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Abstract 

In this dissertation, the mechanochemical amorphization of earth alkali metal carbonates, 

especially calcite, is studied using different “impurities”, in particular monetite (CaHPO4), 

sodium hydrogen sulfate (NaHSO4) and basic magnesia carbonate. Amorphous alkaline 

earth metal carbonates are general transient and often metastable species that pose a 

particular synthetic challenge. Utilizing a high-energy ball mill, a wide variety of 

amorphous alkaline earth metal carbonates, phosphates and sulfates were synthesized. 

These new amorphous phases represent an interesting class of solid solutions of very well-

known groups of compounds and were covered in three projects: i) amorphous earth alkali 

metal carbonate calcium hydrogen phosphate (aMCP), ii) amorphous magnesian calcium 

carbonate (aMCC) and amorphous calcium carbonate sodium hydrogen sulfate (aCCSHS). 

A particular challenge for the investigation of the formation mechanism and the structure 

of these phases is the lack of a long-range order, which makes conventional x-ray powder 

diffraction analyses not suitable. Therefore, the amorphous phases were mainly 

investigated by Fourier transformed infrared spectroscopy (FTIR), solid-state nucleus 

magnetic resonance spectroscopy (ssNMR) and total scattering analysis. This work 

contributes not only to a deeper understanding of crystallization and ball milling reactions 

but also shows routes for the targeted control of crystallization pathways in order to 

synthesize new materials. 

In the first project, calcium, strontium and barium carbonates were amorphized 

mechanochemically using monetite. This reaction leads to an inert amorphous phase which 

cannot be crystallized in water. One focus of this project is the formation mechanism which 

was investigated ex situ by NMR and FTIR spectroscopy. An acid-base reaction of basic 

carbonate and acidic hydrogen phosphate ion was identified as the driving force of the 

reaction. The surprising feature is that the acid-base reaction takes place in the absence of 

water. Furthermore, the transferred echo double resonance (TEDOR) and heterogeneous 

correlation (HETCOR) NMR methods were applied to detect calcium hydrogen carbonate 

species, which were not reported in the literature so far. Further, long-term grinding leads 

to the formation of pyrophosphates in the amorphous mixture. 

In the second project, amorphous calcium magnesium carbonate was synthesized. The 

focus was on the crystallization of the amorphous phase depending on the magnesium 

content. Thus, aMCC with about 3:1 Ca2+ to Mg2+ ratio was identified as a potential bone 

regeneration material: The magnesium content is high enough to stabilize the amorphous 
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material and low enough that the crystallization path does not change from Mg-rich Calcite 

to Aragonite (CaCO3) via Monohydrocalcite (CaCO3∙H2O). Furthermore, it was shown that 

aMCC 30% incubated in simulated body fluid forms a carbonate-rich apatite species and 

could therefore be a promising material for bone regeneration. 

By recognizing that an acid-base reaction is feasible in the ball mill, in the third project, 

calcium carbonate was mechanochemically treated with sodium hydrogen sulfate. 

Therefore, amorphous calcium carbonate sodium hydrogen sulfate (aCCSHS) could be 

synthesized and characterized. In contrast to aMCP, aCCSHS is a transient phase that 

crystallizes fast. During amorphization, the acid base reaction was confirmed by the 

detection of sodium sulfate. In the further progress of the amorphization, which lasts up to 

18 h, a rare mineral omongwaite was detected, which appears as an intermediate just before 

the mixture becomes a solid solution. A new mineral, Ca2Na4(SO4)3(CO3)∙3H2O (mainzite) 

was discovered during the crystallization of bassanite (CaSO4∙½H2O), gypsum 

(CaSO4∙2H2O) and glauberite, depending on the solvent concentration.  
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Zusammenfassung 

In dieser Dissertation wird die mechanochemische Amorphisierung von 

Erdalkalicarbonaten, insbesondere von Calcit, unter Verwendung verschiedener 

Verbindungen, insbesondere von Monetit (CaHPO4), Natriumhydrogensulfat (NaHSO4) 

und basischem Magensiumcarbonat, untersucht. Amorphe Erdalkalicarbonate sind 

allgemein kurzlebige und oft metastabile Spezies, die daher eine besondere synthetische 

Herausforderung darstellen. Unter Verwendung einer Hochenergie-Kugelmühle wurde 

eine Vielzahl von unterschiedlichen amorphen Erdalkali-carbonaten, -phosphaten und -

sulfaten synthetisiert. Diese neuen amorphen Phasen stellen eine interessante Klasse von 

Mischkristallen sehr bekannter Verbindungsgruppen dar und wurden in drei Projekten 

behandelt: i) amorphes Erdalkalicarbonat-Calciumhydrogenphosphat (aMCP), ii) 

amorphes Magnesiumcarbonat (aMCC) und amorphes Calciumcarbonat-

Natriumhydrogensulfat (aCCSHS). Eine besondere Herausforderung für die Untersuchung 

des Bildungsmechanismus und der Struktur dieser Phasen ist das Fehlen einer Fern-

Ordnung, was die konventionelle Röntgenpulverdiffraktionsanalyse ungeeignet macht. 

Daher wurden die amorphen Phasen hauptsächlich mittels Fourier-transformierter Infrarot-

Spektroskopie (FTIR), Festkörper-Kernspinresonanzspektroskopie (ssNMR) und der 

Totalstreuungsanalyse untersucht. Diese Arbeiten tragen nicht nur zu einem tieferen 

Verständnis von Kristallisations- und Kugelmahlreaktionen bei, sondern zeigen auch Wege 

zur gezielten Steuerung von Kristallisationswegen auf, um somit neue Materialien zu 

synthetisieren. 

