbonates and nitrates. This is in accordance with our find-

ings that the deviation is smaller for manganese than for cadmium, which forms more cova-

lent bonds. The respective wavenumbers for the vibrational modes of the amorphous car-

bonates and their crystalline modifications are compiled in Table 2.2. 

 

Table 2.2 Vibrational mode wavenumbers of the amorphous carbonates and their respective thermodynamic 

crystalline modification (in brackets).   

Sample ν3 / cm-1 ν1 / cm-1 ν2 / cm-1 ν4 / cm-1 

ACC (calcite) 1389 (1388) 1074 (1089) 860 (872)  –   (711) 

ASC (strontianite) 1383 (1483) 1066 (1072) 861 (855)  –   (706, 699) 

ABC (witherite) 1375 (1411) 1059 (1059) 864 (855)  –   (693) 

AMC (rhodochrosite) 1383 (1395) 1077 (1075) 846 (861)  –   (725) 

ACdC (otavite) 1355 (1383) 1063 (1074) 843 (858)  –   (722) 

 

Structure 

Total X-ray scattering experiments were performed at the Diamond Light Source, beamline 

I15, to determine the local structure of the amorphous intermediates. From these data, the 

pair distribution function (PDF) of each compound was calculated with the program  

GUDRUNX.82 The PDF is a distribution of the interatomic distances of the sample in real 

space. It has proved to be a powerful technique to probe the local structural environment in 

structurally disordered83 and amorphous systems.84 Figure 2.6a displays the experimental 

PDF of the ACC sample (black). Four peaks can be clearly distinguished.8,59 The first peak 

at 1.28 Å originates from the carbon-oxygen (C-O) distance in the carbonate group.85 The 

metal-oxygen (M-O) distances in the first coordination sphere of the cation cause to the most 

intense peak at 2.40 Å, and the intramolecular O-O distance in the carbonate group also 

contributes. The peaks around 4.08 Å and 6.21 Å originate from a multitude of different 

interatomic distances. We modeled the PDF data using Topas Academic V6.86 100 runs 

starting from random configurations all converged in a small range of residuals from  

Rwp = 9.7 to Rwp = 13.1. A typical model is plotted in Figure 2.6a. We considered the con-

tribution of the ACC core of the particles (red) as well as the oleate layer (turquoise). The 

oleate shell was modeled as a separate phase using rigid bodies with no internal degrees of 

freedom. The rigid bodies were allowed to translate and rotate in such a way that carbon 
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atoms 1 and 9 resided in spherical shells around r = 13 Å and r = 21 Å, respectively. The 

shell was modeled with a total of 58 oleate molecules. For ease of computation, inversion 

symmetry (P-1) was applied. The main contribution of the oleate is the peak at 1.53 Å orig-

inating from the C-C bond within the alkyl chain, which is observed as a shoulder on the  

C-O peak. Also, we evaluated the coordination number (interatomic distance < 2.8 Å) of the 

calcium atom, taking into account the ten best models (Figure 2.6b). The distribution of the 

coordination numbers (CN) is broad and exhibits a maximum slightly above CN = 5.  

 

 

Figure 2.6 a) Experimental pair distribution function of the ACC sample (black) exhibits no ordering beyond 

10 Å. The ACC core (red) and the oleate layer (turquoise) of the particles were modeled. Difference line is shown 

in gray. b) Distribution of the Ca CN in the structural model of ACC. The maximum of the distribution is closer 

to CN = 5, in contrast to calcite, where Ca is coordinated by six oxygen atoms. c) Experimental PDFs of ASC, 

ACC, ACdC, and AMnC all exhibit a comparable lack of long-range order; cut-off is around 10 Å in all cases. 

The second, most intense peak (highlighted) shifts significantly between samples. This peak originates primarily 

from the metal-oxygen (M-O) distance in the first coordination sphere of the cation. Intramolecular O-O distances 

of the carbonate also contribute. d) The M-O distance scales with the ionic radius of the respective cation in the 

amorphous carbonate. For the transition metals, manganese and cadmium, the distance is shorter than  

expected from the ionic radius (red line). This indicates the more covalent character of the metal-oxygen bond. 
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Compared to calcite with its distorted octahedral coordination by six oxygen atoms, calcium 

in ACC exhibits a lower mean coordination number. The reduced coordination number can 

be understood as a result of the fast, kinetically controlled precipitation of ACC, which  

prevents the saturation of the coordination sphere of calcium. The PDFs of ASC, ACdC, and 

AMnC strongly resemble that of ACC (Figure 2.6c). They slightly differ in the number of 

discernable peaks, but none of them shows significant ordering beyond 10 Å. Despite  

capping with oleate, ABC proved to be labile and crystallized before total scattering exper-

iments could be performed. In a comparison of the different carbonates, the peak positions 

increase with the ionic radius of the respective metal cation. A plot of the M-O distance in 

the first coordination sphere against the ionic radius (Figure 2.6d) shows a monotonic  

correlation. Yet, for the amorphous transition metal carbonates, AMnC and ACdC, the M-O 

distance is shorter than estimated from the radius of the cation. The shortening of this  

distance is related to the more covalent character of the M-O bond, which is also indicated 

by the FTIR spectra (Figure 2.5b) and the low decomposition temperature of AMnC and 

ACdC (Figure S2, Supporting Information). 

 

Conclusion 

We devised a new reaction system that allows the synthesis of amorphous metal carbonates. 

Intermediates that appear during the crystallization process were trapped by capping them 

with oleate ligands immediately after their formation. This induced long-term stability to 

these transient species and allowed their detailed structural and spectroscopic characteriza-

tion. Two-dimensional NMR experiments revealed that the ligand was not integrated into 

the amorphous carbonate. The amorphous intermediates form drop-like nanoparticles and  

contain structural water (less than one molecule per formula unit). Their PDFs show short-

range order on the scale of several Å. By modelling the PDF data of ACC, we found a  

reduced coordination number of the cation compared to the crystalline modification. This 

study shows that crystallization pathways via amorphous intermediates are accessible not 

only to calcium, but to a broad group of carbonates. Our reaction system allowed to observe 

these still unknown first steps of their crystallization process. The multitude of amorphous 

intermediates that we observed in this mineral class of carbonates suggests that such a crys-

tallization pathway is considerably more common than generally assumed. Moreover, our 

approach can be generalized for transient intermediates in systems other than carbonates. 
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During the precipitation experiments, the appearance of an amorphous intermediate phase 

changes the supersaturation with regard to the crystalline (and thermodynamically stable) 

product. Supersaturation is a key parameter affecting crystallization. Therefore, a decrease 

of the supersaturation due to the formation of an intermediate phase has strong implications 

on our view of the crystallization process and the possibilities to direct it with additives. This 

study broadens our understanding of complex pathways during crystallization and may aid 

ultimately in the synthesis of tailor-made materials. 

 

2.3 EXPERIMENTAL SECTION  

Materials 

CaCl2 (98 %, Merck), SrCl2 (99.5 %, Alfa Aesar), MnCl2 (97 %, ABCR), CdCl2 (99 %, 

Sigma-Aldrich), BaCl2 (99.5 %, Merck), Na2CO3 (99.5 %, Sigma-Aldrich), Na2
13CO3 (99 %, 

Sigma-Aldrich), sodium oleate (82 %, Sigma-Aldrich), methanol (HPLC grade, Fisher 

Chemicals), cyclohexane (Analytical reagent grade, Fisher Chemicals), milli Q deionized 

water. 

 

Synthesis 

CaCl2 (0.5 mmol) was dissolved in a mixture of water (5 mL) and methanol (5 mL) to yield 

a 0.05 M solution. Na2CO3 (0.5 mmol) and sodium oleate (0.06 mmol) were dissolved in a 

mixture of water (10 mL) and methanol (10 mL). The carbonate/oleate solution was trans-

ferred to a 200 mL Erlenmeyer flask, and 20 mL of cyclohexane was added. The mixture 

was stirred vigorously with a magnetic stirrer resulting in a milky white emulsion. Under 

continuous stirring, the CaCl2 solution was added. Immediately after addition, the stirring 

was stopped and the emulsion separated into two phases. The upper turbid organic phase 

was separated by decantation and centrifuged to isolate the oleate-capped ACC particles. 

The product was washed with acetone and dried in vacuo.  

The synthesis of ASC, AMnC, and ACdC was performed analogously with the respective 

metal chlorides. After the synthesis of ABC, the product was immediately dried in a vacuum 

oven at 40 °C. For NMR experiments, 13C-enriched samples were prepared using Na2
13CO3. 
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Characterization  

X-ray powder diffraction. X-ray diffraction patterns were recorded with a Bruker AXS D8 

Discover diffractometer equipped with a HiStar detector using graphite monochromatized 

CuKα radiation. Samples were attached to a glass substrate without using an adhesive. Indi-

vidual frames were typically recorded at 2θ = 24°, 34°, 44°, 54°, 64°, 74°, 84° (detector 

distance 150 mm, detector range ∆(2θ) = 35°) in 0.02° steps covering a 2θ range from 5° to 

85°. X-ray diffraction patterns were integrated from individual frames using the Bruker AXS 

GADDS software package87 and merged using Bruker AXS EVA.88 

FTIR spectroscopy. ATR-FTIR spectroscopy was performed using a Nicolet iS10 Spectrom-

eter manufactured by Thermo Scientific. The spectra were recorded in a frequency range 

from 650 cm-1 to 4000 cm-1 with a resolution of 1.4 cm-1 per data point. 

Solid state NMR spectroscopy. All experiments were recorded on a Bruker Avance 400 DSX 

NMR spectrometer at a 1H frequency of 399.87 MHz and 13C frequency of 100.55 MHz. A 

commercial three-channel 4 mm Bruker probe head was used at 10 kHz magic angle  

spinning (MAS) for the solid samples. At this moderate spinning frequency, the additional 

heating effects caused by bearing gas friction are insignificant. Thus, the sample temperature 

was not further corrected. The 13C single pulse (SP) direct excitation experiment was carried 

out for the reference calcite sample by a 90° pulse with a length of 4 μs and repetition time 

of 2200 s averaging 32 transients. The 1H-13C cross polarization (CP) experiments were  

recorded with a duration of the variable amplitude (64–100 %) CP contact time of 200 µs 

collecting 5 k transients with 6 s recycle delay. The HETCOR experiment was recorded 

using 128 increments in the indirect dimension with 256 scans per increment in the States 

mode using 3 s recycle delay. To ensure that only the closest through space contacts are 

visible in the spectrum, a variable amplitude (64–100 %) cross polarization time of 20 µs 

was applied. For all 13C NMR experiments, a two pulse phase modulation (TPPM) hetero-

nuclear decoupling scheme was used. The 13C chemical shifts were referenced to external 

adamantane as a secondary standard at 38.48 ppm. 

Thermal analysis. Coupled thermogravimetric and differential thermal analysis (TGA-DTA) 

was carried using a Netzsch STA 449 F3 Jupiter device. The sample (∼10 mg) was heated 

in an alumina cup in argon atmosphere from 50 °C to 600 °C at a heating rate of 10 K/min. 

Transmission electron microscopy. TEM samples were prepared by drop-casting 20 µL of 

the respective sample dispersion on 400 mesh carbon copper grids (Plano GmbH, Wetzlar, 
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Germany) and measured with a Technai Spirit G2 at 120 kV acceleration voltage, equipped 

with a standard 4K CCD camera. 

Total scattering. Experiments were conducted at beamline I15 at the Diamond Light Source 

Inc. using a wavelength of 0.1707 Å (72.7 keV) and a 2D MAR 345 detector. CeO2 was used 

to calibrate the experimental setup. Data were processed using DAWN.89 The pair  

distribution function was calculated with GUDRUNX.82 Structural models were derived for 

a set of 73 Calcium ions, 73 carbonate ions and 67 water molecules inside a cubic box of 

space group symmetry P1. The volume of the box was derived from volume increments90 

and accords to a phase density of 2.351 g/cm³. Carbonate ions and water molecules were 

treated as rigid bodies. The C-O distance was made a free variable in the later steps of re-

finement while O-H distances were fixed. The repulsive interatomic/-molecular interactions 

were modeled by applying anti-bumping restraints for all element pairs according to values 

determined from the corresponding carbonates. Attractive interactions were modeled  

according to bond valences for Ca-Ocarb and Ca-Owater, respectively. The starting models 

were generated by random expansion of all constituents from the origin using simulated 

annealing upon periodic boundary conditions. All modelling and refinement was performed 

using Topas Academic V6. 
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3 
CRYSTALLIZATION MECHANISM OF 

AMORPHOUS CARBONATES 

 

 

 

 

To study the crystallization mechanism of amorphous carbonates, we synthesized non- 

stabilized amorphous modifications of CaCO3 (ACC), SrCO3 (ASC), and MnCO3 (AMnC) 

as dispersions in an organic solvent. Just the absence of water prevents their crystallization. 

By the controlled addition of water, the crystallization was initiated. The kinetics and mech-

anism in the presence of water were examined by Fourier transform infrared spectroscopy 

(FTIR) and transmission electron microscopy (TEM). The evolution of the carbonate  

concentration during the crystallization process was monitored potentiometrically with a pH 

electrode. The kinetic data were interpreted by a mathematical model based on a dissolution-

recrystallization reaction. Comparison with the Pearson hardness of the cations indicates that 

the hydration energy and the binding strength of the hydration shell pose the main kinetic 

barrier for recrystallization.
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3.1 INTRODUCTION 

Crystallization is a key step in the synthesis, purification, and separation of solids, both in 

nature and chemical production. Understanding the underlying mechanisms is crucial for 

controlling particle size, polymorph selection, product morphology, and properties. In recent 

years, crystallization via amorphous intermediates was demonstrated for calcium carbonate,1 

and later for calcium phosphate,2 iron oxides,3 calcium silicate,4 clathrates,5 and proteins.6 

Calcium carbonate is the most prominent example because of  its role in regulating the  

carbon dioxide balance in the earth´s atmosphere,7,8 in industrial processes,9–12 and its wide-

spread occurrence as biomineral in molluscs, brachiopods, and some tube-building  

polychaete worms.13–15 A precise control of the crystallization of calcium carbonate – as it 

is perfected in living organisms via proteins16 and organic matrices17,18 – opens the way to 

new materials with tailored structures and properties.19 The morphology, polymorph selec-

tion, and properties of calcium carbonate crystals can be modified by the addition of both 

small20,21 and macromolecules.22,23 This was demonstrated by the formation of hierarchical 

structures with elastic properties via amorphous calcium carbonate (ACC) in the presence of 

sponge proteins,24 or by the formation of chiral hierarchical structures that were formed by 

adding chiral amino acids during the crystallization.25 The pH-sensitive solubility of ACC 

nanoparticles was used to establish drug carrier systems for cancer therapy.26  

Many studies show that, during crystallization, calcium carbonate precipitates initially as 

amorphous liquid-like droplets, which subsequently transform to one of the crystalline mod-

ifications.27–30 Under ambient conditions, ACC crystallizes to calcite via vaterite,31,32 

whereas aragonite is formed at elevated temperatures.33 Fernandez-Martinez et al.34 reported 

an aragonite-like protostructuring in ACC under pressure. The presence of magnesium ions 

in ACC retards crystallization35 and alters the resulting crystalline modification depending 

on the magnesium concentration.36 ACC has no fixed composition because of its variable 

water content,37,38 and it can easily incorporate foreign ions.39 All of its hydrated forms have 

a higher enthalpy than the crystalline modifications,40 which allows ACC to act as precursor 

to different crystalline modifications of calcium carbonate. Therefore, marine organisms use 

ACC, stabilized by proteins and impurities (Mg2+ PO4
3-),15 as a reservoir for the crystalliza-

tion of elaborate exoskeletons, spiculae, and shells.41–44 
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The focus of current research has been on calcium carbonate, because its amorphous form is 

easily accessible. We tried to generalize the crystallization via amorphous intermediates with 

other carbonates like MnCO3 and SrCO3. Radha and Navrotsky described the synthesis of 

amorphous MnCO3 (AMnC) by mixing cooled MnSO4 and Na2CO3 solutions,45 but the crys-

tallization pathway remained unclear. Amorphous SrCO3 (ASC) was found in tribological 

experiments,46 as transient species in liposomes,47 and it was synthesized by using large 

amounts of additives.48 Liquid-like amorphous precursor species of MnCO3 and SrCO3 were 

observed in an ultrasonic levitator by electron microscopy, but could not be isolated.49  

We present an additive-free synthesis to yield “pure” ASC that is applicable for ACC and 

amorphous AMnC as well. The amorphous samples were used to study their water-depend-

ent crystallization kinetics by Fourier transform infrared (FTIR) spectroscopy, transmission 

electron microscopy (TEM), and potentiometric measurements. Large discrepancies in the 

crystallization rate and general crystallization behavior were observed for ACC, ASC, and 

AMnC. Potentiometric measurements were used to monitor the crystallization for different 

water concentrations. First evidence of “prenucleation clusters” of calcium carbonate were 

found in a potentiometric study of the ion concentrations.50 We studied the crystallization of 

ACC, ASC, and AMnC by tracing the carbonate concentration in water/acetonitrile mixtures 

with time. The carbonate concentration was monitored with a pH electrode, calibrated with 

defined amounts of K2CO3, and the voltage signal was used as readout. The use of a  

carbonate-selective electrode was prevented due to its instability in organic solvents.51 The 

evolution of the carbonate concentration with time was analyzed with a mathematical model, 

which allowed to probe the effect of water on the rate constants of dissolution and crystalli-

zation. This provides new insights into the crystallization of carbonates and presents itself 

as tool to tune crystallization processes. 

 

3.2 RESULTS AND DISCUSSION 

Synthesis of Amorphous Carbonates 

Amorphous carbonates were precipitated without any external stabilization by additives or 

ligands. As water is crucial for the crystallization of carbonates, their precipitation was  

carried out in anhydrous methanol. Whereas CaCl2 readily dissolved in pure methanol, a  

suitable carbonate source is more difficult to find. Cs2CO3 turned out to be a good choice 
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because of its solubility in organic solvents.52 It is important not to dissolve the Cs2CO3 in 

methanol, as it deprotonates methanol in the absence of water and yields cesium methano-

late. Amorphous CaCO3 (ACC), SrCO3 (ASC), and MnCO3 (AMnC) were obtained by  

sonicating methanolic solutions of the respective cations after adding solid Cs2CO3. After 

washing with methanol, the amorphous precipitates were dispersed in acetonitrile (Figure 

S7, Supporting Information). They remained amorphous for several weeks. The dispersions 

were used for the crystallization experiments. Isolation of ASC without stabilizing polymers 

or additives48 has not been reported so far. 

The absence of any Bragg reflections in the powder X-ray diffractograms (PXRDs) shows 

the non-crystallinity of the products (Figure 3.1a). The samples were prepared on polyvinyl 

acetate films with perfluorinated ether to ensure minimum background for the measurements 

(Figure 3.1a, black line). 

Figure 3.1b shows the FTIR spectra of ACC, ASC, and AMnC with the typical broadened 

bands associated with the disordered structure. The three amorphous compounds show the 

characteristic vibrational modes of carbonates.53 The symmetric stretching (ν1), the  

out-of-plane deformation (ν2), and the asymmetric stretching (ν3) modes. The in-plane- 

deformation mode (ν4) around 700 cm-1 is not visible (or extremely broadened), as observed 

for ACC in previous studies.54 The band positions of these modes in ASC (ν3 = 1383 cm-1, 

ν1 = 1066 cm-1, ν2 = 861 cm-1), ACC (ν3 = 1388 cm-1,ν1 = 1074 cm-1, ν2 = 859 cm-1), and 

AMnC (ν3 = 1370 cm-1, ν1 = 1076 cm-1, ν2 = 848 cm-1) deviate from those of the respective 

crystalline polymorphs and indicate the amorphous structure.  

 

 

Figure 3.1. a) PXRDs of ASC, ACC, and AMnC without Bragg reflections indicate the non-crystallinity. Polyvinyl 

acetate film (black) was used to minimize the background. b) FTIR spectra of ASC, ACC, and AMnC exhibit the 

characteristic vibrational modes of the carbonate group. 
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Crystallization in Water/Acetonitrile Mixtures 

Dispersions of ACC, ASC, and AMnC in acetonitrile were used to study the effect of water 

on the crystallization kinetics. The water concentrations of 10 vol% and 20 vol% in acetoni-

trile were used to have sufficient time for taking samples. Acetonitrile is readily miscible 

with water and – different from alcohols55,56 – known not to induce polymorph changes of 

CaCO3 during crystallization. Aliquots of reaction mixtures of the respective carbonates in 

water/acetonitrile were taken in time intervals between 5 and 30 min, depending on the  

reaction rate. Subsequently, the reaction was stopped by adding an excess of acetone,  

followed by separating the sample by centrifugation and drying in vacuo. 

FTIR spectra were recorded for each sample. The out-of-plane deformation (ν2) mode was 

used to monitor the progress of the crystallization (Figure 3.2, inset). The shift of this band 

makes the amorphous and crystalline phases easy to distinguish. For CaCO3 and MnCO3, 

the band appears at higher wavenumbers in the crystalline modification. For SrCO3, the band 

is shifted in the opposite direction. This shift is related to the crystal structures of CaCO3, 

MnCO3, and SrCO3 due to the resulting differences in the coordination and bond lengths of 

the carbonate group. Rhodochrosite (MnCO3) crystallizes in the calcite structure, strontianite 

(SrCO3) in the aragonite structure. In aragonite, the C-O bond is longer than in calcite, which 

shifts ν2 to lower wavenumbers.  

The transmittance T of the ν2 band was converted to the absorbance A (A = -log(T)), which 

is proportional to the concentration of the respective species according to Lambert-Beer’s 

law.57 The ν2 band was fitted with a bimodal Gaussian function to extract the relative 

amounts of the amorphous and the crystalline phases. We monitored the absorbance of the 

ν2 band of the crystalline phase relating to t = 0, the initial absorbance was set as “0 %”.  One 

carbonate sample was incubated overnight to achieve complete crystallization, the respective 

absorbance was defined as “100 %”. In this way, the crystallization of the amorphous phase 

could be monitored with time for ACC, ASC, and AMnC with two different water concen-

trations in acetonitrile (dotted line: 10 vol% water, solid line: 20 vol% water).  