Im ersten Projekt wurden Calcium-, Strontium- und Bariumcarbonate mechanochemisch 

mit Monetit amorphisiert. Diese Reaktion führt zu einer relativ inerten amorphen Phase, 

die in Wasser nicht kristallisierbar ist. Ein Schwerpunkt dieses Projekts ist der 

Bildungsmechanismus, der ex situ mittels NMR- und FTIR-Spektroskopie untersucht 

wurde. Eine Säure-Base-Reaktion von basischem Carbonat und saurem 

Hydrogenphosphat-Ion wurde als treibende Kraft der Reaktion identifiziert. Das 

Überraschende dabei ist, dass die Säure-Base-Reaktion in Abwesenheit von Wasser 

abläuft. Darüber hinaus wurden die 2D NMR-Methoden transfer Echo-Doppelresonanz 

(TEDOR) und die heterogene Korrelation (HETCOR) angewandt, um 

Calciumhydrogencarbonat-Spezies nachzuweisen, über die in der Literatur bisher nicht 

berichtet wurde. Weiterhin führt das Langzeitmahlen zur Bildung von Pyrophosphaten in 

der amorphen Mischung. 
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Im zweiten Projekt wurde amorphes Calcium-Magnesium-Carbonat synthetisiert. Der 

Fokus lag dabei auf der Kristallisation der amorphen Phase in Abhängigkeit vom 

Magnesiumgehalt. So wurde aMCC mit einem Verhältnis von etwa 3:1 Ca2+ zu Mg2+ als 

potenzielles Knochenregenerationsmaterial identifiziert: Der Magnesiumgehalt ist hoch 

genug, um das amorphe Material zu stabilisieren und niedrig genug, dass der 

Kristallisationsweg nicht von Mg-reichem Calcit über Monohydrocalcit (CaCO3∙H2O) zu 

Aragonit (CaCO3) wechselt. Weiterhin wurde gezeigt, dass aMCC 30% in simulierter 

Körperflüssigkeit inkubiert eine Spezies bildet, die einem carbonatreichen Apatit ähnlich 

ist und daher ein vielversprechendes System für die Knochenregeneration sein kann. 

Da erkannt wurde, dass eine Säure-Base-Reaktion in der Kugelmühle möglich ist, wurde 

im dritten Projekt Calciumcarbonat mit Natriumhydrogensulfat mechanochemisch 

behandelt. So konnte amorphes Calciumcarbonat-Natriumhydrogensulfat (aCCSHS) 

synthetisiert und charakterisiert werden. Im Gegensatz zu aMCP handelt es sich bei 

aCCSHS um eine sehr kurzlebige Phase, die kristallisieren kann. Während des 

Amorphisierungsprozesses wurde die Säure-Base-Reaktion durch den Nachweis von 

Natriumsulfat bestätigt. Im weiteren Verlauf der Amorphisierung, die bis zu 18 h dauert, 

wurde das seltene Mineral Omongwait nachgewiesen, das als Zwischenprodukt auftritt, 

kurz bevor das Gemisch zu einer festen Lösung wird. Es konnte ein neues Mineral 

Ca2Na4(SO4)3(CO3)∙3H2O (mainzite), während der Kristallisation von Bassanite 

(CaSO4∙½H2O), Gips (CaSO4∙2H2O) und Glauberite abhängig von der 

Lösungsmittelkonzentration, entdeckt werden.  
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1 Theory 

1.1 Mechanochemistry 
 

umankind uses grinding since millenia to e.g. ignite fires, grind seeds or process 

building materials.1–4 A tool that appears consistently in the history of chemistry 

and alchemy is the mortar and pestle, which can be found in almost every 

modern laboratory. It is evident that grinding is one of the most important processing 

methods in chemistry5–7, pharmacy8–10, physics11,12, and food/construction4,13 industry to 

reduce the size of materials or to achieve homogenous mixtures of solid materials. In the 

19th century, the focus of chemistry was on wet chemical synthesis routes. The main reason 

for the rediscovery of mechanochemistry is the growing interest in green chemistry.1–4,14 In 

order to develop clean sustainable synthesis routes, solvents must be drastically reduced - 

in laboratories but also on an industrial scale. Mechanochemical methods are promising in 

this respect, as they offer a solvent-free or drastically reduced (liquid-assisted grinding) 

synthesis route.15–17 

Mechanical energy can be introduced into a system through impact, compression, shearing 

etc., causing the reduction of the particle size, creating active sites for chemical reactions 

or form new active surfaces for particle growth or coalescence.4 Modern ball mill devices 

are not always required to achieve mechanochemical syntheses of novel materials. Askew 

et al.18 reported the synthesis of a spin cross over complex by simple grinding of the starting 

materials with a mortar and pestle. The mechanical energy causes the starting materials to 

be dissolved in its own crystal water i.e. an elegant variation of liquid-assisted grinding 

(released due to mechanical impact) and then to react. In contrast, with the help of a 

planetary ball mill, high mechanical stress intensities can be achieved due to the high 

number of rotations on a planetary similar trajectory resulting in high centrifugal forces 

(Figure 1). This enables complex novel syntheses for organic,19–23 organometallic24–26 and 

inorganic compounds27–31 besides amorphization5,32,33 and alloying.34,35 The exact physical 

and chemical processes during high-energy ball milling have not yet been finally clarified 

and is highly dependent upon the systems under consideration. Two prominent theories are 

the magma-plasma model36 and the hot-spot theory.12 The models propose a local 

temperature rise of over 1000 K for a short time depending on a mechanical event e.g. 

impact or shearing. The hot spot theory describes the reactivity of high-melting-point 

inorganic substances through regions of local temporal high diffusion caused by a 

H 
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mechanical event. The magma-plasma model addresses covalent solids or polymers. A 

mechanical event leads to plastic deformation, cracking and rapture which produce radicals, 

dislocations etc. However, other authors propose mechanisms that do not necessarily 

require models which depends on local high-energies.37  

Recently, mechanochemical reactions were monitored in situ via X-ray diffraction15, 

Raman spectroscopy38, thermography38 and imaging by high-speed video cameras.39 The 

initial mechanical treatment leads to particle size reduction of the reactants coupled with a 

rapid increase in temperature. The following processes are highly dependent on the nature 

of the system – showing the diversity of mechanochemical reactions. Temperature changes 

can be detected caused by chemical reactions, solvent release and phase transformations of 

any kind. Therefore, there is no general guideline for the selection of the optimal 

parameters. In addition, studies utilizing the discrete-element method (DEM)40–45 show 

strong dependencies of the milling process on the material of the grinding equipment, the 

size of the balls, ratio of the balls to starting materials and rotation speed. 