Figure 3.2 displays a clear difference in the crystallization rates. ASC crystallized almost 

instantly upon contact with water, the crystallization of ACC required approximately 30 min, 

the crystallization of AMnC several hours. The crystallization for ASC proceeded even in 

the dry state. This explains, why only crystalline SrCO3 is found after contact with water, 

even after short reactions times (few minutes) and low water concentrations. 
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Figure 3.2. Crystallization kinetics of ASC, ACC, and AMnC in water/acetonitrile mixtures was monitored via 

FTIR for different water concentrations (dotted line: 10 vol% water; solid line: 20 vol% water) by evaluating the 

ν2 band of the crystalline modification. Absorbance was derived from the transmittance of the out-of-plane-de-

formation mode (inset: FTIR spectra of ACC in 10 vol% water). 

 

Besides the cation specific differences in the crystallization rate of ACC, ASC, and AMnC, 

the kinetics also depends on the water concentration. A higher water concentrations increases 

the transformation speed from the amorphous to the crystalline modification significantly, 

indicating the crucial effect of water on the crystallization process. Our findings correspond 

to the dependence of the crystallization rate of ACC on its degree of hydration.58 The paths 

of the curves, in particular the sigmoidal path of ACC at a water concentration of 10 vol%, 

are qualitative indicators of the crystallization reaction. The crystallinity increases only 

slowly during the first minutes, but quite fast after 20 min. As ACC crystallizes initially as 

vaterite (vide infra), which exhibits a relatively high solubility (Ksp = 1.22 × 10-8 mol²/L²),59 

more time is needed to generate the necessary supersaturation by the dissolution of ACC. In 

contrast, the solubility product of rhodochrosite (2.60 × 10-11 mol²/L²)60 is reached at much 

lower concentrations leading to the immediate formation of crystalline MnCO3.  

 

Characterization of Crystallization Products 

Figure 3.3 shows TEM images of SrCO3 (a-c), CaCO3 (d-f), and MnCO3 (g-i). The first 

image of each series shows the amorphous carbonate prior to contact with water, the second 

image is a snapshot taken during crystallization, and the last image shows the crystalline 

product. A water concentration of 10 vol% was used (except for SrCO3, here only 2 vol% 

water were used because of the extremely fast crystallization. Compare Figure 3.2).  
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FTIR spectroscopy served as ensemble method to monitor the progress of crystallization. 

The out-of-plane deformation (ν2) band is displayed as inset in each subfigure (wavenumbers 

are given in cm-1). All amorphous carbonates appear as agglomerated nanoparticles with 

diameters of 10–20 nm and droplet-shaped morphology. During crystallization, the amor-

phous and crystalline phases coexist as indicated by the splitting of the ν2 band. 

 

 

Figure 3.3 TEM snapshots during the crystallization of SrCO3 a)-c), CaCO3 d)-f), MnCO3 g)-i). FTIR insets of 

the out-of-plane deformation mode show the progress of crystallization (wavenumbers are given in cm-1). The 

first image of a series shows the pure amorphous carbonate (a, d, g), the second demonstrates the coexistence 

of amorphous and crystalline phase (b, e, g), the third shows the crystalline product (c, f, i).  
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Only one crystalline modification exists at ambient conditions for SrCO3 and MnCO3. The 

particles have the typical morphologies of strontianite61 and rhodochrosite.62 A spherical 

morphology, characteristic for vaterite,63,64 was observed for CaCO3. The formation of  

metastable vaterite as first crystallization product was reported in other studies as well.23,28,32 

The coexistence of the amorphous and crystalline phases and their apparent morphological 

difference support a dissolution-recrystallization mechanism and exclude a gradual solid-

state transformation. The amorphous polymorph partially dissolves on contact with water. 

Due to the higher solubility of the amorphous polymorphs compared to the crystalline ones, 

the solution becomes supersaturated with regard to the crystalline phase, which eventually 

leads to its precipitation. The crystalline products are displayed in the last image of each 

series. The appearance of only one ν2 band (see Figure 3.2) shows that the reaction is com-

plete. Calcite is the thermodynamically stable polymorph of the CaCO3 system at ambient 

conditions. Rhombohedral calcite crystals were formed next to spherical vaterite crystals, 

i.e. vaterite slowly transformed to calcite. For low water concentrations, this process was so 

slow that it could not be resolved with our experimental setup.  

 

Crystallization Mechanism and Reaction Modeling 

The overall kinetics for a single crystallization process, which is controlled by nucleation 

and growth, is often described by the Avrami equation.65 However, the Avrami exponent n 

is not constant over time, except for AMnC. Therefore, we used reaction modeling rather 

than the Avrami model to describe our results. One might expect an influence of the respec-

tive surface on the crystallization kinetics, but TEM images (vide supra) show a comparable 

size and morphology of the different amorphous carbonate particles. Therefore, we assume 

that differences in the crystallization kinetics of these samples are not predominantly deter-

mined by deviations of the surfaces of the amorphous carbonates. 

The crystallization was monitored with a pH module (glass iUnitrode electrode). Dissolved 

carbonate ions are strongly basic and increase the pH of the solution. We performed the 

crystallization experiments in mixtures of 20 vol%, 30 vol%, and 50 vol% water in aceto-

nitrile. In mixed or non-aqueous systems, the apparent pH value does not correspond to the 

pH value measured in water.66 Therefore, we calibrated the pH module for each water  

concentration with exactly weighed-in amounts K2CO3 (Figure S8, Supporting Information). 

In this way, the carbonate concentration was directly calculated from the voltage signal of 
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the pH module. Studies on buffers in acetonitrile-water mixtures suggest that the protonated 

form is favored at lower water concentrations.67 Yet, our experimental setup does not allow 

for the discrimination between CO3
2- and HCO3

-. Therefore, we refer to the measured values 

just as “carbonate concentration”. For the respective systems, the measured carbonate con-

centrations as a function of time are displayed in Figure 3.4a-c. 

 

 

Figure 3.4 a-c) Carbonate concentration with time during crystallization of the amorphous phases at various 

water concentrations (20 vol%, 30 vol%, 50 vol%) in acetonitrile. d) Model for dissolution-recrystallization mech-

anism describing the experimental data based on the rate constants for dissolution (kdis) and crystallization 

(kcrys). For AMnC, the crystallization is much slower than the dissolution. Contrary behavior is found for ASC; 

the fast crystallization prevails at every water concentration. ACC represents an intermediate case. For high 

water concentrations, the crystallization rate exceeds the dissolution rate, whereas, for low water concentra-

tions, the crystallization rate drops under the dissolution rate.  

 

The maximum carbonate concentration increases with increasing water content, which is 

related to the higher solubility of salts in water compared to organic solvents. Moreover, the 

equilibrium concentration at the end of the reaction scales with the solubility product of the 

respective crystalline carbonates in pure water (calcite:59 3.31 × 10-9 mol²/L² > strontianite:68 

5.42 × 10-10 mol²/L² > rhodochrosite:60 2.60 × 10-11 mol²/L²). All experiments showed an  
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initial increase of the carbonate concentration, after the dispersion of amorphous carbonates 

was added. For ACC, the graph at 50 vol% exhibits a kink after 3 min, where the increase 

of carbonate concentration attenuates significantly. This corresponds to the scenario de-

scribed for ACC in Figure 3.2. The crystallization is slow at the start, but accelerates drasti-

cally after several minutes. This is accompanied by a sudden consumption of carbonate from 

solution, which leads to the leveling of the graph. For high water concentrations, the  

carbonate concentration for ASC and ACC reaches the equilibrium concentration after  

30–60 min. AMnC and ACC at 20 vol% water show a different behavior. The carbonate 

concentration rises first to a maximum and drops subsequently to the equilibrium concentra-

tion. In addition, it takes considerably longer for AMnC to reach a constant carbonate  

concentration (compared to ACC and ASC), which is in agreement with the slow crystalli-

zation kinetics observed in Figure 3.2. These apparent differences between the carbonates 

can fully be explained with a qualitative model assuming a dissolution-recrystallization 

mechanism:  

[CO3
2−]amorph 

kdis

→  [CO3
2−]solv 

kcrys

⇌
kdis′

 [CO3
2−]crys (3.1) 

The amorphous carbonate [CO3
2-]amorph dissolves with the rate constant kdis. The carbonate 

in solution [CO3
2-]solv crystallizes with a rate constant kcrys to the respective crystalline mod-

ification [CO3
2-]crys. The solubility product of the crystalline modification was considered by 

its dissolution with a rate constant kdis’. This leads to three coupled differential equations 

(complete derivation given in the Supporting Information, p. VI). The evolution of the car-

bonate concentration in solution with time, which was accessible in our experimental setup, 

was calculated as: 

[CO3
2−]solv (t) = A0  ((

kdis−k
dis′

kcrys+kdis′−kdis 
) (e−kdis  t −  e−(kcrys+k

dis′) t) +

              (
k

dis′

kcrys+kdis′
) (1 −  e−(kcrys+k

dis′) t))     

       

(3.2) 

 

This function is plotted in Figure 3.4d. We cannot fit the function directly to our data to 

extract values for the rate constants, but the evolution of the carbonate concentration is 

modeled reliably on a qualitiative level. We varied the values of kdis and kcrys starting from 
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equal rates of dissolution and recrystallization (bold black line). To facilitate the comparison, 

kdis’ was chosen in a way to yield an identical end concentration of carbonate. When the 

crystallization rate kcrys excels the dissolution rate kdis (purple arrow), the curve levels 

(dashed lines), because dissolving carbonate is incorporated instantly into the growing  

crystal. This behavior was observed for ASC at all water concentrations and for ACC at a 

concentration of 50 vol%. 

The curve shape (dotted lines) changes significantly, when the dissolution rate kdis is higher 

than the crystallization rate kcrys (green arrow). [CO3
2-] passes through a maximum, because 

the initial increase of the carbonate concentration is stronger due to its fast dissolution. At a 

high carbonate concentration, [CO3
2-] drops, because carbonate ions are consumed for  

nucleation and crystal growth. This behavior was observed for all AMnC samples and ACC 

(at a water concentration of 20 vol%). AMnC shows the lowest crystallization rate of the 

three carbonates, which is in agreement with its slow crystallization kinetics (Figure 3.2). At 

every water concentration, the transformation of ASC is kinetically determined by the  

dissolution of ASC due to the high recrystallization rate. This explains also, why ASC has 

never been isolated without stabilization by additives. According to the above model, ACC 

has comparable dissolution and crystallization rates. Higher water concentrations favor crys-

tallization, whereas dissolution prevails at low water concentrations. As both processes  

accelerate at higher water concentrations (Figure 3.2), the crystallization rate is affected 

more by increasing water concentrations than the dissolution rate. 

As the TEM images (Figure 3.3) suggest a comparable morphology for the different amor-

phous carbonates, we assume that the differences in the dissolution kinetics do not originate 

predominantly from deviating surface areas. The Pearson hardness69 of the cations and the 

hydration energies dominate the different behavior of the three carbonates. The hydration 

enthalpy increases from Sr2+ (ΔHhyd = -1445 kJ/mol), via Ca2+ (ΔHhyd = -1592 kJ/mol), to 

Mn2+ (ΔHhyd = -1845 kJ/mol).70 As the crystalline modifications of these carbonates are  

anhydrous, cation dehydration is crucial for the incorporation into the crystal.71 For Pearson 

soft Sr2+, dehydration requires less energy and is thus faster than for Mn2+ with strongly 

bound water molecules in its hydration shell. ACC is an intermediate case between these 

extremes. By increasing the water concentration, the system changes from recrystallization-

controlled to dissolution-controlled kinetics. At a low water concentration in acetonitrile, 

favorable water-water interactions via hydrogen bonds are reduced and water-acetonitrile 
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complexes are dominant.72 We assume that, for an excess of acetonitrile, the coordination of 

water molecules to Ca2+ is preferred and the binding of the hydration shell is stronger. This 

leads to a higher kinetic barrier for crystallization. Hence, by adjusting the water concentra-

tion, we can tune the phase transformation of amorphous carbonates to the crystalline poly-

morphs. 

 

Conclusion 

We synthesized three amorphous carbonates, ACC, ASC, and AMnC, in the absence of  

stabilizing additives and studied the mechanism and the kinetics of the transformation from 

the amorphous to the crystalline polymorphs as a function of the water concentration. The 

crystallization of ASC proceeds extremely fast, whereas the transformation of AMnC is  

relatively slow. ACC is an intermediate case between these extremes. For high water con-

centrations, the relatively lower dissolution rate kinetically dominates the reaction, whereas 

for lower concentrations, the crystallization is the rate-determining step. For all three  

carbonates, the crystallization speed increases with increasing water content. The crystalli-

zation processes were traced potentiometrically and in a step-by-step analysis by taking 

TEM snapshots during different stages of the crystallization process to identify different 

phases and product morphologies. The crystallization kinetics could be modeled based on a 

dissolution-recrystallization mechanism. A comparison with the Pearson hardness of the  

cations indicates that the hydration energy and the binding strength of the hydration shell 

pose the main kinetic barrier for the recrystallization. This allows tuning transformation from  

the amorphous to the crystalline phase by adjusting the water concentration. 
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3.3 EXPERIMENTAL SECTION 

Materials 

CaCl2 (98 %, Merck), SrCl2 (99.5 %, Alfa Aesar), MnCl2 (97 %, ABCR), Cs2CO3 (99 %, 

Sigma-Aldrich), KCl (99.5 %, Carl Roth), K2CO3 (Analytical reagent grade, Fisher  

Chemicals), methanol (HPLC grade, Fisher Chemicals), acetonitrile (HPLC gradient grade, 

Fisher Chemicals), acetone (99.5 %, Riedel-de Haën), milli Q deionized water. 

 

Synthesis 

CaCl2 (1 mmol) was dissolved in 20 mL of methanol. Then, Cs2CO3 (1 mmol) was added to 

the colorless solution and the reaction mixture was sonicated for 5 min. A cloudy colorless 

precipitate of ACC formed. It is important to note that Cs2CO3 has to be added directly as a 

solid. Dissolving in methanol leads to the formation of calcium methanolate. The obtained 

solid was washed with methanol and separated by centrifugation. Finally, 10 mL of aceto-

nitrile were added, and the mixture was sonicated to give a milky dispersion of ACC in  

acetonitrile. ACC was stable in this dispersion with regard to crystallization for weeks. ASC 

and AMnC were synthesized analogously by using SrCl2 or MnCl2 instead of CaCl2. 

 

Crystallization Experiments 

A dispersion of 0.5 mmol of the respective amorphous carbonate in 5 mL of acetonitrile was 

added to 15 mL of a water/acetonitrile mixture. The amount of water in this mixture was 

chosen in a way that the desired water concentration was reached after the addition of the 

carbonate dispersion. The reaction mixture was stirred (500 rpm) and samples were taken 

during the crystallization process. Therefore, 250 µL of the solution was collected with a 

pipette and diluted immediately with an excess of acetone to stop any further crystallization. 

These solutions were used for the preparation of samples for subsequent TEM studies. For 

monitoring the crystallization kinetics via FTIR, the solution was centrifuged, the precipitate 

dried in vacuo, and measured afterwards.  

 

Potentiometric Experiments 

The crystallization was monitored with a Metrohm pH electrode Titrando set-up at three 

different water concentrations in acetonitrile. The ionic strength of all solutions was adjusted 
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to 0.03 M by the addition of KCl. The volume was always set to 50 mL. To calculate the 

carbonate concentration from the voltage signal, the electrode was first calibrated with 

K2CO3. Therefore, the desired carbonate concentration was adjusted by adding several  

microliters of 0.01–0.1 M K2CO3/KCl solution. A 1:1 ratio of K2CO3 and KCl was used to 

model the ionic strength resulting from the dissolution of a salt with divalent ions (i.e. 

CaCO3). An exemplary calibration curve can be found in the Supporting Information (Figure 

S8). For monitoring the crystallization, 1 mL of a 0.02 M dispersion of the respective amor-

phous carbonate in acetonitrile was added to the water/acetonitrile mixture. The solution was 

stirred constantly, and the voltage signal was recorded with a resolution of 1 s-1.  

 

Characterization 

Powder X-ray diffraction. X-ray diffractograms were recorded on a STOE Stadi P equipped 

with a Mythen 1k detector using monochromatized MoKα radiation. The sample was  

attached to polyvinyl acetate films with perfluoroether (Fomblin Y, Aldrich). The sample 

was measured in transmission in 0.015° steps (continuous scan, 150 s/°) covering a 2θ range 

from 1.5° to 47°. 

FTIR spectroscopy. ATR-FTIR spectroscopy was performed using a Nicolet iS10 Spectro-

meter manufactured by Thermo Scientific. The spectra were recorded in a frequency range 

from 650 cm-1 to 4000 cm-1 with a resolution of 1.4 cm-1 per data point. 

Transmission electron microscopy. TEM samples were prepared by drop-casting 20 µL of 

the respective sample dispersion on 400 mesh carbon copper grids (Plano GmbH, Wetzlar, 

Germany) and measured with a Technai Spirit G2 at 120 kV acceleration voltage, equipped 

with a standard 4K CCD camera. 

Potentiometric pH sensing. Potentiometric measurements were performed using a computer-

controlled system from Metrohm (Filderstadt, Germany), operated with the custom-designed 

software Tiamo (v2.4), and a supplementary pH module (Metrohm, pH module 867). The 

pH value in the sample was monitored in real time with a glass iUnitrode electrode 

(Metrohm, No. 6.0278.300). All experiments were carried out in a 90 mL titration vessel. 

The room temperature was controlled constantly at T = 293 K. 
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4 
HYDROGEN BONDING IN  

AMORPHOUS CARBONATES 

 

 

 

 

Anhydrous crystalline modifications of carbonates can form via hydrated amorphous inter-

mediate species. We synthesized amorphous earth alkali carbonates and probed the structural 

water with Fourier transform infrared (FTIR) spectroscopy, 1H nuclear magnetic resonance 

(1H NMR) spectroscopy, and heteronuclear correlation (HETCOR) experiments. Tempera-

ture dependent determination of the spin-lattice relaxation time (T1) provided information 

about the water motion in the amorphous compounds. Our findings show that the strength 

of the internal hydrogen bonding network is mainly determined by the Pearson hardness of 

the respective metal cation. Our study provides a coherent picture of the hydrogen bonding 

situation in these transient species and thereby contributes to a deeper understanding of the 

crystallization process of carbonates.
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4.1 INTRODUCTION  

Calcium carbonate is the most widespread biomineral on earth.1,2 While biominerals that are 

purely based on other alkaline earth carbonates have not been reported so far, magnesium 

and – to a lower degree – strontium are incorporated into calcium carbonate biominerals and 

interfere significantly with the crystallization process. Magnesian calcite was found in the 

cuticles of crustaceans,3 in sea urchins,4,5 and echinoderms.6 Certain coccolithophores show 

a substantial bioaccumulation of strontium,7–9 which is high compared with values of  

precipitated “inorganic” calcite.10 The most prominent function of magnesium in calcium 

carbonate based biominerals is the stabilization amorphous calcium carbonate (ACC),11 

which serves as primary building material for all sorts of hard tissue.12,13 A change of the 

mechanical properties by incorporation of magnesium in biominerals has been discussed  

as well.14 

The crystallization of calcium carbonate via amorphous intermediates has been studied  

intensely due to the importance of ACC for biomineralization. Its formation enables the  

accumulation and temporal storage of calcium and carbonate ions by organisms for sub-

sequent crystallization of complex biomineral structures. By tailoring the physical and chem-

ical conditions, polymorph control over the crystallization products of ACC could be 

achieved.15 ACC is typically the first phase to precipitate from solution.16 Since it is meta-

stable,17 it transforms rapidly to one of the more stable crystalline calcium carbonate poly-

morphs.18,19 Several synthetic routes to ACC were developed, ranging from the addition of 

polymers20 and proteins,21 to the confinement in silica shells,22 or freeze-drying.23 Numerous 

studies appeared on the structure and composition of ACC, which exhibits short-range, but 

no long-range order.24,25 Tobler et al.26 found gradual changes in local order of ACC on 

varying the pH during the synthesis, and “proto-structuring” of the amorphous phase with 

regard to the respective crystalline calcium carbonate polymorphs has been proposed.27,28 

The poorly defined structure of ACC allows the incorporation of substantial amounts of for-

eign ions, which is documented for strontium29 and magnesium.30–33 Therefore, amorphous 

magnesium carbonate (AMC) is mainly discussed in the context of a solid solution in ACC.34 

AMC is known to play a role in the crystallization of magnesium carbonates, but only one 

study appeared on the atomic structure of pure hydrated amorphous magnesium  

carbonate.35 More often, amorphous magnesium carbonates are discussed as product of the 
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thermal decomposition of crystalline magnesium carbonates, e.g. nesquehonite.36 Both 

AMC and ACC are tested for medical applications. While pH responsive drug carrier sys-

tems are being developed based on ACC,37 amorphous magnesium carbonate with mesopo-

rous structure38 has been employed to improve the uptake of poorly soluble drugs.39 Moreo-

ver, hydrated amorphous magnesium carbonate has been tested as carbon dioxide storage 

material.40 Even fewer reports exist on amorphous strontium carbonate (ASC), which possi-

bly originates from its extremely fast transformation to crystalline strontiante.41 

Amorphous carbonates are generally hydrated materials. While most reports agree that ACC 

prepared from aqueous solution contains structural water, the amount of water depends on 

the synthesis conditions and the drying processes.42,43 Studies on amorphous zinc phosphate 

revealed that the water network stabilized the amorphous modification with regard to crys-

tallization.44 The water molecules form complex networks, connected through hydrogen 

bridges. In amorphous carbonates, either water molecules or carbonate groups serve as  

hydrogen bond acceptors. The importance of hydrogen bonds for the structure,45 stability,46 

molecular conformation,47 and dynamics48,49 in a vast number of chemical systems cannot 

be underestimated. The dissociation energies of hydrogen bonds cover more than two orders 

of magnitude (0.2–40 kcal/mol).50   

Fourier transform infrared (FTIR) spectroscopy and 1H nuclear magnetic resonance  

(1H NMR) spectroscopy are powerful tools to probe the strength of hydrogen bonding. In 

FTIR, a broadening of the band corresponding to the O-H stretching vibration indicates the 

presence of hydrogen bonds.51 The O-H bond is weakened and the band position shifts to 

lower wavenumbers, when a hydrogen acceptor is in its vicinity.52,53 Moreover, the inter-

action with a hydrogen bond acceptor decreases the electron density at the hydrogen atom,54 

resulting in a downfield shift in the 1H NMR spectrum.55 Solid state NMR is a particularly 

powerful technique to probe the local environment, especially in amorphous materials. ACC 

and magnesium bearing ACC were studied using 43Ca NMR56  and 25Mg NMR spectros-

copy.57 A solid state NMR spectroscopy study of ACC, employing 1H and 13C, was  

performed by Epple and co-workers.24 The mobility of the nuclei can be determined from 

the correlation time τc, which is related to the spin-lattice relaxation time (T1) .58,59 This 

allowed to determine the molecular mobility of amorphous organic compounds,60,61 the  

mobility of proteins,62  and the molecular mobility of water adsorbed on polymers.63 
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We probed the local water environment and the strength of the hydrogen bonding network 

in amorphous alkaline earth carbonates. To this end, we synthesized hydrated amorphous 

carbonates of magnesium, calcium, strontium, and barium. By careful drying, yet without 

completely removing the structural water, we could stabilize these transient species for  

sufficiently long periods of time. Amorphous barium carbonate still crystallized very  

rapidly, which prevented prolonged experiments. We probed the strength of the hydrogen 

bonds by FTIR spectroscopy. 1H NMR and 1H-13C HETCOR (heteronuclear correlation) 

magic angle spinning nuclear magnetic resonance (MAS-NMR) techniques were used to 

identify different proton species. Also, we probed the carbonate environment through 

13C{1H} cross polarization (CP) MAS-NMR. Measuring the 1H spin-lattice relaxation (T1) 

indicated a deviating mobility of the water molecules in the respective carbonates, especially 

experiments at variable temperature (VT) allowed to determine the respective activation en-

ergy for the water motion. Thus, this study provides a complete picture of the structural water 

in amorphous intermediate species and thereby expands our understanding of the crystalli-

zation process of the ubiquitous and eminently important mineral class of carbonates.