 

Figure 1. Principle of the planetary ball mill and the planetary ball mill from the manufacturer Fritsch 

Pulverisette 7 classic line. 

 

1.2 Total scattering 
 

In standard crystallographic X-ray powder diffraction analysis, Bragg peaks and diffuse 

scattering are treated separately.46,47 The structure is determined by the position and 

intensity of the Bragg peaks. In addition, the deviations from the perfect lattice are obtained 

through the analysis of the diffuse scattering. However, if the structure is strongly 

disordered, the conventional method fails, especially for amorphous systems.48–52 In 

diffraction methods, diffracted intensity is measured as a function of momentum transfer 
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of the scattering particle Q (vectors in bold). The momentum transfer is defined as the Q = 

kinit – kfinal, where kinit is the incident wave vector and kfinal is the scattered wave vector. Q 

has the magnitude of 

|𝑸| =
4π sin 𝜃

𝜆
 (1) 

 

, where 𝜆 is the wavelength of the scattered particle and 𝜃 is the angle between the incident 

and diffracted beam.46  

Total scattering includes the intensity coming from Bragg peaks (the global structure), 

elastic diffuse scattering (static local structure) and inelastic diffuse scattering from moving 

atoms (dynamics). This “total scattering” intensity is measured over a wide range of Q that 

nearly all information of the coherent scattering is collected.53,54  

Investigating the local structure implies the study of the total scattering intensity, S(Q). The 

fundamental is the scattering amplitude ψ(𝑸)47 

ψ(𝑸) =  
1

〈𝑏〉
∑ 𝑏νei𝐐∙𝐑𝛎

ν

 (2) 

, where Rν defines the position of the atom ν, bν is the scattering amplitude of the atom ν 

and 〈𝑏〉 represents a compositional average. However, it is not possible to measure the 

scattering amplitude directly but only the intensity of the diffracted beam, which is 

proportional to the square of the magnitude of the scattering amplitude, |ψ(𝑸)|2.46 As a 

consequence, the phase information is lost and only the phase difference remains between 

scattering events from different atoms. In practice, for total scattering measurements the 

background intensity must be determined exactly with the help of measurements without 

the sample. From this, the experimentally coherent intensity IC can be determined 

correctly47 

𝐼C = 𝐴𝑃𝐶 
d𝜎C

d𝛺
 (3) 

, where A is the absorption factor, P is the electric polarization factor for X-rays and C is 

the normalization factor.  
d𝜎C

d𝛺
  is the scattering cross section (probability of a particle being 

scattered related to the counts of a detector and therefore directly proportional to the 
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measured intensity of the total scattering experiment) which is related to the scattering 

amplitude as follows 

d𝜎C

d𝛺
=

〈𝑏〉2

𝑁
|ψ(𝑸)|2 =  

1

𝑁
∑ 𝑏ν𝑏μei𝐐∙(𝐑𝛎−𝐑𝛍)

ν,μ

 (4) 

, where N is the number of atoms in the sample.47 

 

Therefore, the definition of S(Q) is47 

𝐼(𝑸) =  
d𝜎C

d𝛺
〈𝑏〉2 − 〈𝑏2〉, (5) 

𝑆(𝑸) =
𝐼(𝑸)

〈𝑏〉2
. (6) 

In many systems, such as amorphous systems, the scattering is isotropic. Therefore, Q 

depends only on its magnitude and not on its direction. The Fourier transform the total 

scattering function intensity is the reduced pair distribution function (PDF) G(r), as47,55  

G(𝑟) = (
2

π
) ∫ 𝑄[S(𝑄) − 1] sin(𝑄𝑟) d𝑄

Q𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

. (7) 

Figure 2a shows a simulated PDF of crystalline gold.56 The PDF can be interpreted as a 

kind of distance histogram of atomic pairs. The corresponding first four distances are 

highlighted in the unit cell of Gold in Figure 2b. This easily accessible information reflects 

the strength of the total scattering method. By comparing the experimental data with 

simulated or reference data, a lot of chemical information such as disorder can be obtained 

from the PDF without much modelling effort. For further reading, the following monograph 

is highly recommended.47 
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Figure 2. (a) Simulated pair distribution function of crystalline gold. (b) Corresponding unit cell of gold 

which was used for simulation, space group 𝐹𝑚3̅𝑚. The first four distances are highlighted.  

 

 

 

1.3 Local order  
 

The aim of material science is to optimize and discover new functional materials.57 A basic 

requirement is the understanding of the relationship of the material properties, chemistry 

and atomic scale structural arrangement. The structural arrangement of the nearest atomic 

neighbors are mainly dependent on bond strengths, atom sizes, oxidation states, etc.  

Therefore, this close atomic arrangements are very robust towards external synthesis 

conditions and other factors.58 These primary building blocks are fairly unaffected by 

changes in the crystal structure.59–61 Figure 3 shows the experimental PDF of amorphous 

calcium carbonate and a simulated PDF of crystalline calcite. Clearly, the first two peaks 

are assigned to the primary building blocks of calcium carbonate (highlighted in blue), in 

particular the C-O and Ca-O distances. These bond distances are expected to be nearly the 

same for all calcium carbonate polymorphs.62,63 Beyond these two peaks, there is an 

extreme difference in the PDF caused by the different nature of the materials. Therefore, 

information about the physical and chemical properties of amorphous materials is mainly 

found in this “short-range” to “medium-range” region (highlighted in orange).  
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Figure 3. (a) Simulated pair distribution function of crystalline calcite (red). Experimental pair distribution 

function of amorphous calcium carbonate (black). 

The local order is not only of interest for amorphous materials but for most materials in 

nature, there are high deviations from the long-range to the short-range order.59,64 These 

structural disordered materials are designed to achieve enhanced functional materials for 

catalysis65, electronically devices66,67 etc. In general, the structural models and, thus the 

common means of understanding of the materials are mainly obtained by PDF with the 

Reversed Monte Carlo (RMC) method.68 Although very powerful, this method needs a 

chemical meaningful starting model. In addition, the obtained structures have to be verified 

with complementary analytical methods.  

1.4 Classical nucleation theory 
 

A supersaturated homogeneous phase leads to a phase separation, which results in a mixture 

of two heterogeneous phases. This process is called nucleation and is a first order phase 

transition. A thermodynamically metastable phase is transformed into two new phases, e.g. 

during the condensation of a gas or the crystallization of a solid from dissolved ions. The 

classical nucleation theory describes the change of the free enthalpy, which determines if 

the process of phase transformation may occur.69–72 The free enthalpy of nucleation ∆𝐺N is 

a sum of the volume term ∆𝐺V and the surface term ∆𝐺S 
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Δ𝐺N = Δ𝐺V + Δ𝐺S (8) 

, where the volume term represents the amount of energy released by the nucleation of the 

nucleus. Further, the surface term refers to the energy required to form the surface of the 

nucleus.  

The volume term can be described by the following equations 

Δ𝐺V = −𝑁 ∙ 𝜙  
 

𝜙 = −
Δ𝐺

Δ𝑁
= 𝜇1 − 𝜇2  

 

(9) 

, where ϕ is the affinity describing the change of the chemical potential during a phase 

transition from a phase 1 with the potential 𝜇1 to a phase 2 with the potential 𝜇2. In case 

the affinity 𝜙 is greater than zero, the contribution of the volume term for each atom N 

results in an energy increase. The process of phase transition decreases the total energy of 

the system when the free energy ΔG for ΔN atoms undergo a change. Since the chemical 

potential is difficult to access, the affinity is described by the supersaturation S. 

𝜙 = kB𝑇 ∙ ln(𝑆) ;  𝑆 =
𝑐′

𝑐0
 , 𝑆 =

𝑝′

𝑝0
 , 𝑆 =

𝑎′

𝑎0
   (10) 

Supersaturation allows the change in chemical potential which is represented by an 

accessible parameter, such as concentration, pressure or activity. An increase in the 

difference between the instantaneous concentration 𝑐′  and the equilibrium concentration 

𝑐0 results in an increase in supersaturation and thus in affinity. Thus, in the case of  

dissolved ions with the concentration 𝑐′ one can conclude that S<1  is a undersaturated 

solution,  S=1 is a solution in equilibrium, and  S>1 is a supersaturated solution. The free 

nucleation enthalpy is described by the following expression, assuming that spherical 

nuclei with radius r are formed. 

Δ𝐺N =  −
4

3
π𝑟3

𝜙

𝑉M
+ 4π𝑟2𝜎 (11) 

Based on the volume of an atom 𝑉M, the expression 
4

3
π𝑟3 𝜙

𝑉M
 describes the number of atoms 

of a spherical nucleus. Thus, the volume term has a cubic dependence and the surface term 

a quadratic dependence. At radii smaller than r* the surface term with the surface tension 

σ dominates and nucleation does not occur. However, once a critical radius r* is passed, 
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the volume term dominates the surface term and thus the total energy of the system is 

reduced by the nucleation process (Figure 4).71 

 

Figure 4. Homogeneous nucleation according to the classical nucleation theory.  

 

1.5 Classical heterogeneous nucleation theory 
 

Mainly, nucleation takes place at interfaces in real systems.73 The energy barrier can be 

reduced to such an extent that heterogeneous nucleation takes place even at very low 

supersaturation, since the required surface energy is significantly reduced. The free 

enthalpy of heterogeneous nucleation Δ𝐺N is described by the following equation 

Δ𝐺N =  −
2

3
π𝑟3

𝜙

𝑉𝑀
+ 4π𝑟2𝜎c   ;    𝜎c =  𝜎ln [1 −

(𝜎ls − 𝜎sn)

2𝜎ln
] 

 

(12) 

, where 𝜎ln is the surface energy between the liquid and the nuclei, 𝜎ls between the liquid 

and the substrate and 𝜎sn between the substrate and the nuclei. The volume term is divided 

by two, since the seed is formed as a hemisphere on a substrate. Depending on the surface 
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energy of the material, the heterogeneous nucleation is favored. By using a Teflon coating, 

heterogeneous nucleation can be suppressed as far as possible and almost exclusively 

homogeneous crystallization can be observed.  

1.6 Johnson-Mehl-Avrami-Kolmogorov equation 
 

Nucleation occurs when nuclei with critical radius r* are formed, thus reducing the energy 

of the whole system. The driving force of this phase separation is represented by 

supersaturation. Then, the slowest growing process determines the growth rate of the 

crystalline phase. The growth rate depends on the rate of mass flow via the phase boundary 

Ji in case of solutions in which far-reaching diffusion does not have to be considered. Both 

diffusion-limited and interface-limited growth is strongly dependent on temperature. An 

Arrhenius approach can be used to describe both processes, in which the growth rate 

becomes very slow at low temperatures. By using the Johnson-Mehl-Avrami-Kolmogorov 

equation (JMAK equation), an isothermal phase transition, like crystallization, can be 

described in kinetic manner.74–77 

It is assumed that there is an isothermal phase transition. For the nucleus radius r applies 

approximately 

𝑟(𝑡) = 𝑟∗ + 𝑣𝑡 ≈ 𝑣𝑡  (13) 

, where 𝑣 is radial velocity of crystal growth.  