 

4.2 RESULTS AND DISCUSSION 

Composition and Stability of Amorphous Earth Alkali Carbonates  

Amorphous carbonates were precipitated without additional stabilization by additives or  

ligands from methanolic solution according to our recent study.64 A drying step at 70 °C 

proved to be necessary in order to prevent fast crystallization, especially of ASC. The non-

crystallinity of the products was confirmed by the absence of Bragg reflections in the powder  

X-ray diffractograms (PXRD, Figure 4.1a). To minimize the background, the samples were 

prepared on polyvinyl acetate films with perfluorinated ether (Figure 4.1a, gray line). The 

amorphous carbonates differ strongly in their stability with regard to crystallization (Figure 

S09, Supporting Information). In crystallization experiments employing a mixture of 

20 vol% water in acetonitrile, AMC crystallized slowly within a day. ACC required several 

hours until crystallization was complete. ASC crystallized immediately upon contact with 

water. The amorphous modification of barium carbonate (ABC, vide infra) transformed to 

witherite already in air. 
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Figure 4.1 a) PXRD of the amorphous carbonates of magnesium (AMC: black), calcium (ACC: blue), strontium 

(ASC: red), and the sample background consisting of two polyvinyl acetate films and perfluorinated ether (gray). 

The amorphous structure is indicated by the absence of Bragg reflections. b) Thermogravimetric analysis (TGA) 

of the amorphous carbonates. All samples display a mass loss between room temperature and 250  °C, which is 

attributed to a release of structural water. Approximate compositions of the respective samples are calculated 

based on the mass loss. For AMC, the hydroxide and hydrogencarbonate ions, which were found in 1H NMR 

(vide infra), were considered.  

 

The amount of water in the amorphous carbonates was determined by thermogravimetric 

analysis (Figure 4.1b). All samples showed a gradual mass loss between 50 °C and 250 °C 

(AMC: 15 %, ACC: 7 %, ASC: 4 %). Due to the incipient decomposition of AMC to MgO 

around 300 °C,36,65,66 we did not observe a constant mass after the loss of water. Based on 

the mass loss, the approximate composition of the amorphous carbonates was calculated. 

For AMC, we also considered the evidence of hydroxide and hydrogencarbonate ions, which 

were observed in 1H NMR and HETCOR experiments (vide infra). This resulted in a com-

position of Mg(CO3)0.8(HCO3)0.1(OH)0.3 × 0.8 H2O. The water content of the other samples, 

CaCO3 × 0.4 H2O and SrCO3 × 0.3 H2O, was significantly lower. The amount of water is cor-

related with the Pearson hardness of the respective cation.67 The small and Pearson hard 

Mg2+ cation binds water ligands stronger than the larger, softer Sr2+ cation.  The observed 

water content is lower than in previous reports,22,43 which is due to the drying step at 70 °C. 

Reeder and co-workers found a comparable water content for ACC, pretreated at 87 °C.42 

Yet, the similarity of the band shape in the FTIR spectra before and after drying suggests 

that the water environment is not significantly altered by the drying process (Figure S10, 

Supporting Information).   
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Strength of the Hydrogen Bonding  

Figure 4.2a shows the FTIR spectra of AMC, ACC, and ASC. The hydration is confirmed 

by the broad band around 3300 cm-1, which corresponds to the O-H stretching vibration of 

structural water in the compounds. The three samples show the characteristic vibrational 

modes of carbonates68 (broadening due to the amorphous structure is observed), i.e. the sym-

metric stretching (ν1), the out-of-plane deformation (ν2), and the asymmetric stretching (ν3) 

modes. The broadening of the in-plane-deformation mode (ν4) around 700 cm-1 increases 

from strontium, via calcium, to magnesium carbonate, i.e. they cannot be resolved properly. 

The respective band positions in AMC (ν3 = 1406 cm-1, ν1 = 1090 cm-1, ν2 = 854 cm-1), ACC 

(ν3 = 1393 cm-1, ν1 = 1074 cm-1, ν2 = 858 cm-1), and ASC (ν3 = 1382 cm-1, ν1 = 1065 cm-1, 

ν2 = 862 cm-1) agree with reported values38,64 and confirm the amorphous structure.  

 

 

Figure 4.2 a) FTIR spectra display the characteristic carbonate vibrational modes ν1–ν4. The O-H stretching 

vibration around 3300 cm-1 suggests that all samples contain structural water. b) Normalized FTIR spectra of 

the O-H vibration of AMC, ACC, and ASC. The data are modeled by multi-modal Gaussian functions (difference 

lines shown in gray). Mean wavenumbers indicate an increase of the hydrogen bonding strength when going 

from ACC, via AMC, to ASC. 

 

FTIR spectra of the amorphous carbonates in the region of the O-H stretching vibration are 

shown in Figure 4.2b. All samples exhibit a broad band, ranging from ca. 3700 cm-1 to 

2300 cm-1. This indicates that the water molecules form hydrogen bonds in the amorphous 

compounds.50 Increasing strength of hydrogen bonding shifts the water band to smaller 

wavenumbers by weakening the O-H bond of the water molecule.52,53 

We evaluated the respective bands by a multimodal Gaussian fit. Three Gaussian functions 

were necessary for modelling the data reasonably.51 In case of AMC, a fourth function, cen-

tered around 3550 cm-1, was employed to model the hump of the band at high wavenumbers. 
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We attribute this to the presence of hydroxide groups in AMC. The increased electron  

density strengthens the O-H bond and shifts the signal to higher wavenumbers. Fitting the 

bands with Gaussian functions allowed the extraction of a mean wavenumber for νO-H. 

Thereby, the average hydrogen bonding strength in these compounds was compared. Water 

in ACC forms the weakest hydrogen bonds (3242 cm-1), while stronger bonds occur in ASC 

(3159 cm-1). AMC represents an intermediate case (3176 cm-1). The mean wavenumber of 

νO-H = 3108 cm-1 suggests the strongest hydrogen bonds of all amorphous carbonates to occur 

in ABC (Figure S11, Supporting Information). Yet, it proved to be so unstable that no other 

experiments could be performed besides FTIR. According to the empirical formula found 

by Libowitzky,69 the wavenumber of the O-H stretching vibration is related to the O-O  

distance in a hydrogen bond of the form O-H∙∙∙O. In the case of the amorphous carbonates, 

the mean O-O distance is in the range from 2.67 Å (for ABC) to 2.72 Å (for ACC).  

Aside from AMC, the hydrogen bonding strength increases with the ionic radius of the  

alkaline earth metals. We suggest that the hydrogen bond acceptor strength of the carbonate 

group is mainly determined by its coordination to the metal cation. Large (Pearson soft)70 

cations like Sr2+ and Ba2+ coordinate only weakly to the carbonate group. Thus, the electron 

density of the carbonate anion is higher, which leads to stronger hydrogen bonds. The oppo-

site effect is found for small (Pearson hard) cations, which add a significant covalent char-

acter to the ionic metal oxygen bond. As a result, electron density is drawn from the car-

bonate group, and the hydrogen acceptor capacity decreases.  

The decrease of metal-oxygen interaction is also indicated by the decreasing energy of the 

symmetric stretching vibration ν1 of the carbonate ion when going from Mg2+ to Ba2+  

(1090 cm-1 to 1058 cm-1). Accordingly, alkaline earth hydroxides show a decreasing vibra-

tion frequency νO-H from Mg2+ to Sr2+. The increased metal-oxygen interaction weakens the 

hydrogen acceptor strength of the hydroxide ion (Figure S12, Supporting Information). The 

stronger hydrogen bonds in AMC compared to ACC appear to contradict this model. How-

ever, AMC is not a pure carbonate. Hydroxide anions are present in the structure (vide infra) 

that serve as strong hydrogen bond acceptors.71 They contribute significantly to the strength 

of the internal hydrogen bond network.  
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Local Carbonate and Water Environment 

To probe the chemical environment of the carbonate group, 13C{1H} CP MAS-NMR exper-

iments with variable contact times were performed. The carbonyl region of the 13C spectra 

of the amorphous carbonates is shown in Figure 4.3a (samples contained 13C in natural  

abundance). It should be noted that the full width at half-maximum (FWHM) of the NMR 

signals in the spectra provides information about the homogeneity of the local field.  

Typically, amorphous compounds exhibit broadened carbonyl resonances due to the  

increased heterogeneity of the chemical environment.24 The 13C signal of AMC is character-

ized by a chemical shift of 165.8 ppm with a FWHM of 435 Hz. The resonance of ACC is 

detected at 168.0 ppm with a FWHM of 385 Hz; ASC exhibits the sharpest signal with a 

FWHM of 335 Hz at 167.3 ppm. The large FWHM in AMC corresponds to a higher local 

disorder due to the presence of hydroxide and hydrogencarbonate groups and a higher 

amount of water.  

 

 

Figure 4.3 a) 13C{1H} CP MAS-NMR of the amorphous carbonates AMC, ACC, and ASC. The carbonate signals 

exhibit a broad FWHM (AMC: 440 Hz, ACC: 385 Hz, ASC, 335Hz), which accounts for a variety of different local 

environments in the amorphous state. b) Build-up curve of the carbonate signal at different contact times for 1H-
13C cross polarization (fits shown). The efficiency of the cross polarization for the respective carbonates corre-

lates with the water content, as determined by TGA.  

 

The evolution of the 13C intensities with increasing contact time tc in cross polarization NMR 

experiments is displayed in Figure 4.3b. The build-up curves provide information about the 

efficiency of the cross polarization, which depends on the strength of the 1H-13C dipole-

dipole couplings, i.e. on the distance between the dipolar coupled 1H and 13C spin pairs, on 

the mobility of the molecule in general, or the local mobility of the functional groups con-

taining the spin pair. For an isolated dipolar coupled pair, the CP build-up curve is oscillatory 
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in nature. For the alkaline earth carbonates in this work, a rather smooth exponential signal 

intensity increase was observed. It is due to a distribution of the orientations of the coupled 

pairs and the separations between 1H and 13C dipolar coupled spins. A distribution in the 

correlation times τc related with the water mobility may not be excluded as well.  

Clearly, a higher water content would result in more protons to cross polarize and therefore 

a stronger 13C signal (provided that the water molecules do not form large phase separated 

domains within the inorganic structure). As determined through TGA, the water content in-

creases in the order ASC < ACC < AMC. Additionally, there are HCO3
- and OH- groups 

present in the structure for AMC. Thus, the CP build-up curve for the AMC is steeper com-

pared to ASC and ACC, while the build-up curves for the latter two compounds are compa-

rable (Figure 4.3b). Neglecting the relaxation of the 13C and 1H rotating frame, the build-up 

curves were fitted using equation 4.1:72 

I(tcp) = I0 ∙ (1 − e
(−

tcp

TIS
)
) (4.1) 

I(tcp) is the absolute intensity – which is correlated to the absolute water content in the amor-

phous carbonates – for the respective cross polarization (or contact) time tcp. TIS is the cross 

polarization time constant for the coupled 1H-13C pairs. For ASC and ACC, we found com-

parable time constants of 2.48(47) ms and 2.52(19) ms. For AMC, the cross polarization 

time constant of 0.80(17) ms is much shorter. 

In order to gain further insight into the water environment of the amorphous carbonates, we 

performed 1H NMR and HETCOR experiments (Figure 4.4). The 1H NMR spectra were 

approximated with pseudo-Voigt profiles.73 All samples contain negligible (compared to the 

water signal) amounts of residual solvent from the synthesis with shifts of ~1 ppm. 

The 1H NMR spectrum of AMC exhibits three distinct proton signals detected in both ex-

periments (Figure 4.4a,b). The most intense resonance at 5.18 ppm with a FWHM of 

2890 Hz corresponds to structural water. The signal at 0.27 ppm (FWHM = 1140 Hz) is 

compatible with hydroxide ions, whose higher electron density causes a highfield shift.74 

The presence of hydroxide corresponds to the multitude of basic magnesium carbonates, e.g. 

dypingite (Mg5(CO3)4(OH)2 × 5 H2O) 75 and hydromagnesite (Mg5(CO3)4(OH)2 × 4 H2O) .76  
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Figure 4.4 1H NMR and respective HETCOR spectra of the amorphous alkaline earth carbonates. The spectra 

are fitted with pseudo-Voigt profiles; difference lines are shown in gray. AMC (a,b) exhibits three different proton 

signals. The most intense signal at 5.19 ppm originates from water, while we attribute the weak signal at 

0.25 ppm to more strongly shielded hydroxide groups. The coupling to a carbon shifted to higher field and the 

distinct deshielding of the signal at 13.20 ppm hint at the acidic proton of a hydrogencarbonate ion. ACC (c,d) 

and ASC (e,f) show only one signal at 4.46 ppm, respectively at 4.92 ppm. The ACC water signal has the 

smallest chemical shift, which corresponds to weaker hydrogen bonding. 
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The signal at 13.20 ppm (FWHM = 2160 Hz) appears as a shoulder in the 1H NMR spectrum 

and is much better resolved in the HETCOR spectrum. It is clearly related with the presence 

of acidic protons in AMC. Furthermore, the coupling with a carbonate group shifted to 

higher field (154.8 ppm) in the HETCOR experiment suggests the presence of hydrogen-

carbonate groups.24 For nesquehonite (MgCO3 × 3 H2O), Moore and co-workers found that 

the description as hydrogencarbonate (Mg(OH)(HCO3) × 2 H2O) is more accurate.77 We  

assume to have a comparable situation in AMC, even though the intensity ratios of the three 

signals (80 % to 16 % to 4 %) show that hydrogen carbonate can only be a minority species 

(Figure 4.1b). 

The 1H NMR spectrum of ACC displays only one proton signal at 4.46 ppm with a FWHM 

of 1170 Hz (Figure 4.4c,d). This chemical shift corresponds to the weak hydrogen bonds 

that we already observed in the FTIR spectra (Figure 4.2b). In comparison, for monohydro-

calcite (Figure S13, Supporting Information), the hydrated crystalline modification of  

calcium carbonate, both FTIR and 1H NMR reveal better order and stronger hydrogen  

bonding than in ACC. Monohydrocalcite exhibits hydrogen bonds with a nearly optimal  

O-H-O angle of 180° (Figure S13a, inset, Supporting Information). In the amorphous state, 

it is unlikely that this angle occurs frequently (assuming a distribution of angles), which 

attributes to a weakening of the hydrogen bonding.  

ASC exhibits one proton signal at 4.92 ppm with a FWHM of 810 Hz. This chemical shift 

corresponds to hydrogen bonding comparable in strength to AMC, which is in agreement 

with the FTIR results. ASC has the sharpest water signal of the amorphous carbonates, which 

may be associated with better local organization or higher water mobility.  

Comparing the results of the 1H NMR and the HETCOR experiments reveals that the water  

resonance in the amorphous carbonates changes from 4.46 ppm (ACC) to 5.18 ppm (AMC). 

The chemical shift of the protons is related to the local electron density, which is influenced 

by hydrogen bonding. Therefore, strong hydrogen bonds lead to a deshielding of the  

protons.50,54,78 We assume that the hydroxide ions in AMC act as strong hydrogen acceptors. 

Additionally, an increase of the signal broadening, when going from ASC, via ACC, to 

AMC, is clearly seen. The same trend appears in the 13C NMR (Figure 4.3a) and the FTIR 

spectra (Figure 4.2a). Therefore, we assume that the variation in the local structure in the 

amorphous alkaline earth carbonates is highest in AMC and decreases for the heavier alka-
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line earth homologues. In parallel, the stability of the amorphous state with regard to crys-

tallization decreases (e.g. difficulty of stabilizing amorphous barium carbonate), which fur-

ther suggests that the degree of disorder is highest in AMC. 

  

Motional Behavior of Water 

To evaluate the motional behavior of water in the amorphous carbonates, we recorded vari-

able temperature (VT) 1H NMR spectra of the amorphous carbonates (20 °C, 40 °C, and 

60 °C). By increasing the temperature, the water signal shifts to higher field for all amor-

phous compounds. Such a shift is usually attributed to the weakening/breaking of hydrogen 

bonds due to the increase of interatomic distances.79,80 

 

 

Figure 4.5 a) Temperature dependence of the 1H chemical shift of the water signal in the amorphous car-

bonates. The signal in ACC is less sensitive to temperature, as it is primarily less affected by hydrogen bonding. 

b) Temperature dependence of the spin-lattice relaxation time (T1) allows determination of the activation energy 

Ea for the water motion (values given in the figure). For AMC and ASC, these values are in a comparable range 

of 6 kJ/mol. The activation energy for the water motion in ACC is significantly lower due to the weaker hydrogen 

bonding.  

 

We obtained the temperature coefficients Δδ/ΔT for the respective carbonates by linearly 

fitting the chemical shift against the temperature (Figure 4.5a). We obtained similar values 

for AMC (0.0170 ppm/K) and ASC (0.0168 ppm/K), whereas the temperature coefficient 

for ACC is lower (0.0093 ppm/K). This further underlines the weakness of the hydrogen 

bonds of ACC. Temperature-induced weakening/breaking of the strong hydrogen bonds in 

AMC and ASC results in a distinct highfield shift of the water signal, whereas the influence 

of the temperature is less pronounced on the already weak hydrogen bonds in ACC. 



Results and Discussion 

94 

We recorded VT inversion recovery spectra (Figure S14, Supporting Information) to deter-

mine the spin-lattice relaxation time T1 and related the results with the strength of the  

hydrogen bonding. The spectra were fitted using the equation 4.2.81 

I(t) = I∞ ∙ (1 − exp (
−t

T1
)) + I0 (4.2) 

We measured T1 for all amorphous carbonates as well as for monohydrocalcite as crystalline 

reference at three different temperatures (20 °C, 40 °C, and 60 °C). The results are displayed 

in Figure 4.5b. At ambient temperature, we find the following T1 relaxation times for the 

respective carbonates: AMC (T1 = 953 ms), ACC (T1 = 798 ms), and ASC (T1 = 441 ms). 

With increasing temperature, all T1 values decrease. The spin-lattice relaxation time T1 is 

well described by the Bloembergen-Purcell-Pound model,58 which attributes for the  

tumbling motion of molecules on the local magnetic field disturbance (eq. 4.3). 

1

T1
= C ∙ [

τc

1 + (ωτc)2
+

4τc

1 + (2ωτc)2]   (4.3) 

This tumbling motion is characterized by the rotation correlation time τc. C is a constant, 

which is independent of the temperature and the frequency. If the tumbling rate is com-

parable to the Larmor ω frequency, relaxation is most effective. Faster or slower tumbling 

increase the relaxation time. The tumbling rate in solids is much smaller than the Larmor 

frequency. Thus, a faster motion, which can be caused by increased temperature, should lead 

to a decrease of the relaxation time T1. The temperature dependence of the tumbling motion 

can be approximated by an Arrhenius approach with the activation energy Ea (eq. 4.4).82 

τc  = τc0 ∙  exp (
Ea

kT
)  (4.4) 

Inserting eq. 4.4 in eq. 4.3 yields a dependence of the relaxation time T1 of the temperature 

T. Assuming 𝜔𝜏𝑐 >> 1 in solids, we obtain: 

1

T1
∝ exp (

−Ea

kT
)   (4.5) 

We fitted our data with eq. 4.5 to obtain the activation energy Ea for the tumbling motion of 

the water molecules (Figure 4.5b). AMC and ASC show comparable activation energies of 
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6.4 ± 1.2 kJ/mol and 5.6 ± 1.6 kJ/mol. Ea is significantly lower for ACC (1.5 ± 0.3 kJ/mol). 

The activation energies for the water motion correspond to the strength of the hydrogen 

bonding that was deduced from FTIR and 1H NMR. The activation energy for crystalline 

monohydrocalcite (Ea = 5.4 ± 0.1 kJ/mol) is higher than in ACC (Figure S13d, Supporting 

Information). We attribute this difference to the strong directed hydrogen bonding in mono-

hydrocalcite. This bonding situation also potentially causes the high absolute value for the 

T1 relaxation of 1376 ms at ambient conditions in monohydrocalcite. Shorter relaxation 

times in amorphous compounds, compared to the crystalline modification, were also  

reported for magnesium phosphates.83 

 

Conclusion 

We examined the water content, local environment, and motional behavior in hydrated amor-

phous carbonates of magnesium, calcium, strontium, and barium with TGA, FTIR, and NMR 

techniques to gain information about the hydrogen bonding. The low stability of amorphous 

barium carbonate allowed only fast FTIR experiments. The Pearson hardness of the coordi-

nating metal cations mainly determines the hydrogen acceptor strength of the carbonate 

group. On the first glance, AMC seems to contradict this trend. The solution is revealed in 

1H NMR and HETCOR experiments, which indicate that AMC is not a pure carbonate, but 

contains small amounts of hydrogencarbonate ions and additional proton species, which are 

identified as hydroxide ions. These hydroxide ions act as strong hydrogen acceptors and 

stabilize the water network in AMC. There is no experimental evidence for hydroxide ions 

in all other amorphous alkaline earth carbonates. 