Thus, at the time t=0 nuclei with the critical nucleus radius r* are present and the new phase 

is formed. The radius r of a growing nucleus at time t is described by the following 

equations. 

𝑟 = 𝑣𝑡  ;   d𝑟 = 𝑣dt    (14) 

For the nucleus density n at time t the following applies 

𝑛(𝑡) = 𝑛[1 − 𝑥(𝑡)]    (15) 

, where the volume fraction x(t) represents the proportion of crystalline phase formed at 

time t from the homogeneous phase by phase separation. 

For spherical nuclei, the volume fraction as a function of time is 
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d𝑥(𝑡) = 4π𝑟2d𝑟𝑛[1 − 𝑥(t)]    (16) 

Using the expressions r=vt and dr=vdt the function of the volume fraction can be 

transformed as follows: 

d𝑥(𝑡) = 4π𝑛𝑣3𝑡2d𝑡[1 − 𝑥(𝑡)]    (17) 

After transformation and integration of the function over time t, follows the JMAK equation 

for spherical crystallization: 

d𝑥(t)

1 − 𝑥(𝑡)
= 4π𝑛𝑣3𝑡2d𝑡 (18) 

 

−ln[1 − 𝑥(𝑡)] =
4π𝑛𝑣3𝑡3

3
 (19) 

 

𝑥(𝑡) = 1 − e
(−

4πnv3t3

3
)

=  1 − e
(−(

t
τ

)
3

)
 ;  τ = [

3

4π𝑛
]

1
3 1

𝑣
 (20) 

, where 𝜏 is the kinetic constant of the process.  

For the general case of crystal growth the following applies 

𝑥(𝑡) =  1 − 𝑒
(−(

t
τ

)
n

)
 (21) 

, where n is the Avrami-exponent, which is often interpreted as a dimension of the new 

growing phase. In order to be able to relate the Avrami-exponent obtained from 

experimental data to the dimension of the growing phase, several factors have to be 

considered. The Avrami-exponent n consists of two parts, the nucleation and the growth 

mechanism. 

𝑛 = 𝑛nucleation + 𝑛growth (22) 

In a three-dimensional process, the Avrami-exponent of the nucleation mechanism 

𝑛nucleation can have a value of 1 in the case of a constant nucleation rate, or if nuclei are 

already present, a value of 0 is assumed. The Avrami exponent of the 3D growth 
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mechanism 𝑛growth has a value of 3 in case of a constant growth rate, or a value of 1.5 in 

case of a parabolic growth mechanism or diffusion controlled growth.  

Depending on the complexity of the nucleation and growth mechanism, the Avrami 

exponent varies. The Avrami-exponent can be assigned to a homogeneous, heterogeneous 

or limited to specific sites nucleation mechanism with constant or varying growth rates. 

Furthermore, different growth mechanisms are possible, in particular: one, two or three 

dimensional, where the speed-determining step is diffusion or mass transfer across the 

phase boundary. It should be noted that the same Avrami-exponent can describe different 

processes. 

1.7 Calcium carbonate 
 

Calcium carbonate is one of the most abundant compounds on earth, occurs mainly as 

sedimentary rock78, and in biomaterials like mollusks79, shells80 and corals.81 Furthermore, 

it has a wide range of applications such as supplement for building materials82, filler 

material for paper83 and pharmaceutical industry84 or for agriculture use.85 Calcium 

carbonate minerals are also part of the global carbon cycle.86 The acidification of the ocean 

is of particular interest, whereby carbon dioxide bound as carbonate is emitted gradually 

into the atmosphere, due to climate change. The crystallization path and kinetics of calcium 

carbonate is one of the most studied systems and therefore is considered as a model system 

although it is still under active research. The manifold polymorphism of calcium 

carbonateis remarkable.87 The high solubility range of the different modifications, the 

possibility of reversible hydration of the calcium ion and the pH dependence of the system 

which allows different reaction pathways, enables the various modifications to occur.  The 

diverse modifications are described in the following:  

Amorphous calcium carbonate. Amorphous calcium carbonate (ACC) is the 

thermodynamically most unstable phase which transforms in solution rapidly into calcite 

or aragonite via ordering, dehydration and crystallization processes.88,89 Usually, it is the 

first modification formed according to Ostwald's step rule. ACC can be found in many 

biological materials like nacre.90 In biomineralization, nature utilizes ACC as a calcium 

carbonate reservoir for targeted re-/crystallization.91,92 Proteins or templates provide an 

organic matrix dictating the shape and phase of the bioinorganic material forcing nucleation 

and crystallization of the inorganic compound in a distinct manner.93 In this way, more 
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complex bioinorganic materials such as bones and teeth are formed. ACC can appear in 

various morphologies and modifications depending on the way it is formed e.g. stabilized 

via surfactants, peptides, proteins and ions (like Mg2+), quenched in different solvents, 

prepared by freeze-drying, hydrolysis of carbonic esters and ball-milling.  

Ikaite. Ikaite is a metastable, crystalline, hydrated modification of calcium carbonate with 

the formula of CaCO3∙6H2O. The name derives from the Ika Fjord in Greenland, where it 

was first discovered. Ikaite is a very rare mineral that is formed naturally in the sea at 

temperatures near freezing point in an anaerobic environment. The mineral is not stable at 

temperatures above 8 °C transforming into calcite.94 

 

Figure 5. Unit cell of ikaite. Calcium: blue, Carbon: brown, Oxygen: red, Hydrogen: white.  

 

 

 

Monohydrocalcite. Monohydrocalcite (MHC) is a hydrated phase of calcium carbonate 

with the composition CaCO3∙H2O. The crystal system of MHC is trigonal, where the 

calcium atoms are surrounded by eight oxygen atoms, where two originate from water. 

MHC occurs as a mineral in nature including basaltic caves, saline spring waters, marine 

polar systems, humid mine galleries and lacustrine deposits.95 MHC is found in nature in 
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association with other carbonate minerals like dolomite, aragonite, Mg-calcite, etc. Further, 

MHC occurs in various biological life forms and is therefore of interest for 

biomineralization e.g. molluscs, flatworms, algae, etc. MHC is thermodynamically 

unstable under normal conditions on the earth's surface and slowly transforms into calcite 

or aragonite. Although MHC is described as a pure calcium carbonate phase, magnesium 

ions are often present as foreign ions in natural MHC. Therefore, it is discussed whether 

the mechanism for the formation of MHC takes place via magnesium-rich ACC. However, 

MHC has also been reported in silica-rich alkaline solution and in the formation of portland 

cement.95,96  

 

Figure 6. Unit cell of Monohydrocalcite. Calcium: blue, Carbon: brown, Oxygen: red, Hydrogen: white.  
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Calcium carbonate hemihydrate. Calcium carbonate hemihydrate was recently found by 

Zou et al.97 It forms in solution in the presence of Mg2+ with Mg/Ca molar ratios of circa 

5/1. 

 

Figure 7. Unit cell of Calcium carbonate hemihydrate. Calcium: blue, Carbon: brown, Oxygen: red.  
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Monoclinic Aragonite. Recently, Monoclinic Aragonite (mAra) has been discovered in a 

cold cave decorated by aragonite speleothems at Obstanser Eishöhle, which is located 3 km 

south of Kartitsch close to the Austrian-Italian border. This nanocrystalline calcium 

carbonate modification forms from Mg-rich drip water with a Mg2+ to Ca2+ ratio of >1.5.  

mAra seems to be apparent as a precursor of conventional orthorhombic aragonite.98 

 

Figure 8. Unit cell of monoclinic Aragonite. Calcium: blue, Carbon: brown, Oxygen: red.  
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Aragonite. Aragonite is the high pressure polymorph of calcium carbonate. Calcite and 

aragonite are by far the most abundant calcium carbonate modification. Since magnesium 

ions favor the formation of aragonite, marine systems mainly precipitate aragonite. In 

contrast to calcite, magnesium cations cannot be incorporated into the crystal lattice 

because the cation with its small size does not fit into a lattice site with such a high 

coordination number. Therefore, in magnesium-rich systems, aragonite is more likely to 

form than calcite. The solubility product of magnesium-rich calcite is greater and it thus 

dissolves in favor of aragonite.99–101 

 

Figure 9. Unit cell of Aragonite. Calcium: blue, Carbon: brown, Oxygen: red.  
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Calcite. Calcite is the thermodynamic stable polymorph at ambient conditions. The term 

calcite is derived from the Latin word for lime, calx (gen. calcis) with the suffix -ite. Vast 

deposits of chalk and limestone, therefore, consist mainly of calcite. Sedimentary rock 

exhibits approximately 10% limestone. Calcite is known as "Doppelspat”, because of its 

optical properties. Light passing through a calcite single crystal results in double refraction. 

The phenomenon is described by birefringence which is the property of a material with a 

refractive index dependent on the polarization and propagation direction of light. Further, 

calcite is often the major constituent of the shells of marine organisms, e.g., the shells of 

bivalves, sponges, coccoliths.102 

 

Figure 10. Unit cell of Calcite. Calcium: blue, Carbon: brown, Oxygen: red. 
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1.8 Calcium sulfate 
 

For centuries calcium sulfate is essential as a building material and is now one of the most 

produced inorganic compounds in the world. It occurs in three modifications, in particular 

the anhydrous polymorph anhydrite, the hemihydrate bassanite and the dihydrate 

gypsum.103 Calcium sulfates are found mostly in evaporites in multiple locations around 

the world as gypsum and anhydrite. These can be quarried by open pit or deep mining. 

World production of naturally occurring gypsum is about 127 million tons per year.104 

Further, calcium sulfate was even detected on mars.105,106 

Anhydrite. Anhydrite is the anhydrous modification of calcium sulfate. Above 60 °C it is 

the most thermodynamic stable phase. Even in geological periods, anhydrite does not react 

with water. However, hydration can take place, if it is present as a powder.107,108 

 

Figure 11. Unit cell of Anhydrite. Calcium: blue, Sulfur: yellow, Oxygen: red.  
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Bassanite. Bassanite or “plaster of Paris” is one of the most-produced inorganic 

compounds.103 It is obtained via thermal dehydration of gypsum at 120-180 °C. This 

reaction is reversible; therefore, plaster of Paris solidifies by treating with water. It has 

various applications, e.g. toys, fire-proofing materials, in medicine for stetting fractured 

bones in position.109  

 

Figure 12. Unit cell of Bassanite. Calcium: blue, Sulfur: yellow, Oxygen: red, Hydrogen: white.  

Gypsum. Gypsum is the thermodynamically stable phase at ambient conditions. It is 

widely used in construction, as a cement additive and fertilizer.103  

 

Figure 13. Unit cell of Gypsum. Calcium: blue, Sulfur: yellow, Oxygen: red, Hydrogen: white.  
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In the following, sulfate-containing phases important for this thesis are described: 

Rapidcreekite. Rapidcreekite is a rare mineral with formula of Ca2(SO4)(CO3)·4H2O. It 

was discovered in the Rapid Creek - Big Fish area of the northern Yukon Territory, Canada, 

and has been described in 1986 by Roberts et al. The structure is very similar to gypsum. 