 

Table 4.1 Hydrogen bonding in amorphous earth alkali carbonates. Mean wavenumber of the O-H stretching 

vibration νO-H, 1H chemical shift δ, the respective linewidth, T1 relaxation time, and activation energy for the 
water motion Ea are given.  

Sample νO-H / cm-1 δ(1H) / ppm FWHM / Hz T1 / ms Ea / kJ mol-1 

AMC 3176 5.18 (H2O) 2890 953 6.4 ± 1.2 

  0.27 (OH-) 1140   

  13.20 (HCO3
-) 2160   

ACC 3242 4.46 (H2O) 1170 798 1.5 ± 0.3 

ASC 3159 4.92 (H2O) 810 441 5.6 ± 1.6 
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The results of various spectroscopic techniques (Table 4.1) allow for the classification of the 

hydrogen bonding strength in the amorphous carbonates: AMC ≈ ASC > ACC. The FTIR 

spectrum of amorphous barium carbonate suggests that hydrogen bonding is even stronger 

in this compound, but the short lifetime prevented a more detailed analysis. The activation 

energy of the water motion Ea, determined by VT T1 measurements, scales with the strength 

of hydrogen bonding and has a minimum for amorphous calcium carbonate. A comparison 

with crystalline hydrated calcium carbonate (monohydrocalcite) suggests that the hydrogen 

bonds are not ideally oriented in the amorphous solid, which explains their softening. The 

minimum hydrogen bonding strength in ACC corresponds to the facile dehydration of  

biogenic ACC prior to crystallization.84–86  

This study provides a complete picture of hydrogen bonding and the water environment in 

amorphous earth alkali carbonates. Structural water is one of the most profound differences 

between amorphous intermediate species and the thermodynamic crystalline modifications 

in the carbonate system, which are predominately anhydrous (some crystalline hydrated 

modifications of basic magnesium carbonate exist). With this detailed characterization of 

their hydration, we contribute a key aspect to finally illuminating the crystallization process 

of carbonates as a whole.

 

4.3 EXPERIMENTAL SECTION 

Materials 

CaCl2 (98 %, Merck) (99 %, Sigma-Aldrich), SrCl2 (99.5 %, Alfa Aesar), MgCl2 × 6 H2O 

(99 %, p.a., Carl Roth), BaCl2 (99.5 %, Merck), Cs2CO3 (99 %, Sigma-Aldrich), K2CO3 

(99 %, Merck), Ca(OH)2 (96 %, puriss. p. a., Sigma-Aldrich), Sr(OH)2 × 8 H2O (99 %, Alfa 

Aesar), Mg(OH)2 (95 %, Sigma-Aldrich), acetone (99.5 %, Riedel-de Haën), methanol 

(HPLC grade, Fisher Chemicals), acetonitrile (HPLC gradient grade, Fisher Chemicals), 

milli Q deionized water.  

 

Synthesis: Amorphous Carbonates  

CaCl2 (2 mmol) was dissolved in 20 mL of methanol. Subsequently, Cs2CO3 (2 mmol) was 

added, and the solution was sonicated for 1 min. After dissolution of the Cs2CO3, a colorless 

solid (ACC) precipitated, which was separated by centrifugation and washed twice with 
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10 mL of methanol to remove residual cesium chloride. Subsequently, the solid was  

dispersed in 20 mL of acetone under sonication and centrifuged again. The washing step 

with acetone was repeated. Finally, the solid was dried at 70 °C for several hours. The prep-

aration of AMC and ASC proceeded analogously with the respective metal chlorides as  

reactants. The drying step at elevated temperatures was necessary, especially for ASC, as it 

crystallized during slow drying even in vacuo. Additionally, adsorbed surface water was 

removed, which increased the stability of the amorphous samples. To prevent spontaneous 

crystallization, the synthesis of amorphous barium carbonate required drying the product in 

a vacuum oven at 40 °C. 

 

Synthesis: Monohydrocalcite 

According to the optimized calcium magnesium ratio for the formation of monohydrocal-

cite,87 CaCl2 (2 mmol) and MgCl2 × 6 H2O (0.5 mmol) were dissolved in 30 mL of deionized 

water. In the next step, K2CO3 (3.5 mmol) was dissolved in 15 mL of deionized water, and 

the solutions were combined, whereupon a colorless solid precipitated. The reaction solution 

was stirred for 8 h. Afterwards, the precipitate was separated by centrifugation and washed 

with methanol. The product, monohydrocalcite, was dried in vacuo. 

 

Crystallization Experiments 

The respective amorphous carbonates were prepared as described above. Instead of dispers-

ing them in acetone and subsequently drying them for several hours, 20 mL of acetonitrile 

was added to yield 0.1 M dispersions of the amorphous carbonates. For a crystallization 

experiment, the respective carbonate dispersion was added to a water/acetone mixture to 

yield a final water concentration of 20 vol% (5 mL of the carbonate dispersion to a mixture 

of 11 mL of acetone and 4 mL of water). Samples were taken by transferring 250 μL of the 

reaction solution to a microcentrifuge tube and quenching further crystallization by the  

addition of 1.5 mL of acetone. The sample was centrifuged for 1 min at 14000 rpm. Then, 

the supernatant was decanted. The sample was washed again with 1.5 mL of acetone and 

dried afterwards in vacuo. Through FTIR, the progress of crystallization was monitored  

(Figure S9, Supporting Information).  
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Characterization 

X-ray powder diffraction. X-ray diffractograms were recorded with a STOE Stadi P 

equipped with a Mythen 1k detector using monochromatized MoKα radiation. The sample 

was attached to polyvinyl acetate films with perfluoroether (Fomblin Y, Aldrich). The sam-

ple was measured in transmission in 0.015° steps (continuous scan, 150 s/°) covering a 2θ 

range from 1.5° to 43°. Crystalline phases were identified according to the PDF-2 database88   

using Bruker AXS EVA.89 

FTIR spectroscopy. ATR-FTIR spectroscopy was performed using a Nicolet iS10 Spectrom-

eter manufactured by Thermo Scientific. The spectra were recorded in a frequency range 

from 650 cm-1 to 4000 cm-1 with a resolution of 1.4 cm-1 per data point. 

Solid state NMR spectroscopy. All solid state NMR spectra were recorded on a Bruker 

Avance 400 DSX NMR spectrometer at a 1H frequency of 399.87 MHz and 13C frequency 

of 100.55 MHz. A commercial three-channel 4 mm Bruker probe head at 10 kHz magic 

angle spinning (MAS) was used for all experiments. The 1H NMR spectra were recorded 

averaging 32 transients with 8 s recycle delay. The 1H T1 relaxation was determined using 

the inversion recovery method. The sample was heated using a Bruker BVT 3000 variable 

temperature unit and the temperature was controlled with an accuracy of ± 1 K. For all solid 

state 13C cross polarization MAS-NMR experiments, an initial 90° pulse with 4.0 μs length 

and 5 s recycle delay were used. A ramped CP pulse (64–100 %) with duration of 20 μs, 

200 μs, 1 ms, 2 ms, and 5 ms was used for recording the CP build-up curves. Two pulse 

phase modulation (TPPM) 1H decoupling scheme was used while acquiring the 13C signal. 

Transients of 2 k were averaged for the CP experiments. The spectra were baseline-corrected 

and a broadening of 50 Hz was applied. The 1H-13C heteronuclear correlation (HETCOR) 

2D NMR spectra (pulse sequence according to van Rossum et al.90) were acquired using  

1H-13C magnetization transfer with contact times of 2 ms and 256 transients/t1. The data 

points recorded were 2 k (t1) and 64 (t2) and zero-filled to 4 k (t1) and 128 (t2) before the 

2D Fourier transformation. The other experimental parameters were identical to those for 

the 1D CP NMR experiments. The spectra were referenced to external adamantane at 

1.63 ppm (1H) and 38.5 ppm (13C). 

Thermogravimetric analysis. TGA experiments were carried out using a Perkin Elmer TGA 

Pyris 6 device in the temperature range from 30 °C to 600 °C with a heating rate of 10 K/min 

in air.
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5 
MECHANOCHEMICAL ACCESS TO 

AMORPHOUS CALCIUM CARBONATE 
 

 

 

 

Amorphous calcium carbonate (ACC) is usually formed as an intermediate phase during 

crystallization of calcium carbonate in solution. We took a radically new approach and  

prepared a new form of amorphous calcium carbonate (BM-ACC) by high-energy ball  

milling from calcite. The addition of a small amount of foreign ions, in form of Na2CO3, is 

crucial to achieve complete amorphization. We used the sodium cation as probe to study the 

degradation of the crystalline order by nuclear magnetic resonance (23Na NMR) spectros-

copy. A structural model revealing the partly unsaturated coordination sphere of the Ca2+ 

ions was derived from the analysis of total scattering data with high-energy synchrotron 

radiation. BM-ACC exhibits a distinctively different crystallization behavior from ACC  

prepared by wet chemical methods.  
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5.1 INTRODUCTION 

Calcium carbonate is widely used industrially for ceramics,1 construction materials,2 paper 

making,3 as filler material in pharmaceuticals,4 as phosphate binder,5 and as a drug carrier 

system.6 In addition, it is the most common biomineral in nature, forming eggshells,7 coral 

reefs,8 and hard tissue in marine organisms.9,10  The ability of calcium carbonate to crys-

tallize via an amorphous intermediate (ACC) is of highest importance for its function as a  

biomineral, because this transient species can be molded into elaborate shapes by proteins 

and macromolecular templates.11 The first industrial applications for ACC have been devel-

oped, e.g. hydrogels with ACC can be employed as an environmentally friendly composite  

material.12,13  

The local structure in ACC is still a subject of current research. Gebauer et al.14 observed a 

pH dependence of the short-range order in ACC, and Tobler et al. studied the OH- incorpo-

ration into ACC.15 Protostructuring of ACC with regard to different crystalline modifications 

is discussed,14 as well as the concept of “polyamorphism” in biogenic ACC.16 Therefore, 

many approaches have been pursued to synthesize and stabilize ACC that range from freeze-

drying,17 over the use of polymers18 and proteins,19 to the incorporation of foreign ions like 

magnesium.20 Upscaling of ACC synthesis has been studied as well.21 These wet-chemical 

approaches start from Ca2+ and CO3
2- ions in aqueous solution. The crystallization process 

is stopped at the ACC stage by stabilizing the product kinetically. 

Ball milling is a well-known strategy to produce non-equilibrium structures. It is employed 

for breaking down bulk materials to nano-size.22–24 Ball milling can induce alloying of met-

als25 or polymorph changes, e.g. a transformation from the anatase to the rutile modification 

of TiO2.
26 Defect formation on a large scale leads ultimately to an amorphization of crystal-

line solids.27 Elemental germanium28 or zeolites29–31 show a loss of crystallinity during ball 

milling, and changes of the hydrate network have been reported for Co3(PO4)2 × 8 H2O.32 

This behavior is not restricted to inorganic materials. Organic compounds (e.g. sugars33–35) 

and mixtures of organic and inorganic compounds36,37 undergo structural changes during 

mechanochemical treatment. This is highly relevant for pharmaceuticals because of the gen-

erally higher solubility of amorphous polymorphs, which enhances the uptake of drugs with 

poor water solubility.38,39 Mechanochemistry is of particular interest for large applications 

because of its scalability and the reduced use of solvents, which make it a “green chemistry” 
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technique.40 Mechanochemical treatment of calcium carbonate has been the subject of inten-

sive research for over 60 years. Burns and Bredig were the first to report the transformation 

of calcite to aragonite in a mechanically operated mortar.41 The reverse transformation from 

aragonite to calcite was described later.42 Also, vaterite can be transformed mechano- 

chemically to calcite.43,44 

We applied mechanochemistry for the synthesis of ACC. Ball milled amorphous calcium 

carbonate (BM-ACC) particles were prepared by treating calcite, the thermodynamically 

stable crystalline CaCO3 polymorph, in a planetary ball mill. Powder X-ray diffraction 

(PXRD) revealed a minimum concentration of 7.5 mol% Na2CO3 to be necessary for the 

complete amorphization of calcite. The process was monitored ex situ by quantitative  

Fourier transform infrared spectroscopy (FTIR) and 23Na magic angle spinning nuclear  

magnetic resonance (23Na MAS-NMR) spectroscopy, which provided information about the 

local atomic structure of the carbonate group and the sodium cations. The structural charac-

terization of BM-ACC was performed by total scattering with high-energy synchrotron  

radiation. Analysis of the pair distribution function (PDF) revealed a lower coordination 

number of the Ca2+ cations (compared to calcite). Important differences between BM-ACC 

and wet-chemically prepared ACC (the properties of ACC obtained from solution can vary 

depending on the synthetic approach and the use of additives) are (i) the absence of structural 

water and the incorporation of foreign ions, which is not untypical for ACC.20 (ii) BM-ACC 

is stable in air for several days. (iii) BM-ACC transforms to calcite via a surface-mediated 

dissolution-recrystallization mechanism without forming vaterite45 as intermediate phase. 

(iv) Thermally induced crystallization to calcite occurs already at low (185 °C) temperature.

 

5.2 RESULTS AND DISCUSSION 

Mechanochemical Synthesis BM-ACC 

The new form of amorphous calcium carbonate was synthesized by mechanochemical treat-

ment of calcite in a planetary ball mill by the addition of Na2CO3. The phase purity of the 

calcite precursor was confirmed by PXRD (Figure 5.1a). Mixtures of calcite with variable 

amounts of Na2CO3 were ground in a planetary ball mill for 24 h with cyclohexane as dis-

persion medium. This long reaction time was chosen to complete the reaction and to reach 

mechanochemical equilibrium.46 Milling of pure calcite led to a decrease of the crystallite 
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size, as indicated by reflection broadening, but full loss of long-range order was reached only 

in the presence of Na2CO3. The typical modulation with two maxima of ACC appeared for 

5 mol% Na2CO3, while the characteristic (104) reflection of crystalline calcite at Q = 2.1 Å-

1 was still present. For 7.5 mol% Na2CO3, all reflections vanished, and the sample was  

“X-ray amorphous”. This concentration sets the lower limit for amorphization, as the milling 

time of 24 h was unusually long. To reduce the milling time and to ensure complete amor-

phization, 10 mol% Na2CO3 was used for all further experiments. The resulting compound 

with the composition Ca0.9Na0.2CO3 is referred to as BM-ACC. 

 

 

Figure 5.1 a) PXRD of mixtures of calcite and Na2CO3 after 24 h of mechanochemical treatment: Untreated 

pure calcite with reference pattern (red) is shown at the bottom. Milling pure calcite leads only to broadening of 

the reflections. After addition of 7.5 mol% Na2CO3, complete amorphization was achieved. b) Schematic sketch 

of the reaction profile. Input of mechanical energy generates metastable BM-ACC from thermodynamically  

stable crystalline reactants. 

 

Spectroscopic Characterization 

Raman spectroscopy is sensitive to the crystallinity of a compound due to the ability to meas-

ure lattice vibrations at low wavenumbers.47 Whereas the spectrum of calcite displays two  

lattice modes at 156 cm-1 and 283 cm-1,48 these bands are absent for BM-ACC (Figure 5.2a). 

This is in agreement with the results of PXRD (Figure 5.1a) and supports the loss of long-

range order. The relatively sharp band in the BM-ACC spectrum at 803 cm-1 derives from 

residual cyclohexane (Figure S15, Supporting Information), which was used as dispersion 

medium during milling. It could not be removed by storing the sample in vacuo, which  

suggest a physical incorporation in cavities in BM-ACC (vide infra). In the Raman spectrum, 

the symmetric stretching (1080 cm-1) and the in-plane deformation (715 cm-1) bands of the 

carbonate group in BM-ACC are significantly broadened, compared to the respective bands 
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in calcite and Na2CO3. This implies a less defined coordination of the carbonate group in 

BM-ACC. 

The same phenomenon is observed in the FTIR spectrum (Figure 5.2b). BM-ACC exhibits 

the four characteristic vibrational modes of carbonate (symmetric stretch ν1 = 1071 cm-1, 

out-of-plane deformation ν2 = 857 cm-1, asymmetric stretch ν3 = 1377 cm-1, in-plane-defor-

mation ν4 = 695 cm-1 and 725 cm-1).48 Besides being broadened, the bands are slightly shifted 

for BM-ACC. The pronounced shift of the ν2 mode to lower wavenumbers in BM-ACC was 

used to quantify the progress and kinetics of the amorphization/crystallization (vide infra). 

Unlike ACC obtained from the common wet chemistry routes,49,50 BM-ACC is anhydrous, 

as indicated by the absence of a O-H stretching vibration around 3500 cm-1 in the FTIR 

spectrum. The magnification of this region in the FTIR spectrum (Figure 5.2b, inset) and 

also the 1H NMR spectrum of BM-ACC (Figure S15a, Supporting Information) show trace 

amounts of water, which is potentially physisorbed on the material.  

 

 

Figure 5.2 a) The Raman spectrum of BM-ACC displays the bands of the symmetric stretching (1080 cm-1) and 

the in-plane deformation vibration (715 cm-1). Both bands are significantly broadened compared to the respec-

tive vibrations of the reactants, calcite and Na2CO3. The lattice vibration of calcite at 290 cm-1 is absent for BM-

ACC, indicating the lack of long-range order. A band of the residual dispersion medium cyclohexane is marked 

with an asterisk. b) The FTIR spectrum of BM-ACC displays the characteristic vibrational modes of carbonate. 

They are shifted and broadened, compared to calcite and Na2CO3. BM-ACC is anhydrous, shown by the  

absence of the OH-vibration at around 3500 cm-1. Magnification of this region (200 ×, inset) reveals the presence 

of cyclohexane (C-H stretching vibrations around 2900 cm-1) and traces of water, which is possibly physisorbed 

on BM-ACC.  

 

The implication of the hydration on the stability of ACC is heavily discussed in literature. 

In biogenic ACC samples, Addadi et. al reported that anhydrous ACC crystallizes rapidly, 

whereas the hydrated form is more stable.51 The crystallization enthalpies52 of the respective 
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species suggest a downhill sequence from hydrated ACC, via anhydrous ACC, to calcite. 

This was confirmed experimentally.53 Besides energetic considerations, kinetic stabilization 

plays a major role in preventing crystallization of ACC. Konrad et al. synthesized ACC by 

freeze-drying, which resulted in a reduced water content of ACC (∼0.4 mol H2O per formula 

unit). Then, they probed the crystallization kinetics of this water-deficient ACC in various 

atmospheres.54 In air, the crystallization was triggered by physisorption of a critical level of 

water, which enabled dissolution and recrystallization processes in a thin surface film. First 

evidence of crystallization was observed after four days. In contrast, ACC films prepared by 

wet chemistry, which were only dried in a stream of nitrogen, crystallized within one hour 

in air.55 Therefore, careful dehydration can be regarded as a strategy to kinetically stabilize 

ACC, whereas hydration – and especially the formation of a surface water film – induces 

crystallization.  

In air, BM-ACC is stable with regard to crystallization for several days. After four days, we 

observe the first hints of calcite in the sample (Figure S16, Supporting Information). More-

over, the amount of physisorbed water increases. Therefore, we assume a similar mechanism 

as for freeze-dried ACC: BM-ACC is a water-deficient species, which prevents fast crystal-

lization, in contrast to wet-chemically prepared ACC. The formation of a surface water film 

is required to induce crystallization, and even then, crystallization proceeds slowly.  

Solid-state NMR provides information about the local environment of the nuclei and thus 

about the short-range order in crystalline and amorphous systems. Crystalline materials are 

characterized by relatively sharp resonance signals in the NMR spectra in contrast to the 

broadened amorphous peaks. We studied the signal broadening of BM-ACC and the  

reactants, calcite and Na2CO3, with 13C and 23Na MAS-NMR spectroscopy. 23Na is a quad-

rupole nucleus (I = 3/2) and therefore sensitive to changes in the in the symmetry of its 

coordination sphere56 and lattice defects.57 

13C-MAS-NMR experiments were performed to probe the chemical environment of the  

carbonate group. Figure 5.3a displays the carbonyl spectral region for Na2CO3, calcite, and 

BM-ACC. The 13C resonance signal of Na2CO3 is characterized by a chemical shift of 

170.7 ppm with a full width at half maximum (FWHM) of 40 Hz, while the signal of calcite 

is detected at 168.5 ppm58 with a FWHM of ca. 33 Hz. The shorter C-O distance of 1.18 Å 

in Na2CO3,
59 compared to 1.25 Å in calcite,60 is related with a stronger deshielding and thus 

a downfield shift of the resonance of about 2.2 ppm. The FWHM of calcite is about 7 Hz 
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smaller compared to sodium carbonate. The FWHM of the NMR signals in the spectra of 

crystalline compounds provides information about the homogeneity of the local field and is 

a measure of the degree of crystallinity.61 The 13C resonance of BM-ACC appeared at 

168.4 ppm, in agreement with literature values for hydrated ACC.58,62 Yet, it should be noted 

that also amorphous carbonate species with deviating chemical shift were found.14 The 

broadening of the signal (FWHM = 370 Hz) implies increased heterogeneity in the chemical 

environment of the carbon atoms in BM-ACC and thus higher local variety and lack of long-

range order. 

 

 
Figure 5.3 a) The 13C MAS-NMR shows the respective carbonate signal of BM-ACC (black), calcite (red), and 

Na2CO3 (blue). The maxima of BM-ACC and calcite nearly coincide at 168.5 ppm, whereas the Na2CO3 signal 

is more strongly deshielded and shifted to 170.7 ppm. The FWHM of the BM-ACC signal is broadened due a 

higher variation of chemical environments of the carbonate group in the amorphous solid. b) 23Na MAS-NMR of 

BM-ACC (black) and Na2CO3 (blue). The two signals in crystalline Na2CO3 arise from sodium coordination 

spheres with different symmetry. In BM-ACC, only one broad signal appears, indicating a less structured  

environment of the sodium cations.   