Removal of the sulfate groups in the gypsum structure by carbonate groups coupled with 

twinning by a twofold rotation about the [100] axis essentially leads to a doubling of the 

unit cell along the [010] direction. Recently, a sodium-containing precursor was discussed 

in the crystallization of rapidcreekite.110,111 

 

Figure 14. Unit cell of Rapidcreekite. Calcium: blue, Sulfur: yellow, Carbon: brown, Oxygen: red.  
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Sodium hydrogen sulfate. Sodium hydrogen sulfate is an acidic sodium salt of the sulfuric 

acid. It can be synthesized by the reaction of sulfuric acid and 1) sodium chloride, 2) sodium 

hydroxide or a mixture of sodium and sodium hydrogen carbonate. Sodium hydrogen 

sulfate has various applications like supplement for pH regulation of swimming pools, 

component of cleaning agents or as additive in food industry. Heating the acidic sodium 

hydrogen sulfate leads to its dehydration and thus it reacts to sodium disulfate.112 

 

Figure 15. Unit cell of Sodium hydrogen sulfate. Sodium: yellow, Sulfur: yellow, Oxygen: red. 

1.9 Calcium orthophosphates 
 

Calcium orthophosphates are the main mineral components of bones and teeth.113 

Phosphorite is sedimentary rock containing orthophosphate phases, in particular mostly 

hydroxyapatite. In industry, phosphorite is mainly processed into phosphoric acid. Almost 

90% of phosphoric acid is used for the production of fertilizer and is therefore essential for 

global agriculture. Phosphorite is a finite, limited and indispensable resource on earth for 

the production of fertilizers.114,115 However, phosphorite deposits will deplete in the future, 

requiring the use of other phosphate sources to produce sufficient amounts of inorganic 

fertilizers. Further applications are in e.g. food industry, water treatment, toothpastes. The 

orthophosphates dissolve sparingly in water but can be dissolved in mineral acids.116 
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Hydroxyapatite. Hydroxyapatite is a mineral of the formula Ca10(PO4)6(OH)2. It is a 

member of the apatite group whose general formula of the most common compound is 

Ca10(PO4)6(F,Cl,OH)2. The least soluble orthophosphate Hydroxyapatite is formed 

preferentially under neutral or basic conditions.117 However, in minerals even in basic 

conditions non-stoichiometric compounds are present, indicating calcium deficient 

hydroxyapatite. In acidic conditions, minerals like brushite CaHPO4∙H2O or octacalcium 

phosphate Ca8H2(PO4)6∙5H2O are often encountered.118 Additionally, a carbonate 

substituted apatite similar to dahllite Ca5(PO4,CO3)3(OH) is suggested as a potential 

component for bone regeneration.119,120 

 

Figure 16. Unit cell of Hydroxyapatite. Calcium: blue, Phosphor: purple, Oxygen: red. 
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Tricalciumphosphate. Tricalciumphosphate is not soluble in water. Therefore, it is 

produced commercially by the reaction with phosphoric acid and slaked lime following 

annealing. There are three known polymorphs of tricalciumphosphate, in particular the 

rhombohedral β- and  two high temperature forms monoclinic α- and hexagonal α'-.121,122 

 

Figure 17. Unit cell of β-Tricalciumphosphate. Calcium: blue, Phosphor: purple, Oxygen: red, Vacancies: 

white.  
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Calciumhydrogenphosphate. Calcium hydrogen phosphate occurs naturally as the 

mineral Brushite CaHPO4∙2H2O and the anhydrous Monetite. Technically, it can be 

synthesized by reacting phosphoric acid with portlandite Ca(OH)2.
116 

 

 

Figure 18. Unit cell of Monetite. Calcium: blue, Phosphor: purple, Oxygen: red, Hydrogen: white. 
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2 Chapter 1 
 

The contents of the following chapter are taken and partially adapted from Cryst. Growth Des. 

2020, 20, 10, 6831–6846. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

36 

 

2.1 Monitoring a Mechanochemical Reaction Reveals the Formation of 

a New ACC Defect Variant Containing the HCO3– Anion 

Encapsulated by an Amorphous Matrix 
 

 

2.1.1 ABSTRACT  

 

“Amorphous calcium carbonate (ACC) is an important precursor in the biomineralization 

of crystalline CaCO3. In nature it serves as a storage material or as permanent structural 

element, whose lifetime is regulated by an organic matrix. The relevance of ACC in 

materials science is primarily related to our understanding of CaCO3 crystallization 

pathways and CaCO3/(bio)polymer nanocomposites. ACC can be synthesized by liquid-

liquid phase separation, and it is typically stabilized with macromolecules. We have 

prepared ACC by milling calcite in a planetary ball mill. Ball-milled amorphous calcium 

carbonate (BM-ACC) was stabilized with monetite (CaHPO4). The addition of phosphate 

ions from CaHPO4 generates a strained network that hinders recrystallization kinetically. 

In comparison to wet-chemically prepared ACC, ball-milling forms anhydrous BM-ACC. 