 

The 23Na MAS-NMR spectrum of crystalline Na2CO3 (Figure 5.3b) shows two distinct  

signals, corresponding to different symmetries of the sodium coordination in the lattice  

(Figure S17, Supporting Information). Two sodium positions (0, 0, 0; symmetry 2/m, 

Wyckoff site 2a, and 0, 0, ½, symmetry 2/m, Wyckoff site 2c) exhibit octahedral coordina-

tion, and they are occupied by half of the sodium ions. This highly symmetric coordination 

sphere gives rise to the sharp signal at 3.4 ppm with a FWHM of 540 Hz. The remaining 

sodium ions are located in a position with lower symmetry (0.1760, 1/2, 0.7478, site  

symmetry m, Wyckoff site 4i). Sodium is surrounded by six oxygen atoms in a distorted 

equatorial coordination with one oxygen atom above and two equidistant oxygen atoms  

below this plane (distorted capped bipyramid, CN = 9). The anisotropy of this coordination 
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polyhedron results in an electrical field gradient and thus signal broadening due to quadru-

pole interaction. This 23Na resonance appears at approximately -15 ppm. The chemical shift 

of the 23Na NMR signal is related to the Na-O distance and the coordination number of the 

sodium cation.63 For high coordination numbers and larger Na-O distances, the signal is 

shifted to higher field. We can confirm this for Na2CO3. The octahedrally coordinated  

sodium ions with a mean Na-O distance of 2.35 Å59 appear at lower field, compared to the 

sodium ions in the distorted capped bipyramidal position with a mean Na-O distance of 

2.70 Å.59 BM-ACC exhibits one broad, not fully symmetric signal with a maximum around 

-11 ppm and a FWHM of 3250 Hz. No distinct sodium positions could be identified, which 

implies a low coordination symmetry and/or a large variation of the chemical environments. 

The chemical shift suggests an increased Na-O distance, which seems plausible for sodium 

ions in an amorphous matrix of calcium carbonate. The 23Na MAS-NMR spectra suggest a 

very low degree of order around the respective nucleus. This confirms the absence of long-

range order, which is in accordance with the X-ray powder diffractogram (Figure 5.1a) and 

the vibrational spectra (Figure 5.2).  

 

Formation Kinetics of BM-ACC  

As both FTIR and NMR spectroscopy can distinguish between amorphous and crystalline 

calcium carbonate, these techniques were deployed to probe the formation kinetics of BM-

ACC. The evolution of the ν2 mode was monitored by FTIR using the relatively clear sepa-

ration of the respective bands of amorphous and crystalline calcium carbonate (Figure 5.2b). 

The spectra were normalized to the most intense ν3 mode – the transmittance of this mode 

was usually in the range ∼50 %. For this normalization, we assumed that the absorbance of 

the ν3 mode remains constant during amorphization/crystallization, which allowed for good 

semi-quantitative image of the formation kinetics. The transmittance T of the ν2 mode was 

converted to the absorbance A according to A = -log10(T). Based on the Lambert-Beer law,64 

the absorbance is proportional to the concentration of the respective compounds. We moni-

tored the change in absorbance of the ν2 mode with time relating to t = 0. The relative 

amounts of crystalline calcite (873 cm-1) and amorphous calcium carbonate (857 cm-1) were 

determined by fitting the ν2 band with a bimodal Gaussian function. The absorbance of  

calcite at t = 0 was set as “100 %”, the respective absorbance of completely X-ray amorphous 

BM-ACC as “0 %”. Thus, the relative absorbance of the ν2 mode of calcite can be regarded 
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as a proxy for crystallinity. Pure calcite (red) and calcite with 10 mol% Na2CO3 (black) were 

processed in a planetary ball mill at 750 rpm. After distinct time intervals, samples were 

taken and analyzed by FTIR. The results are displayed in Figure 5.4a.  

 

 

Figure 5.4 a) Decreasing crystallinity of pure calcite (red) and calcite mixed with 10 mol% Na2CO3 (black), as 

monitored by FTIR (inset). Absorbance is given in relative values regarding the absorbance of the ν2 mode of 

calcite at t = 0. Addition of Na2CO3 is crucial to achieve complete amorphization. Dotted lines are shown to guide 

the eye. b) 23Na MAS-NMR spectra at different ball milling times. The chemical environment of the Na+ cations 

changes from distinct sites in the crystalline structure to a broad distribution of slightly different environments. 

c) Scheme displaying mechanochemical treatment of pure calcite (blue) and calcite with Na2CO3 (orange). The 

addition of foreign ions increases the number of defects and leads to amorphization, whereas the lattice in pure 

calcite is only partly damaged.  

 

Both samples showed an exponential decay of the relative absorbance of the ν2 mode of 

calcite. The amorphization of BM-ACC was completed after ca. 3 h, when no further drop 

of the calcite absorbance was observed. For pure calcite, the crystallinity remained constant 

after an initial decrease. The equilibrium concentration of crystalline calcite was ca. 30%, 

based on FTIR. The simultaneous presence of amorphous and crystalline calcium carbonate 

(Figure 5.4a, inset) is in accordance with the results of PXRD measurements (Figure 5.1a). 

The incorporation of sodium in the calcium carbonate structure was monitored by  

23Na MAS-NMR (Figure 5.4b). The quadrupole nucleus 23Na is highly sensitive to changes 
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in the symmetry of its environment, making it a suitable probe for the process of amorphiza-

tion. At the start, two signals from the different coordination sites in crystalline Na2CO3 were 

present. After ten minutes, a third signal appeared at an intermediate chemical shift of  

-11 ppm. This signal evolved to the final broad signal of BM-ACC (Figure 5.4b). The signals 

associated with crystalline Na2CO3 decreased to the same extent.  

By ball milling Na2CO3 and calcite particles, sodium ions are transferred to the calcium  

carbonate phase and incorporated, thereby consuming the Na2CO3 crystals gradually. This 

formation process is illustrated in Figure 5.4c. Mechanochemical treatment of calcite  

crystals makes the calcite structure collapse by breaking down crystals to smaller particles 

and inducing defects. We assume that the amorphization is not complete, because the impact 

of the milling balls on the particles produces heat, which leads to recrystallization. Therefore, 

an equilibrium between amorphous and crystalline parts is reached. Addition of Na2CO3 

during milling leads to an incorporation of sodium cations into the structure. This is facili-

tated by the similar ionic radii of Ca2+ (106 pm) and Na+ (98 pm).65 The lower charge of the 

Na+ cations with a comparable ionic radius is a driving force for the generation of vacancies 

in the anionic sublattice. The Na+ cations hinder recrystallization kinetically, because they 

are not incorporated easily into the calcite lattice (vide infra).  

 

Structure 

We performed high-energy total-scattering experiments to probe the structure of BM-ACC. 

From these data, the pair distribution function (PDF) was calculated using GUDRUNX.66 

The PDF exhibits four pronounced peaks at 1.29 Å, 2.38 Å, 3.98 Å, and 6.17 Å (Figure 

5.5a). Beyond 8 Å, the PDF turns virtually into a flat line, which underlines the amorphous 

character of BM-ACC. In contrast, the PDF of calcite (Figure 5.5a, red) shows a multitude 

of distinct peaks, even at higher r. The long-range order of the reactant is degraded during 

milling. We modeled the PDF data using Topas Academic V6.67 100 runs starting from ran-

dom configurations all converged with residuals ranging from Rwp = 14.3 to Rwp = 16.3. The 

calculated PDF of one model is plotted in Figure 5.5a (dotted line). The first peak of the 

experimental PDF originates from the intramolecular C-O distance within the carbonate ion. 

The distance of 1.29 Å in BM-ACC is slightly longer than the C-O distance in crystalline 

calcite (1.25 Å).60 We assume that distortion and stress in BM-ACC causes the extension of 

the C-O bond. The lower average coordination number of calcium (vide infra) potentially 
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causes a stronger metal-oxygen interaction, which leads to a weakening of the C-O bond. 

The second peak is a superposition of the intramolecular O-O distance of the carbonate ion 

and the Ca-O distance of the first coordination sphere of calcium (contributions of intera-

tomic distances, Figure S18, Supporting Information). The Ca-O distance of 2.40 Å is in 

good agreement with the respective value for crystalline calcite.60 The Ca-Ca distance is the 

main contributor to the third peak of the experimental PDF. Yet, a variety of other intera-

tomic distances also contribute to the peak. In calcite, these distances are clearly more  

distinguished, which indicates that ordering in BM-ACC is already reduced at that length 

scale (~4 Å). Farther Ca-O distances mainly cause the last clear peak around 6 Å.  

 

 

Figure 5.5 a) The experimental PDF (black) of BM-ACC shows no order beyond 8 Å. The PDF of the structural 

model (dotted line) and difference line (gray) are shown. The first peak of the PDF at 1.29 Å originates from the 

intramolecular C-O distance in the carbonate ion, the second peak arises mainly from the first oxygen coordi-

nation sphere of the cation. The other peaks are a combination of a multitude of interatomic distances. The PDF 

of BM-ACC strongly resembles the one of wet-chemically prepared ACC (green). Calcite (red) shows the typical 

long-range order of a crystalline compound. b) Distribution of the Ca-O coordination number in the structural 

models of BM-ACC is displayed. The mean coordination number of calcium is lowered to five, compared to six 

in crystalline calcite.   

 

We compared the PDFs of BM-ACC (Figure 5.5a, black) and ACC (Figure 5.5a, green), 

which was synthesized wet-chemically from methanolic solution.68 Both samples show the 

same degree of short-range order, only displaying four distinct peaks. Other methods to syn-

thesize ACC as well as varying degrees of hydration69 lead to comparable results.62  

The position of the peaks agrees within several pm. As in calcite, the C-O distance in ACC 

synthesized from solution is slightly shorter than in BM-ACC. Additionally, the third peak 

in ACC is lightly shifted to larger r. As the Ca-Ca distance mainly contributes to this peak, 

the substitution of Ca2+ by Na+ in BM-ACC reduces the Coulomb repulsion and decreases 
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the distance between the cations. Biogenic ACC exhibit the same degree of short-range order 

as synthetic ACC. In a comparative PFD study, Reeder et al. describe biogenic ACC in the 

gastroliths of lobsters as “nearly indistinguishable from […] synthetic, hydrated ACC”.70  

As the degree of disorder in BM-ACC is of the same magnitude, we consider it a new form 

of ACC.  

Furthermore, we evaluated the coordination number of the calcium atoms, taking into ac-

count the ten best models (Figure 5.5b). Whereas calcium in the calcite structure has a dis-

torted octahedral coordination of six oxygen atoms, we find an average coordination number 

of only five in our models for BM-ACC. We assume that the mechanochemical energy is 

stored in defects and distortions of the material, which manifests itself in an unsaturated 

coordination sphere of calcium. Decreased coordination numbers of the metal in amorphous 

modifications were also observed in cobalt phosphate.32 

 

Crystallization of BM-ACC  

Both the thermally and water-induced crystallization behavior of BM-ACC was examined. 

TEM images show that BM-ACC consists of fused nanoparticles, 10–20 nm in diameter. 

These nanoparticles form larger aggregates with diameters of several hundred nm (Figure 

5.6a). No discrete nanoparticles were found by TEM, suggesting agglomeration/fusion  

occurs during milling to minimize the surface energy. Through selected area electron  

diffraction (SAED), we confirmed that BM-ACC is amorphous and not only nano-crystalline  

(Figure 5.6a, inset). After incubation in water, the aggregates are still present, but rhombo-

hedral crystals appear on their surface (Figure 5.6b). The phase was identified as calcite by 

Rietveld refinement of the PXRD data (Figure 5.6c). We only observe large aggregates of 

calcite on the TEM grid, no single crystallites. Even though drying artifacts cannot be  

excluded completely, the pervasive aggregation of small calcite crystallites suggests hetero-

geneous nucleation of calcite on BM-ACC. AAS measurements confirmed the calculated 

composition of BM-ACC, based on the weighed-in reactants. During crystallization, the 

sample is depleted of sodium, which suggests a dissolution-recrystallization mechanism. To 

further investigate the crystallization process, we monitored the phase transformation by 

quantitative FTIR. As the crystallization proceeds too fast in pure water (BM-ACC crystal-

lizes instantly), we deployed a mixture of 10 vol% water in acetonitrile to slow down the 

crystallization process.68 We chose acetonitrile as a solvent for water, because no effects on 
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the crystallization process of calcium carbonate are reported for this solvent, in contrast to 

alcohols.71,72 Samples were taken after distinct time intervals, and FTIR spectra were  

recorded.  

 

 

Figure 5.6 a) TEM image with SAED and composition of BM-ACC monitored by AAS. BM-ACC consists of 

fused nanoparticles. Electron diffraction confirms the amorphous character of BM-ACC. b) After incubation of 

BM-ACC in water for 1 h, rhombohedral crystals appear, while the material is depleted of sodium. c) Rietveld 

refinement identified the crystals as calcite. d) Time-resolved crystallization of BM-ACC in a mixture of 10 vol% 

water with acetonitrile, monitored by FTIR (inset). The dotted line is a guide for the eye. e) Scheme of the 

crystallization process: BM-ACC dissolves and calcite recrystallizes heterogeneously on the BM-ACC agglom-

erates, while sodium cations remain in solution.  
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We determined the progress of the crystallization by evaluating the absorbance of the ν2 

vibrational mode of calcite, analogously to the way we quantified the formation kinetics of 

BM-ACC (Figure 5.4a). After an initial fast rise, the absorbance of the ν2 vibrational mode 

of calcite increases linearly for several hours. As calcite can nucleate heterogeneously on the 

BM-ACC aggregates, the nucleation barrier is lowered and the dissolution of BM-ACC is 

the rate-determining step of the crystallization kinetics. Therefore, we attribute the jump in 

the first 15 min to a quick dissolution of the nanostructured surface of the BM-ACC and the 

subsequent recrystallization of calcite. Afterwards, the crystallization slows down due to the 

reduced surface area of BM-ACC, which becomes partly overgrown with calcite crystals. In 

general, ACC from solution crystallizes via vaterite as intermediate,73 also in the presence 

of acetonitrile.68 Yet, BM-ACC crystallizes directly to calcite without such an intermediate 

(Figure S19, Supporting Information). In the presence of additives74 and organic matrices,75 

direct transformation was also reported. Moreover, the nucleation on a template can induce 

direct crystallization to calcite.76 A similar effect might also apply for BM-ACC, which  

potentially acts as nucleation site for calcite (Figure 5.6b). We propose the following crys-

tallization mechanism for BM-ACC (Figure 5.6e): In the first rate-determining step,  

BM-ACC dissolves partially. While sodium remains in solution, calcite crystallizes rapidly 

on the surface of the BM-ACC aggregates. The heterogeneous nucleation on this template 

favors the formation of calcite.  

On heating, ACC from solution crystallizes to calcite. Yet, the crystallization temperature 

depends strongly on the synthetic route to ACC,69 reports range from 160 °C to 376 °C.69,74,77 

Tobler et al. showed that the incorporation of hydroxide15 and citrate74 ions significantly 

increases the thermal crystallization temperature. We performed TGA-DTA measurements 

to study thermally induced phase transformations of BM-ACC (Figure 5.7a). Around 185 °C, 

an exothermic effect occurred, which corresponds to the recrystallization to calcite. This 

value is at the lower end of reported crystallization temperatures of ACC, which attributes 

for a lower barrier for the crystallization process. At the crystallization temperature of BM-

ACC, a mass loss of 1.5 % is observed, which arises from the release of the dispersion me-

dium. Cyclohexane was identified in the Raman and FTIR spectra (Figure 5.2) and through 

1H and 13C NMR (Figure S15, Supporting Information). As the release coincides with the 

crystallization, we assume that cyclohexane is physically trapped in cavities that form during 

the mechanochemical treatment. Cyclohexane is released, only when the ions rearrange at 
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higher temperature during the crystallization process. On further heating, cyclohexane is 

gradually released, which is in agreement with the crystallization kinetics (vide infra). 

 

 

Figure 5.7 a) TGA-DTA of BM-ACC. The exothermic feature in the DTA curve (blue) indicates thermally  

induced crystallization to calcite at 185 °C. The TGA (red) depicts a mass loss at this temperature due to release 

of trapped cyclohexane. b) PXRD of BM-ACC after heating to 300 °C for 8 h. Rietveld refinement indicates 

72 wt% crystalline calcite and 28 wt% amorphous material. The percentage of crystalline calcite after 8 h of 

thermal treatment increases with rising temperature (inset: %calcite determined by FTIR (green) and Rietveld 

(purple)). c) 23Na MAS-NMR of BM-ACC at room temperature (RT) and after heating to 200  °C, 300 °C, and 

400 °C for 8 h. The sodium environment changes only slightly on heating to 200 °C. After heating to 

300°C/400°C, a sharp signal around -6.1 ppm emerges, which indicates a more spherical symmetric coordina-

tion of sodium with decreased Na-O distance compared to BM-ACC. d) Time-resolved crystallization of  

BM-ACC at 300 °C, monitored by FTIR (inset). Initially, the sample crystallizes rapidly up to a conversion of ca. 

60 %. Then, crystallization proceeds significantly more slowly and ca. 80 % calcite is obtained after 8 h.  

e) Scheme of the thermally induced crystallization process. Initially, BM-ACC crystallizes to “pure” calcite, while 

sodium is concentrated in the remaining amorphous material. Further heating leads to the incorporation of so-

dium into calcite.   
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PXRD with Rietveld refinement identified calcite as the only crystalline product of the  

thermally induced phase transformation around 185 °C. No phase separation occurred, as we 

did not observe any hint of crystalline Na2CO3 by PXRD, FTIR, or 23Na NMR. Despite the 

exothermic effect in the DTA curve at 185 °C, BM-ACC does not crystallize completely at 

this temperature, as the amorphous background in the PXRD of BM-ACC, which was heated 

to 300 °C, indicates (Figure 5.7b). In order to monitor the temperature dependence, we 

heated three samples of BM-ACC for 8 h respectively to 200 °C, 300 °C, and 400 °C. The 

percentage of crystalline calcite was determined by PXRD with Rietveld refinement and 

FTIR (Figure 5.7b, inset). Both studies show the expected increase of crystalline material 

with increasing temperature from ca. 60 % at 200 °C to ca. 80 % at 400 °C. The methods 

show a slight discrepancy between the obtained values. FTIR overestimates the amount of 

amorphous carbonate. Still, the results agree on a qualitative level.  

In general, the amount of sodium that can be incorporated into calcite is low. Kitano et al. 

found an upper limit of ca. 0.1 wt% for synthetic calcite.78 In biogenic calcite, significantly 

higher sodium content is observed,79 i.e. 0.3 wt% in crassostrea virginica80 and 0.5 wt% in 

balanus eburneus.81 We performed 23Na NMR experiments with the heated BM-ACC  

samples to probe the local environment of sodium during the crystallization process (Figure 

5.7c). Interestingly, the 23Na NMR spectrum of BM-ACC heated to 200 °C resembles  

– except for a slight downfield shift – the spectrum at room temperature (RT), although 60 % 

of the sample was already crystalline according to the Rietveld refinement. Only at 300 °C, 

the spectrum changes significantly. A sharp signal appears around -6.1 ppm. The smaller 

FWHM of 850 Hz suggests that sodium is situated in a more ordered environment, which is 

also closer to a spherical coordination symmetry (compare Figure 5.3b). The downfield shift 

of this signal, compared to BM-ACC at RT, indicates that the Na-O distance is decreased.63 

This implies that sodium is incorporated into a crystalline phase. Heating to 400 °C does not 

significantly change the spectrum. Additionally, the Rietveld refinement reveals that the  

c-axis of calcite in the heated BM-ACC samples increases with rising temperature from 

17.051(2) Å at 200 °C, via 17.098(2) Å at 300 °C, to 17.114(1) Å at 400 °C. We observe a 

particularly strong increase between 200 °C and 300 °C, which corresponds to the strong 

change in the 23Na NMR spectra. Therefore, we deduct that initially “pure” calcite crystal-

lizes from BM-ACC on heating. At higher temperature, sodium-rich calcite forms; the in-

corporation of sodium elongates the c-axis of the calcite unit cell. Ishikawa et al. suggested 
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that the sodium ions preferably occupy interstitial sites in the calcite lattice.82 We cannot 

distinguish, if (i) sodium-rich and sodium-poor areas already pre-exist in BM-ACC and  

crystallize at different speed, or if (ii) the initial crystallization of “pure” calcite leads to an 

increase of the sodium concentration in the residual amorphous phase, which impedes  

further crystallization. Due to the generally high homogeneity of ball milled materials27,83,84 

and the absence of distinct side phases, as suggested by NMR (Figure 5.3), we consider (ii) 

the more likely case though.  

We monitored the kinetics of the thermally induced crystallization of BM-ACC by FTIR, 

exemplarily at 300 °C (Figure 5.7d). Immediately after exposing the sample to high temper-

ature, the percentage of crystalline calcite increased to ca. 60 %. After 15 min, the crystalli-

zation proceeded more slowly. It took nearly 8 h to convert another 20% of the BM-ACC to 

calcite. We attribute the exothermic thermal effect in the DTA curve at 185 °C to the fast 

initial crystallization step, where predominantly “sodium-free” calcite forms. Subsequently, 

sodium is incorporated into the calcite phase, which significantly slows down the crystalli-

zation process. TEM images after heating (Figure S20, Supporting Information) show that 

the initial nanoparticular structure of BM-ACC is lost.  

Additionally, a second exothermic effect is observed at elevated temperature around 500 °C; 

again, a slight loss was visible in the TGA signal. PXRD indicated that the sodium-rich 

carbonate nyerereite,85,86 Na2Ca(CO3)2, had formed (Figure S21, Supporting Information). 

This double Na-Ca carbonate, which occurs in magmatic rocks,87 forms usually at elevated 

temperature above 400 °C.88 

We propose the following mechanism (Figure 5.7e): On heating of BM-ACC, two distinct 

crystallization processes with very different rates occur. In the first step, “pure” calcite crys-

tallizes rapidly from BM-ACC, which increases the sodium concentration in the remaining 

amorphous material. In the second step, the sodium-rich amorphous material crystallizes – 

significantly more slowly – to calcite with sodium incorporation. Further temperature  

increase leads to the formation of the sodium-rich carbonate nyerereite. The delayed incor-

poration of sodium into the crystalline material shows that its presence poses barrier to  

prevent crystallization of BM-ACC. Tobler et al. observed a comparable effect on the ther-

mally induced crystallization of ACC by the partial substitution of the carbonate anions by 

hydroxide15 and citrate.74  
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Conclusion 

A new form of amorphous calcium carbonate (BM-ACC) was synthesized by mechano-

chemical processing of CaCO3 (calcite) and Na2CO3 in a planetary ball mill. The metastable 

product was stabilized by the incorporation of Na+ cations. The minimum concentration of 

Na+ impurities for the successful amorphization of calcite was determined by PXRD, and 

the structure of BM-ACC was studied by vibrational spectroscopy (FTIR and Raman), 13C 

and 23Na solid state MAS-NMR, and total scattering experiments with high-energy synchro-

tron radiation. 23Na MAS-NMR proved highly useful to determine changes in the coordina-

tion and symmetry of the incorporated sodium ions. A structural model for BM-ACC was 

derived based on the synchrotron data, which revealed a partly unsaturated coordination 

sphere for the calcium cations. The kinetics of the amorphization process was monitored by 

quantitative FTIR spectroscopy and 23Na MAS-NMR and showed an exponential decay of 

crystallinity during ball milling. Mechanochemical treatment of pure calcite was investi-

gated in the same manner. Here, amorphization could not be achieved in the absence of Na+ 

cations.  

Whereas total scattering and 13C NMR could reveal only little structural deviation between 

BM-ACC and “standard” ACC from solution, the absence of structural water in BM-ACC 

was the most striking difference. Both thermally and water-induced crystallization were  

examined. The crystallization behavior of BM-ACC deviates from wet-chemically prepared 

ACC. Upon contact with water, BM-ACC crystallizes directly to calcite without forming a 

vaterite intermediate. We found evidence that this phase transformation proceeds via disso-

lution of the nanoparticular BM-ACC and subsequent crystallization of calcite, while Na+ 

cations remained in solution. Agglomerates of BM-ACC particles serve as template for the 

heterogeneous nucleation of calcite. TGA-DTA revealed a phase transformation of BM-

ACC to calcite at a low temperature of 185 °C. The sodium ions pose a barrier for the thermal 

crystallization of BM-ACC and are only gradually incorporated into the crystalline phase. 

First calcite forms, followed by sodium-rich calcite, and ultimately nyerereite. 

Our findings unveil the amorphization mechanism of calcium carbonate during mechano-

chemical treatment. Impurities, in form of foreign ions, play a key role in the formation of 

amorphous calcium carbonate, because they represent a barrier to recrystallization during 

the milling process. The stabilization through impurities, in combination with mechano-

chemical processing, can be considered a general strategy for the synthesis of amorphous 
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phases, which is applicable to a variety of systems. Thereby, we could synthesize a yet un-

known defect-variant of ACC with distinct reactive properties, characterize its structure, and 

probe its crystallization behavior. This opens the field to a variety of new amorphous modi-

fications materials. 

 

5.3 EXPERIMENTAL SECTION 

Materials 

Calcite (98%, Socal® 31, Solvay), Na2CO3 (99.95% extra pure, anhydrous, Acros), cyclo-

hexane (Analytical reagent grade, Fisher Chemicals), acetone (99.5%, puriss. p.a., Riedel-

de Haën), acetonitrile (HPLC gradient grade, Fisher Chemicals), milli Q deionized water. 

 

Synthesis 

For the mechanochemical synthesis, a planetary ball mill (Pulverisette 7 classic, Fritsch) was 

employed. Calcite (0.9 mmol) and Na2CO3 (0.1 mmol) were mixed and transferred to the 

grinding jar. 5 g of grinding balls (1 mm diameter, ZrO2) and 10 mL of cyclohexane were 

added. The mixture was milled for 3 h at a speed of 750 rpm. Afterwards, the grinding balls 

were separated by decanting, the product was isolated by centrifugation from the resulting 

dispersion and dried in vacuo.   

 

Amorphization Experiments  

Calcite was processed with varying amounts of Na2CO3 in a planetary ball mill (Pulverisette 

7 classic, Fritsch). Pure calcite (0.9 mmol) or mixtures with the respective amounts of 

Na2CO3 (5 mol%, 7.5 mol%, and 10 mol%) were transferred to the grinding jar. 5 g of  

grinding balls (1 mm diameter, ZrO2) and 10 mL of cyclohexane were added. The mixture 

was milled at 750 rpm. For the PXRD study (Figure 5.1a), the milling was stopped after 24 h 

and the samples were isolated as described above. For the FTIR/23Na NMR experiments 

(Figure 5.4a,b), the milling was paused after specific time intervals and several hundred µL 

of the cyclohexane dispersion were taken out with a pipette and transferred to a microcen-

trifuge tube. By centrifugation the solid was isolated and stored in vacuo for the subsequent 

measurements. Cyclohexane was added to the grinding jar to keep the volume constant and 

the milling was resumed.  
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Crystallization Experiments 

A dispersion of BM-ACC (0.05 mmol) was prepared in 5 mL of acetonitrile and added to a 

mixture of water (2 mL) with acetonitrile (13 mL) to yield a final water concentration of 

10 vol%. The reaction mixture was stirred (500 rpm) and samples were taken during the 

crystallization process. Therefore, 250 µL of the solution was collected with a pipette, trans-

ferred to a centrifugation tube, and immediately diluted with an excess of acetone to stop 

any further crystallization. The solution was centrifuged and the precipitate dried in vacuo.  

Afterwards, FTIR spectra were recorded. For the TEM picture of crystallized BM-ACC, the 

sample was incubated in water for 1 h. Then, the solid was separated by centrifugation, 

washed with acetone, and redispersed in methanol. From the methanolic dispersion, the TEM 

specimen was prepared.  

 

Characterization  

X-ray powder diffraction. X-ray diffractograms of mechanochemically processed calcite-

Na2CO3 mixtures (Figure 5.1a) were recorded with a Bruker AXS D8 Discover diffractom-

eter equipped with a HiStar detector using graphite monochromatized CuKα radiation.  

Samples were attached to a glass substrate without using an adhesive. Individual frames were 

typically recorded at 2θ = 24°, 34°, 44°, 54°, 64°, 74°, 84° (detector distance 150 mm,  

detector range ∆(2θ)= 35°) in 0.02° steps covering a 2θ range from 5° to 85°. X-ray diffrac-

tion patterns were integrated from individual frames using the Bruker AXS GADDS soft-

ware package89 and merged using Bruker AXS EVA.90 Crystalline phases were identified 

according to the PDF-2 database91 using Bruker AXS.90 

X-ray diffractograms of crystallized BM-ACC (Figure 5.6c, 5.7b, and S21) were recorded 

with a STOE Stadi P equipped with a Mythen 1k detector using MoKα1 radiation. The sam-

ple was attached to polyvinyl acetate films with perfluoroether (Fomblin Y, Aldrich). The 

sample was measured in transmission in 0.015° steps (continuous scan, 150 s/°) covering a 

2θ range from 1.5° to 43°. Rietveld refinement92 was performed with Topas Academic V6 

using the fundamental parameters approach,67 based on a structural model for calcite93 and 

nyerereite.94 Crystalline phases were identified according to the PDF-2 database91 using 

Bruker AXS.90 Quantification of amorphous content in partially crystalized samples was 

performed according to the PONCKS method95 using a well weighted mixture of BM-ACC 

and calcite for calibration. 
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FTIR Spectroscopy. ATR-FTIR spectroscopy was performed using a Nicolet iS10 Spectro-

meter, manufactured by Thermo Scientific. The spectra were recorded in the frequency range 

from 650 cm-1 to 4000 cm-1 with a resolution of 1.4 cm-1 per data point. 

Raman Spectroscopy. Raman spectra were recorded with a Horiba Yvon Lab RAM HR 800 

spectrometer equipped with a microscope (Olympus BX41) and a CCD detector. The  

entrance slit was set to 100 µm, the laser focal spot was 2 × 2 µm. A Nd:YAG laser 

(532.12 nm) with a laser power 2 mW was used for excitation. The laser light was focused 

onto the fine powder sample using a 50 × long working distance objective. All Raman spectra 

were recorded in backscattering geometry at a resolution of 0.5 cm-1 in the range between 

150 cm-1 and 1200 cm-1, wherein at least five spectra for each sample where measured to  

improve the statistics. 

Solid state NMR spectroscopy. All solid-state NMR experiments were recorded on a Bruker 

Avance 400 DSX spectrometer at 1H frequency of 399.87, 13C frequency of 100.55 MHz 

and 23Na frequency of 105.75 MHz. A three-channel commercial Bruker 4 mm probe head 

at spinning speeds of 8000 ± 2 Hz was used for the 1H, 13C, and 23Na direct excitation meas-

urements. The 1H NMR spectra were recorded averaging 32 transients with 8 s recycle delay. 

The 13C direct excitation experiments were carried out for all samples by a 90° pulse with a 

length of 4 μs and repetition time of 2200 s acquiring 16 (for calcite) or 160 (for BM-ACC) 

transients. For all 13C NMR experiments, a two-pulse phase modulation (TPPM) heteronu-

clear decoupling scheme was used. The 23Na direct excitation experiments were carried out 

by a 90° pulse averaging 128 scans with a recycle delay of 5 s. The 23Na kinetic measure-

ments were performed using a Bruker 2.5 mm commercial probe head at a spinning speed 

of 20 kHz (500 transients) with a recycle delay of 1 s. The spectra were referenced to  

external adamantane at 1.63 ppm (1H) and 38.5 ppm (13C). The 23Na spectra were referenced 

to external NaCl as a secondary standard at 7.2 ppm.  

Thermal analysis. Coupled thermogravimetric and differential thermal analysis (TGA-DTA) 

was carried using a Netzsch STA 449 F3 Jupiter device. The sample (∼10 mg) was heated 

in an alumina cup in argon atmosphere from 50 °C to 900 °C at a heating rate of 10 K/min. 

Transmission electron microscopy. TEM samples were prepared by drop-casting 20 µL of 

the respective sample dispersion on 400 mesh carbon copper grids (Plano GmbH, Wetzlar, 

Germany) and measured with a Technai Spirit G2 at 120 kV acceleration voltage, equipped 

with a standard 4K CCD camera.  
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Atom absorption spectroscopy. AAS measurements were conducted using Perkin Elmer 

5100 ZL AA spectrometer with a Zeeman Furnace module, Na (at 589.0 nm) and Ca  

(at 422.7 nm) hollow cathode lamps, and air/acetylene mixture. 

Total scattering. Total scattering experiments were conducted on beamline I15 at the  

Diamond Light Source Inc. using a wavelength of 0.1707 Å (72.7 keV) and a 2D MAR 345 

detector. CeO2 was used to calibrate the experimental setup. For the transport to the  

synchrotron facility, BM-ACC was stored under argon to prevent possible humidity-induced 

crystallization. Data were processed using DAWN.96 The pair distribution function was  

calculated with GUDRUNX.66 Structural models were derived for a set of 54 calcium, 12 

sodium, and 60 carbonate ions inside a cubic box of space group symmetry P1. The volume 

of the box was derived from volume increments97 and accords to a phase density of 

2.51g/cm³. Carbonate ions were treated as rigid-bodies, the C-O distance was a free variable 

in later steps of refinement. Repulsive interatomic/-molecular interactions were modeled  

applying anti-bumping restraints for all element pairs according to values determined from 

the corresponding carbonates. Attractive interactions were modeled according to bond- 

valences for Ca-O and Na-O, respectively. The starting models were generated by random 

expansion of all constituents from the origin using simulated annealing upon periodic bound-

ary conditions. All modelling and refinement was performed using Topas Academic V6.67
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6 
CALCIUM SULFATE NANOPARTICLES 

WITH UNUSUAL DISPERSIBILITY  

 

 

 

Calcium sulfate is one of the most important construction materials. Today, it is employed 

as high-performance compound in medical applications and cement mixtures. We report a 

synthesis for calcium sulfate nanoparticles with outstanding dispersibility properties in  

organic solvents without further functionalization. The nanoparticles (amorphous with small 

-anhydrite crystallites, 5–50 nm particle size) form long-term stable dispersions in acetone 

without any sign of precipitation. 1H nuclear magnetic resonance (NMR) spectroscopic  

techniques and Fourier transform infrared (FTIR) spectroscopy reveal absorbed 2-propanol 

on the particle surfaces that induce the unusual dispersibility. Adding water to the nanopar-

ticle dispersion leads to immediate precipitation and phase transformation to gypsum via  

bassanite. The dispersibility in a volatile organic solvent and the crystallization upon contact 

with water open a broad field of applications for the CaSO4 nanoparticles, e.g. as nano- 

gypsum for coatings or the fabrication of hybrid composites.
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6.1 INTRODUCTION 

Calcium sulfate is one of the most common evaporitic minerals on earth, and even on Mars 

deposits were found.1 It occurs in several polymorphs that differ in structure and water  

content. Gypsum (CaSO4 × 2 H2O), the thermodynamically stable modification at ambient 

temperature and pressure, is found in large quantities in natural deposits. Bassanite 

(CaSO4 × 0.5 H2O), the hemihydrate, is metastable at all temperatures. It is found in some 

natural deposits as well,2,3 although in much smaller quantities than gypsum, and it was 

found recently as biomineral in medusae statoliths.4 The thermodynamically stable form at 

higher temperature is anhydrite (CaSO4). The reported transition temperatures from gypsum 

to anhydrite vary between 42 °C and 60 °C,5–7 as the crystallization of anhydrite in water is 

kinetically hindered below 70 °C.8,9 Due to its stability at elevated temperatures, anhydrite 

is found in water-soluble mineral sediments that are formed by concentration/evapora-

tion from aqueous solutions (evaporites).10    

Both bassanite and anhydrite can be obtained by heating gypsum. This leads to a stepwise 

loss of structural water and results in the formation of bassanite in a first and of anhydrite in 

a second step.11–14 In water, gypsum transforms upon heating to bassanite due to the low 

crystallization rate of anhydrite.8 Anhydrite forms only under hydrothermal conditions.15 

Room temperature syntheses in organic solvents, reported by Tritschler et al., allowed the 

synthesis of well-defined bassanite nanorods16 and anhydrite.17 

Its natural abundance and the broad variety of its industrial or medical applications make 

calcium sulfate a highly relevant material in technology. It is used widely in the construction 

industry, as a construction material (e.g. as plaster of Paris),18,19 or crucial component in  

cement mixtures.20–25 Calcium sulfate is deployed even in 3D printing.26,27 Its biocompati-

bility enables a variety of medical applications,28 ranging from bone replacement 29–32 to 

drug carrier systems.33,34 With higher demands towards the material, the investigation of its  

nucleation and crystallization mechanism moved into focus. Bassanite was identified as  

a stable intermediate that transforms to gypsum by oriented attachment of nanocrystals.35 

Sub-3-nanometer particles were revealed by time-resolved small-angle X-ray scattering 

(SAXS) as primary species during the crystallization of calcium sulfate.36 Transmission  

electron microscopy (TEM) studies suggest the presence of an amorphous form of calcium 

sulfate preceding bassanite.37,38 After hints for an amorphous phase were found in an infrared 
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spectroscopy study,39 Meldrum and co-workers could stabilize amorphous calcium sulfate 

by confinement.40 

As the mechanical properties of calcium sulfate are grain size-dependent41 and the reactivity 

of materials in the nano-regime is mainly defined by their surface, calcium sulfate nano-

particles are of special interest for a variety of applications. Stark and co-workers42 used 

flame synthesis for the production of anhydrite nanoparticles, while Rees et al.43 employed 

microemulsions of water in oil to produce calcium sulfate nanowires. Salvadori et al.  

synthesized water dispersible gypsum nanocrystals by subliming water after freeze-drying a 

saturated solution.44 Cölfen and co-workers obtained well-defined bassanite nanorods by 

quenching aqueous calcium sulfate solutions with ethanol.16  

We report a new facile synthesis for the preparation of calcium sulfate nanoparticles with 

unusual dispersibility properties. Without further functionalization, these nanoparticles form 

stable dispersions in acetone. Even at high concentrations, where the viscosity of the acetone  

dispersion increases significantly, there are no signs of precipitation. Size and morphology 

of the particles, determined by TEM in the dry state, are fully compatible with the properties 

in dispersion, as confirmed by dynamic light scattering (DLS). Polymorph identity and  

crystallite size were determined quantitatively by powder X-ray diffraction (PXRD) and  

subsequent Rietveld refinement45 as well as selected area electron diffraction (SAED). The 

chemical composition was estimated by thermogravimetric analysis (TGA). In order to  

understand the unusual dispersibility properties, the attached solvent molecules were studied 

by Fourier transform infrared (FTIR) and 1H nuclear magnetic resonance (1H NMR)  

spectroscopy. Any contact of the nanoparticle dispersion with water leads to an immediate 

precipitation of calcium sulfate by agglomeration of the nanoparticles, followed by a phase 

transformation to gypsum on a longer time scale. This transformation was monitored by 

time-resolved FTIR spectroscopy, and bassanite was identified as intermediate. The findings 

of these experiments were confirmed by TEM snapshots and SAED taken at different points 

of time. Our results provide a coherent picture of the reaction mechanism of the nanoparticles 

upon contact with water. This knowledge is essential for possible applications and the  

processing of calcium sulfate particles. The volatility of acetone allowed fabricating trans-

parent films and coatings from nanoparticle dispersions. The unusual dispersibility in an 

organic solvent enables the synthesis of polymer composites,46 which is interesting not only 

for coatings and construction materials, but also for medical applications.  
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6.2 RESULTS AND DISCUSSION 

Synthesis of CaSO4 Nanoparticles 

Calcium sulfate nanoparticles were synthesized by adding sulfuric acid to a solution of CaCl2 

in 2-propanol. Upon mixing, a colorless precipitate formed, which was separated from the 

solution by centrifugation. The precipitate dissolved instantly after addition of acetone to 

yield a clear and stable dispersion of calcium sulfate nanoparticles. Even after weeks, no 

solid precipitate was detected. The TEM micrograph in Figure 6.1a shows that the calcium 

sulfate nanoparticles from the dispersion have a liquid-like morphology. The sample was 

polydisperse with a size distribution ranging from 5 nm to 50 nm. As electron microscopy  

provides only a restricted overview of the sample and drying artifacts may obscure the state 

of the dispersion prior to drying, we used dynamic light scattering (DLS) as an ensemble 

method to characterize the average size of the calcium sulfate particles in dispersion (Figure 

6.1b).47,48  

 

 

Figure 6.1 a) TEM shows polydisperse liquid-like nanoparticles of calcium sulfate with sizes ranging from 5 nm 

to 50 nm. b) DLS of a dispersion of calcium sulfate nanoparticles in acetone (c = 1 g/L). Data were recorded at 

four different angles and analyzed by the cumulant method (lines represent the linear fit through the first data 

points), yielding a z-averaged hydrodynamic radius of RH = 37 ± 6 nm.  

 

Data were recorded for a dispersion with a particle concentration of 1 g/L at four different 

scattering angles (50°, 70°, 90°, and 110°). The measured intensity correlation G2(τ) was 

normalized, and the amplitude correlation function g1(τ) was derived using the Siegert rela-

tion. To determine the self-diffusion coefficient Ds, g1(τ) is plotted logarithmically versus 
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the correlation time τ. By the cumulant fitting method, Ds was calculated from the initial 

slope of ln(g1(τ)) for each angle. Ds is related to the hydrodynamic radius RH by the Stokes-

Einstein equation. For the respective angles, we obtained radii of 30.3 nm, 28.9 nm, 27.9 nm, 

and 37.2 nm. By plotting the respective diffusion coefficient against q², we determined the 

apparent self-diffusion coefficient at q² = 0 by linear regression (Figure S22, Supporting 

Information). The obtained z-averaged hydrodynamic radius of RH = 37 ± 6 nm is in agree-

ment with the picture derived from TEM (Figure 6.1a). It is important to note that the calcu-

lation of RH assumes spherical particles and that light scattering data weigh larger particles 

disproportionally high. Still, both methods show the presence of discrete nanoparticles in 

acetone, and the particle size derived from two independent methods agree within experi-

mental error.  

 

Composition and phase determination 

Thermogravimetric analysis showed an almost continuous mass loss of 20 % upon heating 

between room temperature and 250 °C (Figure 6.2a). Considering the ratio between the  

content of 2-propanol and water of about 1:7, extracted from the 1H NMR spectra and con-

firmed by FTIR spectroscopy, the major part of the desorbed species is water (vide infra). A 

mass loss of 20 % corresponds to a composition of CaSO4  1.3 H2O  0.2 2-propanol. Struc-

tural characterization of the nanoparticles was performed by PXRD with subsequent 

Rietveld refinement (Figure 6.2b). The nanoparticles were identified as-anhydrite with cell 

parameters of a = 6.272(2) Å, b = 6.966(3) Å, and c = 7.034(3) Å. The crystallite size was 

determined as 6.7(1) nm. Selected area electron diffraction (SAED) of the particles revealed 

a predominantly amorphous structure, though weak scattered reflections are visible (Figure 

6.2c). The diffuse background in PXRD also hints at a considerable amount of amorphous 

material in the sample. High resolution transmission electron microscopy revealed some of 

the amorphous calcium sulfate particles to have a crystalline core (Figure 6.2d). The lattice 

planes show an interplanar spacing of 2.8 Å, which was determined by the spectrum image 

of the respective area (Figure 6.2d, inset) and corresponds to the (021) plane in γ-anhydrite.49 

The size of the crystallite observed in TEM is in good agreement with the crystallite size 

derived from the Rietveld refinement. 
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Figure 6.2 a) TGA of calcium sulfate nanoparticles. On heating, a mass loss of 20 % occurs. This corresponds 

(based on TGA and 1H NMR) to a composition of CaSO4  1.3 H2O  0.2 2-propanol. b) PXRD with Rietveld  

refinement (black circles: measured pattern, red line: calculated pattern, gray line: typical background of per-

fluoroether on polyvinyl acetate film, black dash: Bragg peak position, blue line: difference curve). The calcium 

sulfate nanoparticles adopt the γ-anhydrite structure with a crystallite size of 6.7(1) nm. c) SAED of calcium 

sulfate nanoparticles indicates mostly amorphous structure with some weak scattered reflections. d) HRTEM 

image shows small crystalline structure inside an amorphous calcium sulfate nanoparticle. Interplanar spacing 

of 2.8 Å, derived from an spectrum image (inset), corresponds to the (021) plane in γ-anhydrite.49   

 

We assume that the structural water is situated predominantly in the amorphous regions of 

the particles, as the crystalline part, γ-anhydrite, is an anhydrous modification of calcium 

sulfate. The liquid-like morphology of the amorphous calcium sulfate particles further sug-

gest their hydration, which is well described for amorphous carbonates50,51 and phosphates.52 

Figure 6.3a displays the FTIR spectrum of the calcium sulfate nanoparticles. Four bands are 

assigned to the vibrational modes of the sulfate anion. The most intense band at 1085 cm-1 

originates from the asymmetric stretching mode ν3. The band of the symmetric stretching 

mode ν1 at 884 cm-1 is barely visible. This vibrational mode is not IR active. However, due 

to the non-isotropic environment of the sulfate ion in the solid, the transition is very weak, 
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but not forbidden anymore. The symmetric bending mode ν4 is split into two bands at  

667 cm-1 and 592 cm-1, which has been observed for many sulfate minerals.53 The asym-

metric bending mode ν2 of the sulfate ions in minerals is at lower energy (∼450 cm-1) and 

lies outside the measuring range. The O-H stretching (∼3300 cm-1) and the H-O-H bending 

mode (1634 cm-1) indicate that the particles contain water. The water bands are broader and 

less structured than the corresponding bands of the hydrated calcium sulfate modifications 

bassanite and gypsum,54 because the water molecules are not located at distinct positions of 

the structure, as in bassanite and gypsum. Although the sample was dried in vacuo, small 

amounts of 2-propanol were identified in the spectrum (red asterisks). The solvent also  

contributes partially to the O-H vibrational modes.  

 

Solvent Surface Binding 

The 1H solid state NMR spectrum of the particles (Figure 6.3b) displays two distinct reso-

nances at 1.0 ppm with a full width at half-maximum (FWHM) of 450 Hz and at 4.2 ppm 

(FWHM = 500 Hz) as well as a broad underlying signal with a maximum at ca. 1.7 ppm. 

The signals are assigned to 2-propanol, which was used during the synthesis. The deconvo-

lution of the spectrum reveals additional intensity, considering the ratio of the areas of the 

2-propanol resonance signals. We attribute this intensity to the presence of water in approx-

imately sevenfold excess. This finding is consistent with the FTIR data (Figure 6.3a). The 

spectrum of pure 2-propanol is recorded at the same conditions for comparison and is  

presented in Figure S23 (Supporting Information).  

In general, the broadening of the signals in the solid state can be related to fast relaxation 

due to quadrupolar nuclei or a paramagnetic contribution. As this does not apply here, we 

attribute the observed broadening to the reintroduction of the 1H dipole-dipole couplings. 

This implies low mobility of water and 2-propanol. Thus, we suggest that 2-propanol and 

water are coordinated to the nanoparticles. Electron density redistribution would be the result 

of this coordination. Indeed, a downfield shift of the signals of bound 2-propanol is observed, 

compared to the solution signals. Furthermore, the deshielding and the respective downfield 

shift is larger for the hydrogen atom on the central (C2) carbon (3.9 ppm to 4.2 ppm), which 

is closer to the nanoparticle surface. The effect on the hydrogen atoms of the methyl groups 

is also clearly observed but less pronounced (1.0 ppm to 1.1 ppm). 
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Figure 6.3 a) FTIR spectrum with schematic sketch of a particle. Three vibrational modes of the sulfate ion  

(ν1 = 884 cm-1, ν3 = 1085 cm-1, ν4 = 667 cm-1 and 592 cm-1) are assigned. Water is identified by the characteristic 

broad O-H stretching vibration around 3300 cm-1 and the H-O-H bending vibration at 1634 cm-1. 2-propanol is 

marked with red asterisks. b) Solid state 1H NMR of calcium sulfate nanoparticles, dried in vacuo (black), with 

the deconvoluted spectrum (below): the two 2-propanol signals are depicted in red and a water/OH signal in 

blue. Due to the significant signal broadening and overlap, the resonances of the OH proton and the C2 proton 

can no longer be distinguished from one another in contrast to free 2-propanol (Figure S23, Supporting  

Information). The difference curve is shown in gray. c) Solution 1H NMR spectrum of the nanoparticles in  

acetone-d6. The signals of 2-propanol are assigned (1.1 ppm and 3.9 ppm). The water and the OH group of the 

bound 2-propanol signals are too broad to be resolved. Inset shows free 2-propanol in acetone-d6 (red) for 

comparison. Acetone is marked with an asterisk. d) 1H diffusion-ordered NMR spectroscopy (DOSY) of the 

nanoparticles (black) and free 2-propanol (red) in acetone-d6. The slower diffusion of the coordinated 2-propanol 

(1.1 ppm and 3.9 ppm) indicates binding on the surface of the particles.  

 

In order to further understand the solvent surface binding, we applied solution NMR  

techniques. Figure 6.3c displays the 1H NMR spectrum of the nanoparticles dispersed in  

acetone-d6. Two signals of 2-propanol (1.1 ppm, 3.9 ppm) appear, which correspond to the 

respective methyl groups and the C2 proton. The resonance of the solvent is marked with an 

asterisk. The downfield shift of the 2-propanol signals is observed in solution as well. No 

resonances for the OH group of 2-propanol or water are detected. This signal broadening 
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beyond detection is related with the polar groups and confirms the coordination of the  

2-propanol molecules to the particle via the OH group. In this case, however, the observed 

peaks of the CH and CH3 moieties are significantly sharper, compared to the solid state. Both 

FWHM are in the range of 5–6 Hz. This difference is related with the fast rotation about the 

σ-bond between the coordinated OH group and the CH moiety. Thereby, the dipole-dipole 

couplings are averaged and resolution is enhanced. However, the FWHM for the coordinated 

2-propanol remains almost two times larger than the one for free 2-propanol (2–3 Hz) in the 

same solvent coordination. Signal broadening caused by the reduced mobility of molecules  

attached to nanoparticles in solution, has been reported before.55,56  

In order to investigate if the coordination is stable or related with an exchange on the nano-

particle surface (desorption/adsorption), we applied 1H diffusion-ordered NMR spectros-

copy (DOSY) on both the solution of 2-propanol in acetone-d6 (0.5 vol%) and the dispersion 

of the nanoparticles in the same solvent (ca. 10 g/L). Both 1H DOSY spectra are overlaid  

in Figure 6.3d. The diffusion coefficients extracted from the diffusion analysis were 

2.75 × 10-9 m2/s for coordinated and 3.30 × 10-9 m2/s for free 2-propanol in acetone. No  

signals for free 2-propanol were observed in the nanoparticle suspensions, i.e. there is no 

evidence for ligand exchange. 

FTIR and different 1H-NMR experiments show the presence of 2-propanol, which is persis-

tent in vacuo. The findings suggest a strong coordination of 2-propanol to the calcium sulfate 

nanoparticles, as illustrated in Figure 6.3a. Bassanite can incorporate small solvent mole-

cules (like methanol) instead of water into its channel structure,8 which have a diameter of 

4 Å. The channels in γ-anhydrite are significantly smaller; for amorphous calcium sulfate, 

no reports of such a structural element exist. Therefore, the larger 2-propanol molecule is 

forced to bind to the surface of the particles. We assume that surface binding of 2-propanole 

is crucial for dispersing the particles in acetone. Richardi et al.57 showed by simulations of 

the structure of liquid acetone that the distribution of O-O distances have a maximum at 

5.46 Å. This corresponds to an interaction of the carbon backbones with relative large O-O 

separations. The 1H-NMR data suggest a binding of the OH-group of 2-propanol to the par-

ticle surface, i.e. the carbon backbone of 2-propanol is directed to the surrounding solvent. 

We assume that the surface-bound 2-propanol molecules preferably interact with the carbon 

backbones of the acetone. Experimentally, we were able to substitute the dispersion medium 

acetone, by 2-butanon, dimethylsulfoxide, and dimethylformamide. The dispersibility in 
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other organic solvents like ethanol, THF, or acetonitrile is low. As the particles are only 

dispersible in solvents with a similar carbon backbone structure as the surface-bound  

2-propanol, the resemblance of these structural motives seems to be crucial for a favorable 

interaction. Still, a dispersion of the nanoparticles in acetone is miscible with a variety of 

organic solvents (e.g. methanol, THF, ethyl acetate, and chloroform) without any signs of 

precipitation. Mixing the dispersion with a highly non-polar solvent, like cyclohexane or 

toluene, results in the immediate precipitation of the particles.  

 

Dispersion Properties 

The calcium sulfate particles form a clear and stable dispersion in acetone (Figure 6.4a,  

inset). This allows to cast dense nanoparticle films on a glass slide, which dry to form  

transparent films (Figure 6.4c). Adding a few drops of water to the dispersion leads to  

immediate precipitation of a colorless solid and a strong increase of the viscosity of the  

dispersion (Figure 6.4b, inset). The precipitate consists of needle-shaped crystals, ca. 20 µm 

in size. This morphology is typical for hydrated calcium sulfate modifications, bassanite and 

gypsum. PXRD confirms the needles to consist of gypsum (Figure S24, Supporting  

Information). 

 

 

Figure 6.4 a) Laser microscopy image of a dense film of calcium sulfate nanoparticles on a glass slide, fabri-

cated from the clear and stable dispersion in acetone (inset). b) Laser microscopy image of nanoparticles after 

contact with water; gypsum needles have formed (Figure S24, Supporting Information). Adding a few drops of 

water to the dispersion leads to immediate precipitation of the particles (inset). c) Transparent nanoparticle film 

on a glass slide (on the right of the black line). Drying cracks in the film appear at the edge of the slide.  

 

Upon contact with water, two separate processes occured on different time scales. Whereas  

particle agglomeration and precipitation occurred instantly, even at the smallest water  

concentrations of 0.5 vol%, the phase transformation of the nanoparticles to bassanite and 
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gypsum (the hydrated crystalline modifications) proceeded more slowly and required larger 

amounts of water. We assume that water molecules replace surface-bound 2-propanol in a 

first reaction step. The less favorable particle-acetone interactions after the loss of the  

2-propanol surface layer led to agglomeration. The particles could not be redispersed in  

acetone/2-propanol, because water binding on the particle surface is too strong to permit  

exchange with 2-propanol. The precipitated particles could be dispersed to some extent in 

methanol. This was used to prepare the TEM samples shown in Figure 6.6 (vide infra), but 

a clear dispersion as in acetone could not be obtained again.  

 

Phase Transformation 

To analyze the phase transformation, a water/acetone mixture was added to the nanoparticle 

dispersion in acetone up to a final water concentration of 20 vol%. FTIR samples were taken 

after specific time intervals.  The results are shown in Figure 6.5a.  

 

 

Figure 6.5 a) Evolution with time of the H-O-H bending vibration of calcium sulfate nanoparticles in a mixture of 

20 vol% water with 80 vol% acetone. Upon contact with water, the intensity of the broad band at 1634 cm-1 

decreases and a sharper band at 1619 cm-1 appears, which is attributed to bassanite. After 90 min, a third band 

at 1683 cm-1 appears, while the intensity of the band at 1619 cm-1 still increases due to the formation of gypsum. 

b) Phase composition (dotted guidelines shown) derived from a trimodal Gaussian fit of the bands, which  

allowed to calculate the contribution of calcium sulfate nanoparticles, bassanite, and gypsum phases at each 

point of the reaction.         

 

We analyzed the H-O-H bending vibration of water between 1600 cm-1 and 1750 cm-1 to 

determine the phase composition. The calcium sulfate nanoparticles exhibit one broad water 

band with a maximum at 1634 cm-1 (compare Figure 6.3a). Whereas bassanite has a single 

sharp band at 1619 cm-1, the band of gypsum is split into a large band at 1620 cm-1 and a 
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smaller one at 1684 cm-1. We used a trimodal Gaussian fit to determine the area of each band 

and to calculate the composition of the sample at each point (Figure 6.5b). Almost half of 

the calcium sulfate nanoparticles transformed to bassanite during the first minutes upon  

contact with water. The ratio between both components remained nearly constant during the 

first 90 min. Gypsum started to form subsequently, while the amount of calcium sulfate  

nanoparticles and bassanite decreased to the same extent. After over 6 h, the transformation 

was complete and the sample consisted of gypsum only. These results, which are in accord-

ance with other reports of bassanite as intermediate during the crystallization of gypsum,35,37 

suggest that calcium sulfate nanoparticles transform to gypsum via bassanite. Although this 

seems obvious during the first 90 min of the reaction, it is not clear, whether the transfor-

mation proceeds only via bassanite or if a direct transformation to gypsum is possible after 

the first gypsum crystals have formed.  

To further understand the crystallization mechanism, we took TEM snapshots at different 

points of time during the crystallization experiment in the water/acetone mixture (Figure 

6.6). For the sample preparation, the reaction was stopped by centrifugation and washing 

with pure acetone to prevent any further phase transformation. Subsequently, the precipitate 

was dispersed in methanol and drop-casted on a TEM grid.  

Before contact with water, we observed only drop-like calcium sulfate nanoparticles. The 

SAED indicates their predominantly amorphous structure with several weak reflections of 

γ-anhydrite (compare Figure 6.3c). Thin needles formed within 5 min, which were identified 

as bassanite (Figure 6.6b). The calcium sulfate nanoparticles are still present in larger quan-

tity. After 150 min, additional crystals appeared, which were much bigger with a needle-like 

morphology. These needles consist of isotropically oriented gypsum crystallites (Figure 

6.6c). At the end of the reaction (Figure 6.6d), we detect only gypsum, which is the stable 

calcium sulfate polymorph in aqueous environment (Figure 6.4b and Figure S24, Supporting 

Information).  

The TEM snapshots of the phase transformation are in accordance with the FTIR kinetics. 

The nanoparticles partially transform to a second species (small bassanite needles). These 

species are present throughout the reaction, while large gypsum needles appear later as final 

product. The second image (Figure 6.6b) shows that the growth of the bassanite needles 

proceeds via nanoparticle attachment, as the rims of the needles still show the bumpy  

morphology of the nanoparticles. Crystal growth by oriented attachment58–60 is a possible 
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pathway that was reported for the growth of bassanite needles from bassanite nanorods, 

which self-assemble oriented along their c-axis.35 In situ SAXS experiments revealed that 

self-assembly occurs already during the first stages of calcium sulfate crystallization.36 Most 

studies agree on a dissolution-recrystallization mechanism for the transformation of  

bassanite to gypsum.61–65 Yet, the polycrystalline structure of the gypsum needles (Figure 

6.6c) suggests that oriented attachment is also a potential pathway for their formation. 

 

 

Figure 6.6 TEM study of the crystallization of calcium sulfate nanoparticles. Experiments were performed in a 

mixture of 20 vol% water with 80 vol% acetone. a) Calcium sulfate nanoparticles before contact with water. The 

particles are predominantly amorphous. b) Needle-shaped bassanite (reflections assigned in the red inset) form 

after 5 min from the calcium sulfate nanoparticles. c) Large gypsum needles (reflections assigned in the green 

inset) start to form after 150 min, while thin bassanite needles are still present. d) After 400 min, gypsum is the 

only crystalline modification in the sample.   
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Conclusion 

We devised a new synthesis for calcium sulfate nanoparticles with unusual  

dispersibility in 2-propanol. These particles form long-term stable dispersions in acetone 

without additional functionalization and without any signs of precipitation. We demon-

strated by 1H NMR and FTIR spectroscopy that surface-bound 2-propanol gives rise to a 

favorable interaction with the solvent. The nanoparticles are polydisperse with a size distri-

bution between 5 nm and 50 nm. They have a liquid-like morphology and contain significant 

amounts of structural water. PXRD and Rietveld refinement showed the presence of  

-anhydrite embedded in predominantly amorphous particles, as indicated by SAED. Adding 

water to the nanoparticle dispersion in acetone leads to instant agglomeration, followed by 

a phase transition to bassanite. Monitoring the kinetics of this process by FTIR revealed that 

the nanoparticles crystallize eventually to gypsum needles via a polycrystalline bassanite 

intermediate. The dispersibility in volatile organic solvents and the elucidation of the  

crystallization mechanism allow for applications of the calcium sulfate nanoparticles in  

hybrid materials, e.g. for transparent optical films.    

 

6.3 EXPERIMENTAL SECTION 

Materials 

CaCl2 (98 %, Merck), 2-propanol (99.8 %, puriss. p.a., Riedel-de Haën), sulfuric acid  

(95.0–97.0 %, puriss. p.a, Sigma-Aldrich), acetone (99.5 %, Riedel-de Haën), methanol 

(HPLC grade, Fisher Chemicals), cyclohexane (analytical reagent grade, Fisher Chemicals),  

acetone-d6 (99.8 %, Deutero), 2-propanol-d8 (98 %, Deutero), milli Q deionized water. 

 

Synthesis 

CaCl2 (2 mmol) was dissolved in 20 mL of 2-propanol yielding a 0.1 M solution (I). Then, 

106 µL of concentrated sulfuric acid (2 mmol) was added to 20 mL of 2-propanol yielding 

a 0.1 M solution (II). After mixing solutions (I) and (II), a colorless precipitate of calcium 

sulfate formed immediately. The precipitate was separated by centrifugation and washed 

with 2-propanol. Afterwards, 20 mL of acetone was added to the precipitate. Sonication for 

1 min yielded a slightly cloudy dispersion of calcium sulfate. The dispersion was purified 
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by centrifugation for 10 min at 9000 rpm. A minor colorless residue was discarded. The clear 

colorless supernatant contained the calcium sulfate nanoparticles dispersed in acetone. The 

particles were precipitated by adding 20 mL of cyclohexane to perform FTIR, NMR, PXRD, 

and TGA experiments.  

 

Crystallization Experiments 

The nanoparticle dispersion in acetone was added to a water/acetone mixture to yield a final 

water concentration of 20 vol% (5 mL of the nanoparticle dispersion to a mixture of 11 mL 

of acetone and 4 mL of water). Samples were taken by transferring 250 µL of the reaction 

solution to a microcentrifuge tube and quenching further crystallization by the addition of 

1.5 mL of acetone. The sample was centrifuged for 1 min at 14000 rpm. Then, the super-

natant was decanted. The sample was washed again with 1.5 mL of acetone and dried in 

vacuo afterwards. These samples were used for FTIR and TEM studies.  

 

Film Fabrication 

Transparent calcium sulfate films were prepared by depositing the nanoparticle dispersion 

on a glass slide and quickly evaporating the solvent in a drying chamber at 80 °C.  

 

Characterization 

X-ray powder diffraction. X-ray diffractograms were recorded with a STOE Stadi P 

equipped with a Mythen 1k detector using monochromatized MoKα radiation. The sample 

was attached to polyvinyl acetate films with perfluoroether (Fomblin Y, Aldrich). The sam-

ple was measured in transmission in 0.015° steps (continuous scan, 150 s/°)  

covering a 2θ range from 1.5° to 43°. Rietveld refinement45 was performed with Topas  

Academic v6 using the fundamental parameters approach,66 based on a structural model for 

anhydrite by Kirfel et al.49 Crystalline phases were identified according to the PDF-2 data-

base67 using Bruker AXS EVA.68   

FTIR spectroscopy. ATR-FTIR spectroscopy was performed using a Nicolet iS10 Spectro-

meter manufactured by Thermo Scientific. The spectra were recorded in a frequency range 

from 650 cm-1 to 4000 cm-1 with a resolution of 1.4 cm-1 per data point. 

Solid state NMR spectroscopy. The 1H spectra were recorded on a Bruker Avance 400 DSX 

NMR spectrometer at a 1H frequency of 399.87 MHz. A commercial three-channel 4 mm 
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Bruker probe head at 10 kHz magic angle spinning (MAS) averaging 32 scans was used. 

The spectra were referenced to external adamantane at 1.63 ppm as a secondary reference. 

Solution NMR spectroscopy. For these NMR experiments, the samples were synthesized as 

described above, but 2-propanol-d8 was used in the second washing step to remove free non-

deuterated 2-propanol. Subsequently, the particles were dispersed in acetone-d6. All  

1H NMR experiments were conducted on a Bruker Avance DRX 400 NMR spectrometer 

operating at 1H frequency of 400.31 MHz equipped with 5 mm inverse two channel probe 

head with z-gradients. The single pulse excitation experiments were recorded using a 30° 

pulse angle with a recycle delay of 1 s averaging 32 scans. Stimulated echo sequence with 

bipolar gradient pulses and a longitudinal eddy current delay was used for the 1H diffusion- 

ordered spectroscopy (DOSY) experiments. The gradient strength was incremented in 16 

steps from 2 % to 95 % of the maximum gradient strength. The diffusion time and the  

gradient pulse length were 100 ms and 2.0 ms with 2 s recycle delay, respectively. After 

Fourier transformation and baseline correction, the diffusion dimension of the 2D DOSY 

spectra was processed using the Bruker Topspin 1.3 software package. The diffusion analy-

sis was performed using the Topspin T1/T2 relaxation package. 

Thermogravimetric analysis. TGA experiments were carried out using a Perkin Elmer TGA 

Pyris 6 device in the temperature range from 30 °C to 600 °C with a heating rate of 10 K/min 

in air. 

Dynamic light scattering. A four-angle light scattering instrument (50°, 70°, 90°, and 110°) 

equipped with a multi-tau digital correlator (laser diode: 532 nm, max. 100 mW) was em-

ployed. The instrument was custom-built by Wolfgang Schupp/HS GmbH/Oberhilbersheim 

according to the demands of Dr. Wolfgang Schärtl. Here, 10 mL of a dispersion (1 g/mL) of 

the calcium sulfate nanoparticles in acetone was filled in a cuvette and measured at four 

angles. The data were analyzed by the cumulant method. 

Transmission electron microscopy. TEM samples were prepared by drop-casting 20 µL of 

the respective sample dispersion on 400 mesh carbon copper grids (Plano GmbH, Wetzlar, 

Germany). The samples were measured with a FEI Tecnai Spirit TWIN LaB6 at 120 kV 

equipped with a Gatan US1000 CCD-camera (2048 × 2048 pixels) and a FEI Tecnai F30  

S-TWIN at 300 kV equipped with a Gatan US4000 CCD-camera (4096 × 4096 pixels). A 

70 µm condenser aperture and standard illumination settings were used for the TEM images 

acquisition and the selected area electron diffraction (SAED). A 20 µm selected area aperture 
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was used for the SAED acquisition. Diffraction patterns from Figure 6.6 were acquired with 

the Tecnai F30 microscope by means of a NanoBeam Diffraction (NBD) setting in order to 

have a beam of 50–150 nm. A 10 µm condenser aperture, spot size 6, and gun lens 8 were 

used for the NBD setting. 

Laser microscopy. Laser microscopy images were taken using a Keyence VK 8710 with a 

wavelength of 658 nm. 
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7 
CONCLUSION  

 

In this dissertation, the crystallization of various carbonates via amorphous intermediates 

was studied. Carbonates, particularly calcium carbonate, represent interesting model systems 

to investigate the fundamental processes of crystallization. The occurrence of transient  

amorphous intermediate species has received increased attention in the last years, as they 

represent an opportunity to influence and control the crystallization process. Therefore,  

composition, morphology, structure, and crystallization mechanisms of these amorphous  

intermediates were studied in detail. Due to the lability and transient nature of these inter-

mediates, their stabilization and isolation represent a difficult challenge in regard to their 

chemical synthesis.  

The different compounds, scopes, and questions required individual synthetic approaches to 

prepare the respective amorphous intermediates. Thus, three separate projects that focused 

on specific aspects of crystallization via amorphous intermediates were created. 

Firstly, a reaction system was developed to capture the transient species immediately after 

their formation and to simultaneously induce long-term stability. These samples allowed for 

a detailed characterization of unknown amorphous intermediates. Additionally, dispersions 

of non-stabilized amorphous carbonates were synthesized to study the transformation  

mechanisms of these species to crystalline modifications. Finally, structural water in the 

amorphous carbonates and the strength of the hydrogen bonding network were examined. 

Furthermore, two sub-projects were addressed. Firstly, a new form of amorphous calcium 

carbonate was synthesized from crystalline calcite by a mechanochemical approach using a 

planetary ball mill. Secondly, a synthesis of partially amorphous calcium sulfate nanoparti-

cles was devised. These particles exhibit unusual dispersibility properties in organic media 

and promise interesting applications as “nano-gypsum”.   
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In the first project, a new two-phase reaction system was developed that enabled the stabili-

zation of amorphous carbonates of various metals (calcium, strontium, barium, manganese, 

and cadmium). In the aqueous phase of the system, metal carbonates were precipitated in the 

presence of a detergent, sodium oleate. Immediately after the formation of the nanoparticular 

amorphous intermediates, these droplet-shaped particles were coated by an oleate layer and 

extracted into the organic phase. Thereby, long-term stability of several days to weeks,  

expect only hours in barium carbonate, was induced in these normally extremely short-lived  

species. Heteronuclear correlation spectroscopy indicated the presence of oleate solely on 

the surface of the particles; no mixed carbonate/oleate phase was observed. Thus, we  

regarded the samples as actual intermediates during the crystallization process, which were 

stabilized by oleate capping ex post. Their composition was determined by thermogravi-

metric experiments; the amount of structural water in the hydrated amorphous carbonates 

was determined to be less than 1 mol H2O per formula unit. Simultaneously, the thermally 

induced crystallization was monitored by differential thermal analysis. To characterize the 

local structure of the amorphous intermediates, total scattering experiments with high- 

energy synchrotron radiation were performed that allowed the derivation of the respective 

pair distribution function (PDF). On basis of the PDF, a structural model for amorphous 

calcium carbonate was developed. We observed a broad distribution of coordination  

numbers for calcium. The mean coordination number of calcium was reduced when  

compared to crystalline calcium carbonate. We showed that crystallization via amorphous 

intermediates is a possible pathway for a variety of carbonates, and we characterized these 

transient species in detail.  

Through the precipitation of carbonates in anhydrous organic solvents, we obtained disper-

sions of amorphous carbonate nanoparticles of calcium, strontium, and manganese. No  

additional stabilization was necessary, since the absence of water prevented crystallization. 

The crystallization process was initiated through the addition of water. FTIR studies showed 

that there was an acceleration in the rate of crystallization with increasing water concentra-

tion. Additionally, this process was monitored by electron microscopy and potentiometric  

measurements. We developed a mathematical model that qualitatively describes our obser-

vations by a dissolution-recrystallization mechanism of the amorphous carbonates. The 

Pearson hardness of a metal cation determines the kinetics of crystallization – the harder the 

cation, the slower the rate of crystallization. This observation indicates that the desolvation 
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of the cation represents the rate-determining step during the transformation to a crystalline 

modification. Furthermore, we observed that the respective sub-processes, dissolution and 

recrystallization, are affected differently by water concentration. Thus, by working in a  

solvent mixture, the water concentration represents a way to manipulate the crystallization 

process.  

All studied amorphous intermediates are hydrated species. The local water environment and 

the strength of the internal hydrogen bonding network in amorphous carbonates were inves-

tigated in detail by various NMR techniques and FTIR spectroscopy. Amorphous carbonates 

of magnesium, calcium, strontium, and barium were synthesized from methanolic solution. 

Analysis of the O-H stretching vibration in FTIR and the chemical shift of water in 1H NMR 

indicated that the Pearson hardness of the respective cation mainly determines the hydrogen 

bonding strength in the amorphous carbonate. The bonding strength decreased going from 

Pearson soft barium, via strontium, to calcium. Yet, amorphous magnesium carbonate ex-

hibited relatively strong hydrogen bonds, despite Mg2+ being the hardest cation of the above. 

In this compound, the hydrogen bonding network is stabilized by additional hydroxide ions 

that act as strong hydrogen bond acceptors. From the temperature dependence of the spin-

lattice relaxation time (T1), the activation energy for the motion of the water molecules was 

calculated. The results are in accordance with the strength of the internal hydrogen bonding; 

amorphous calcium carbonate had the weakest hydrogen bonds and had the lowest activation 

energy for water motion. By the detailed study of the structural water in amorphous car-

bonates, an essential step to the complete characterization of these transient intermediate 

species was taken. 

In addition to the synthesis of amorphous carbonates from solution, a new mechanochemical 

approach was developed to prepare amorphous calcium carbonate. By processing crystalline 

calcium carbonate (calcite) in a planetary ball, a previously unknown amorphous modifica-

tion of calcium carbonate was obtained, which was referred to as BM-ACC (ball milled 

amorphous calcium carbonate). However, amorphization of calcite was only possible by the 

addition of foreign ions, in form of 10 mol% Na2CO3, during the milling process. The com-

parable ionic radii but deviating charge of Na+ and Ca2+ represent a driving force for the 

creation of defects and disorder. Through 23Na NMR, the sodium nucleus was used as a 

probe to monitor the degradation of the local structure during the milling process. Total  

scattering experiments showed the same degree of short-range order within 10 Å, as it was 
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observed in amorphous calcium carbonate precipitated from solution. We observed a  

decreased coordination number of the calcium cation in BM-ACC compared to crystalline 

calcium carbonate. Through heating or the addition of water, BM-ACC crystallizes to  

calcite. Upon contact with water, BM-ACC partially dissolves and recrystallizes as calcite, 

while the sodium cations remain in solution. The large aggregates of agglomerated BM-ACC 

nanoparticles, which are a result of the mechanochemical synthesis, act as template for the 

growth of calcite crystals. During the thermally induced crystallization, the sodium ions 

proved to stabilize the amorphous phase. Only at higher temperature and prolonged heating 

time, they are gradually incorporated into the crystalline material. Our findings reveal the 

amorphization mechanism of calcite in a planetary ball mill on the atomic scale and highlight 

the role of impurities for stabilizing the amorphous modification. Thereby, we present a  

general access to defect-stabilized amorphous materials by high-energy ball milling.  

In the second sub-project, inspired by the precipitation of amorphous carbonates in organic 

solvents, calcium sulfate nanoparticles were synthesized in 2-propanol. These droplet-

shaped particles, 30 nm in size, are predominantly amorphous with small crystalline areas 

of γ-anhydrite. Due to the attachment of 2-propanol molecules on their surface, as confirmed 

by FTIR and NMR, the particles exhibited a highly unusual dispersibility in acetone. The 

dispersion in acetone showed no sign of precipitation over weeks and was miscible with a 

variety of organic solvents. This allowed for the production of transparent calcium sulfate 

films by drop-casting the dispersion on glass slides and evaporating the solvent. By the ad-

dition of water to the dispersion in acetone, the nanoparticles precipitated immediately. Ad-

ditionally, a phase transformation to crystalline gypsum occurred. We monitored this process 

by FTIR and electron microscopy. Thereby, we identified bassanite fibers as an intermediate 

phase, which are formed by the oriented attachment of the nanoparticles. The unusual dis-

persibility in organic solvents, combined with the formation of gypsum needles on contact 

with water, promises a variety of possible applications as “nano-gypsum”.   

 

In conclusion, these studies illuminate the crystallization pathway via amorphous inter- 

mediates for a variety of carbonates. Different synthetic approaches were developed to  

isolate these transient species and to enable a detailed characterization of their morphology, 

composition, and structure. Water plays a key role in these systems, both as structural water 

inside the amorphous carbonates and as a solvent influencing the transformation to a  
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crystalline modification. The Pearson hardness of the respective cation in the amorphous 

carbonate mainly determines the strength of the internal hydrogen bonding network as well 

as stability with regard to crystallization via a dissolution-recrystallization mechanism. 

Moreover, a mechanochemical approach was developed to synthesize a new form of amor-

phous calcium carbonate from a crystalline starting material. The formation, structure, and 

crystallization behavior of this compound were examined, particularly focused on the impli-

cations of impurities in the amorphous carbonate. Finally, a synthesis of partially amorphous 

calcium sulfate nanoparticles was devised, based on the precipitation of amorphous  

carbonates in anhydrous media. Their unusual dispersibility in organic solvents as well as 

their phase transformation to gypsum needles on contact with water promise a variety of 

applications. This dissertation highlights the the role of amorphous intermediates during 

crystallization, which represents a pathway accessible to a variety of systems. The detailed 

characterization of these transient species deepens our understanding of this fundamental 

process and offers the potential to ultimately design and control crystallization.
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APPENDIX 
 

SUPPORTING INFORMATION 

 

Calculation of Oleate Layer Thickness 

The volume VACC of a spherical ACC nanoparticles with radius rACC is: 

VACC =
4π

3
rACC

3  (S1) 

With the atomic mass of ACC MACC and its density ρACC, the number of moles of amorphous 

calcium carbonate per particle nACC is calculated to be: 

nACC =
VACC ∙ ρACC

MACC
 (S2) 

With the approximate composition of CaCO3  0.9 H2O  0.1 oleate, we find for the number 

of moles oleic acid per particle nol: 

nol = 0.1 nACC (S3) 

Assuming bulk density for the solvent layer, we get for the volume respectively: 

Vol =  nol ∙  
Mol

ρol
 (S4) 

The new volume of the particle with oleate layer and the respective radius rACC+ol is:  

4π

3
rACC+ol

3 = VACC + Vol (S5) 

4π

3
rACC+ol

3 =
4π

3
rACC

3 +
nol ∙  Mol

ρol
 (S6) 



 

II 

Inserting eq. S2 and eq. S3 into eq. S6 leads to: 

4π

3
rACC+ol

3 =
4π

3
rACC

3 +
0.1 ρACC ∙  Mol ∙ 4π rACC

3

3 ρol  ∙  MACC
 (S7) 

 

rACC+ol = √1 +
0.1 ρACC ∙  Mol 

ρol  ∙  MACC

3

∙ rACC (S8) 

As an approximation, we used the density of monohydrocalcite (CaCO3  1 H2O) and, for the 

oleate ligand, the respective values of oleic acid.  

 

MACC 116.3 
g

mol
 ρACC 2.43 

g

cm3 

Mol 282.4 
g

mol
 ρol 0.89 

g

cm3 

 

rACC+ol = 1.18 ∙ rACC (S9) 

The assumption of a mean particle radius of ∼10 nm (according to TEM) results in an oleate 

layer thickness of ∼2 nm. 

 

 

 

 

Figure S1. PXRD of amorphous BaCO3 with oleate. The absence of Bragg reflections indicate the non-crystal-

linity of the sample.  



 

III 

 

 

Figure S2. Thermogravimetric and differential thermal analysis (TGA-DTA) of amorphous a) SrCO3, b) BaCO3, 

c) MnCO3, and d) CdCO3. All sample show a mass loss step in the TGA curve (red) between 50 °C and 200 °C, 

which we attribute to structural water. AMnC and ACdC decompose around 250  °C. Therefore, no thermally 

induced crystallization is observed in the DTA curve (blue) of these samples. The earth alkali carbonates, ASC 

and ABC, exhibit an exothermal effect at 310 °C, respectively at 250 °C, which indicates the thermally induced 

crystallization. 

 

 

 

Figure S3. 1H NMR spectrum of ACC with oleate capping. The proton signals of the oleate ligand (methylene 

protons around 1 ppm, ethenyl protons at 5 ppm) are clearly visible. The underlying signal of structural water is 

too broad to be resolved. 



 

IV 

 

Figure S4. 13C{1H} CP MAS-NMR and HETCOR spectra of (a,b) ASC, (c,d) ABC, and (e,f) ACdC. Respective 

crystalline references are shown as inset (gray). Besides the carbonate and oleate signals, ASC and ABC  

display a further signal around 162 ppm. The HETCOR spectrum of ABC shows that this signal is correlated to 

strongly deshielded, i.e. acidic, protons. This is a strong evidence for the presence of hydrogencarbonate  

species in these samples.  

 



 

V 

 

Figure S5. FTIR spectra of the thermodynamic crystalline modifications of CaCO3, SrCO3, BaCO3, MnCO3, and 

CdCO3. 

 

 

 

Figure S6. FTIR spectra of the amorphous modifications of SrCO3, BaCO3, MnCO3, and CdCO3 with oleate and 

structural water.  

 



 

VI 

 

Figure S7. ACC dispersion in acetonitrile. 

 

 

 

 

Figure S8. Exemplary calibration curve for the carbonate concentration in 20 vol% water in acetonitrile. 

 

Mathematical Derivation of Carbonate Concentration with Time 

The phase transformation of the amorphous carbonate to a crystalline modification was mod-

eled based on dissolution (kdis) of the amorphous carbonate and subsequent crystallization 

(kcrys). The solubility product of the crystalline carbonate was taken into account by kdis’.   

[CO3
2−

]
amorph

 
kdis
→  [CO3

2−
]
solv 

kcrys

⇌
k

dis′

 [CO3
2−

]
crys

 (S10) 

The concentration of carbonate in solution [CO3
2-]solv with time t is monitored in our exper-

iment. In the following, [CO3
2-]amorph = A, [CO3

2-]solv = B, and [CO3
2-]crys = C are used.  



 

VII 

A 
kdis

→  B

kcrys

⇌
kdis′

 C (S11) 

This system is described by the three following coupled differential equations. 

dA
dt

= −kdis A (S12) 

dB
dt

= kdis A + k
dis′ C − kcrys B (S13) 

dC
dt

= kcrys B − k
dis′ C (S14) 

The equations are solved under the following starting conditions, as at t = 0, only the amor-

phous carbonate (A) is present. The total amount of carbonate is constant. 

A(0) = A0 (S15) 

B(0) = 0 (S16) 

C(0) = 0 (S17) 

A + B + C =  constant = A0 (S18) 

Equation S12 is solved: 

A(t) = A0e−kdis t (S19) 

Inserting eq. S18 in eq. S13 yields the following expression. 

dB
dt

= kdis A + k
dis′ (A0 − A − B) − kcrys B (S20) 
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dB
dt

= (kdis − k
dis′)  A − (kcrys + k

dis′)  B + k
dis′ A0 (S21) 

For solving the non-homogeneous differential equation S21, its homogeneous form must be 

solved first. 

dB
dt

− (kcrys + k
dis′) B = 0 (S22) 

B(t) =  Θ e−(kcrys+k
dis′)t (S23) 

By inserting eq. S23 and eq. S19 in eq. S21, the non-homogeneous differential equation is 

solved by variation of the constant Θ. 

dΘ
dt

e
−(kcrys+k

dis′)t
− Θ (kcrys + k

dis′) e
−(kcrys+k

dis′)t
 

= (kdis − kdis′  ) A0 e−kdis t − Θ (kcrys + kdis′)e−(kcrys+k
dis′)t + kdis′  A0 

(S24) 

dΘ
dt

e
−(kcrys+k

dis′)t
= (kdis − k

dis′) A
0
 e−kdis t + k

dis′ A0 (S25) 

dΘ
dt

= (kdis − k
dis′)  A

0 
e

(kcrys+k
dis′−kdis )t

+ k
dis′ A0 e

(kcrys+k
dis′)t

 (S26) 

Θ = (
kdis − kdis′

kcrys + kdis′ − kdis 
) A0 e

(kcrys+k
dis′−kdis )t

+ (
kdis′

kcrys + kdis′
) A0 e(kcrys+k

dis′)t + Γ 

(S27) 

B(t) =  (
kdis − kdis′

kcrys + kdis′ − kdis 
) A0 e

−kdis t + (
kdis′

kcrys + kdis′
) A0  

+ Γ e−(kcrys+k
dis′)t 

(S28) 
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With the starting condition B(0) = 0, the constant Γ can be calculated. 

B(0) = (
kdis − kdis′

kcrys + kdis′ − kdis 
) A0 + (

kdis′

kcrys + kdis′
) A0  + Γ = 0 (S29) 

Γ =  − (
kdis − kdis′

kcrys + kdis′ − kdis 
) A0 − (

kdis′

kcrys + kdis′
) A0 (S30) 

Inserting eq. S30 in eq. S28 gives the behavior of the concentration of dissolved carbonate 

B with the time t. 

B(t) = A0  ((
kdis − kdis′

kcrys + kdis′ − kdis 
) (e−kdis  t −  e−(kcrys+k

dis′) t)

+ (
kdis′

kcrys + kdis′
) (1 −  e−(kcrys+k

dis′) t)) 

(S31) 

In equilibrium, the concentration B reaches the following value: 

lim
t→∞

B(t) = 
k

dis′

kcrys + k
dis′

 (S32) 
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Figure S9. Stability of amorphous carbonates with regard to crystallization. AMC, ACC, ASC, and ABC were 

dispersed in a mixture of 20 vol% water and 80 vol% acetonitrile. At specific times, samples were taken and 

FTIR spectra were recorded. The displayed ν2 mode is sensitive to the transformation amorphous-crystalline. 

Both ASC and ABC crystallize completely within one minute to strontianite, respectively witherite. After 1 h, ACC 

starts to crystallize; 3 h later, the sample is completely crystalline. AMC is the most stable of the amorphous 

carbonates. It takes one day to crystallize to hydromagnesite.    



 

XI 

 

Figure S10. FTIR spectra of ACC before (black, straight) and after drying at 70 °C (gray, dotted). The shape of 

the νO-H band persist during drying, which indicates no significant changes in the water structure (inset: scaled 

νO-H bands). 

 

 

 

Figure S11. a) PXRD of amorphous barium carbonate. Two Bragg reflections emerge, which correspond to the 

(111) plane and the (013) plane in crystalline barium carbonate (witherite). The incipient crystallization of the 

sample during the measurement indicates the instability of the amorphous modification. b) FTIR of amorphous 

barium carbonate (ν3 = 1376 cm-1, ν1 = 1058 cm-1, ν2 = 863 cm-1).  The O-H stretching region is fitted with a 

trimodal Gaussian function (inset), giving a mean wavenumber of νO-H = 3108 cm-1. 

 



 

XII 

 

Figure S12. FTIR spectra of earth alkali hydroxides. Polarization of the oxygen by the metal cation diminishes 

the hydrogen bonding acceptor strength of the oxygen and shifts the O-H stretching band to higher wave-

numbers.  

 

 

 

Figure S13. a) PXRD of monohydrocalcite with reference pattern (gray), the unit cell is shown as inset (calcium: 

blue, carbon: black, oxygen: red, hydrogen: light blue, hydrogen bonds: purple dotted lines) b) FTIR spectrum 

and c) 1H NMR of monohydrocalcite. d) Evaluation of the temperature dependent T1 relaxation times gives an 

activation energy for the water motion of Ea = 5.4 ± 0.1 kJ/mol.  

 

 



 

XIII 

 

Figure S14. Determination of the T1 relaxation time by inversion recovery method. Exemplary data for ACC at 

20 °C are displayed. Data are fitted (red) with eq. 4.1 (Chapter 4, p. 90) to extract T1. 

 

 

 

Figure S15. a) 1H NMR of BM-ACC exhibits one sharp signal at 1.2 ppm originating from the dispersion  

medium cyclohexane. Magnification of this region (100 ×, inset) reveals a shoulder around 5 ppm, which we 

attribute to trace amounts of physisorbed water. b) 13C NMR displays signals of the carbonate group (168.4 ppm) 

and cyclohexane (27.3 ppm). Polytetrafluorethylene from sample preparation is marked with an asterisk.  

Integration of the signals suggests a composition of ca. 1.4 mol% cyclohexane per formula unit BM-ACC.  

 



 

XIV 

 

Figure S16. Crystallization of BM-ACC in air. BM-ACC was stored in air at ambient conditions for ten days. The 

FTIR spectra show no evident changes within that time. Yet, the incipient crystallization after four days is  

indicated by the emerging band of the ν4 vibrational mode of calcite at 712 cm-1 (left inset). Magnification of the 

region between 3700 cm-1 and 2800 cm-1 (right inset) reveals an increase of the amount of physisorbed water 

after exposing the sample to air.    

 

 

 

Figure S17. Three possible sodium coordinations in Na2CO3. Half of the ions occupy proportionally the two 

octahedrally coordinated positions (a, b). The other half of sodium ions are situated in an anisotropic coordina-

tion sphere (c).  

 



 

XV 

 

Figure S18. Partial PDFs of the pivotally contributing interatomic distances in the structural model of BM-ACC. 

The first signal at 1.29 Å originates from the C-O distance in the carbonate group. The second peak at 2.40 Å 

is mainly a superposition of the O-O distances within the carbonate group and the Ca-O distance in the first 

coordination sphere of calcium. The third peak around 4 Å originates mainly from the distance between the 

cations. Mostly farther Ca-O distances cause the last peak slightly above 6 Å. 

 

 

 

Figure S19. Crystallization of BM-ACC in a mixture of 10 vol% water with acetonitrile. Calcite, which is identified 

by the characteristic ν4 vibrational mode at 712 cm-1, is the only crystalline modification that occurs. The out-of-

plane vibrational mode of vaterite at 745 cm-1 is not observed at any point.  
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Figure S20. TEM image of BM-ACC heated to 300 °C for 8 h. The nanoparticular surface structure is not  

observed anymore. 

 

 

 

Figure S21. PXRD with Rietveld refinement of BM-ACC heated to 550 °C for 1 h (black circles: measured  

pattern, red line: calculated pattern). Besides the amorphous phase (17.7 %), two crystalline phases were iden-

tified. The sample consisted mostly of calcite (67.5 %, black ticks), but also the sodium-rich carbonate nyerereite, 

Na2Ca(CO3)2 (14.8 %, turquoise ticks), formed at elevated temperature. As can be seen from the difference 

curve (blue), the annealing process leads to significant changes in the amorphous phase. 
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Figure S22. Determination of the apparent diffusion coefficient for q² = 0 by linear regression of the diffusion 

coefficients at the respective scattering vectors.  

 

 

 

Figure S23. 1H NMR spectrum of liquid 2-propanol, recorded using the solid state NMR spectrometer at low 

MAS.  
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Figure S24. PXRD of the precipitate obtained by mixing the dispersion of the calcium sulfate nanoparticles in 

acetone with water. Phase analysis indicates solely gypsum (gray reference pattern).  
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