The amorphization process and the structure of BM-ACC were studied by quantitative 

Fourier transform infrared spectroscopy and solid state 31P, 13C, and 1H magic angle 

spinning nuclear magnetic resonance spectroscopy, which are highly sensitive to symmetry 

changes of the local environment. In the first - and fast - reaction step, the CO3
2- anions are 

protonated by the HPO4
2- groups. The formation of unprecedented hydrogen carbonate 

(HCO3
-) and orthophosphate anions appears to be the driving force of the reaction, because 

the phosphate group has a higher Coulomb energy and the tetrahedral PO4
3- unit can fill 

space more efficiently. In a competing second - and slow - reaction step, pyrophosphate 

anions are formed in a condensation reaction. No pyrophosphates are formed at higher 

carbonate contents. High strain leads to such a large energy barrier that any reaction is 

suppressed. Our findings aid in the understanding of the mechanochemical amorphization 

of calcium carbonate and emphasize the effect of impurities for the stabilization of the 

amorphous phase. This allowed the synthesis of a new ACC defect variant containing the 

unique HCO3
- anion. Our approach outlines a general strategy to obtain new amorphous 

solids for a variety of carbonate/phosphate systems that offer promise as biomaterials for 

bone regeneration. 
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2.1.2 INTRODUCTION 

 

Mechanochemistry has become a tool for the synthesis of new inorganic,1 organic,2 and 

metal–organic compounds.3 The product range can be extended by using small amounts of 

solvents or dispersants (liquid-assisted grinding),4 ionic compounds (ion- and liquid-

assisted grinding),5 or polymers (polymer-assisted grinding) during grinding.6 Ball-milling 

is an established strategy for producing out-of-equilibrium structures, and it can be 

employed for breaking down bulk materials to nano-size.7,8 Defect formation on a large 

scale leads to an amorphization of crystalline solids.9 Elemental germanium10 or 

zeolites11,12 show a loss of crystallinity during ball-milling, and changes of extended 

hydrate networks have been reported for Co3(PO4)2 × 8 H2O.13 Ball milling can induce an 

alloying of metals14 or polymorph changes (e.g., a transformation from the anatase to the 

rutile phase of TiO2).
15 Similarly, organic compounds mixtures of organic and inorganic 

compounds16 undergo structural changes during mechanochemical treatment. This is of 

particular interest for pharmaceuticals as the higher solubility of amorphous phases 

enhances the uptake of drugs with poor water solubility.17 Mechanochemistry is of 

particular interest for large applications due to its scalability and the reduced use of 

solvents, which make it a “green chemistry” technique.18 

Continuous mechanical stress during ball milling was proposed to trigger unusual reactivity 

and lead to the formation of transient phases that are different from those accessible in 

conventional solid state reactions.19 There is limited evidence for or against this hypothesis. 

Ex situ studies,20,21 where the reactants are converted and analyzed after the reaction, 

provide little information about intermediates, kinetics and dynamics during the 

mechanochemical reaction itself. In situ measurements, on the other hand, can provide real-

time insight into a ball milling environment.22–24 Time-resolved X-ray diffraction with 

synchrotron radiation (PXRD) is the method of choice for elucidating chemical reaction 

pathways by the structure determination of intermediates whose existence might be 

deduced only indirectly otherwise. Diffraction, however, provides meaningful information 

only for crystalline materials. Non-crystalline solids elude structural analysis with 

diffraction methods. Only local probes, such as vibrational (IR, Raman) and nuclear 

magnetic resonance (NMR) spectroscopy or total scattering12,16 can aid in the structural 

analysis. Since solid state transformations are typically diffusion limited and therefore 

comparatively slow, a step by step analysis can be used to identify transient phases, where 
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“snapshots” are taken at different stages of the reaction.25,26 We demonstrate the utility of 

this approach by unravelling the structure of non-crystalline intermediates from the 

mechanochemical reaction of calcium carbonate (CaCO3) and calcium hydrogenphosphate 

(monetite, CaHPO4). 

Calcium carbonate is an important biomineral in ascidians and molluscs, and calcium 

phosphate is an essential constituent of vertebrate hard tissues (bone, dentine, enamel).27–

29 The corresponding amorphous polymorphs play a prominent role in 

biomineralization.28,30–33 The transition from amorphous to crystalline phases allows 

Nature to exert control through ion concentrations (with ion pumps) and organic matrices 

or molecules.34 Many research groups have invested substantial efforts to achieve a deep 

understanding of the mechanism of biomineralization.35 An application-oriented result of 

the crystallization mechanisms is the use of amorphous calcium carbonate and phosphate 

for bone grafting materials or nanocomposites.36–40 There is a growing interest on the effect 

of impurities in the local structure of amorphous calcium carbonate (ACC)41,42 and 

amorphous calcium phosphate (ACP).43 Organisms control the metastability of ACC by 

incorporating additives (like Mg2+, PO4
3- or water).43 These impurities have strong effects 

on the local structure of ACC and ACP, and several studies have been carried out to 

investigate the effect of additives such as magnesium and phosphate ions on ACC.40–43  

The local structure in ACC is a matter of debate.44 A “protostructuring” of ACC with 

respect to different crystalline CaCO3 polymorphs has been proposed,45,46 and the concept 

of “polyamorphism” has been considered for biogenic ACC.44 Although the short-range 

order in ACC is pH dependent47 and OH- groups were found to be incorporated in ACC,48 

there are no indications for the presence of hydrogen carbonate (HCO3
-) ions in ACC or 

any hydrated CaCO3 polymorph.49–52 The synthesis and stabilization of ACC have been 

pursued by freeze-drying,53 with polymers54 and proteins,55 or foreign ions like Mg2+ 56 and 

phosphate.43 These approaches start from the Ca2+ and CO3
2- ion constituents in aqueous 

solution, and the crystallization process is stopped at the ACC stage by stabilizing the 

product kinetically. 

Mechanochemical treatment of calcium carbonate has been a topic of previous research.57–

60 The transformation of calcite to its high-pressure polymorph aragonite has been reported 

in a mechanically operated mortar.61 The reverse transformation from aragonite to calcite, 

the thermodynamically stable polymorph, was described later.62 Likewise, vaterite can be 

transformed to calcite mechanochemically.63,64 In an earlier study we have shown that 

amorphous CaCO3 could be prepared by ball milling only, when Na2CO3 (minimum 7.5 
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mol %) was added to stabilize the metastable ball-milled amorphous calcium carbonate 

phase (BM-ACC) by cationic defects.65 It was, however, not possible to obtain other 

amorphous alkaline earth metal carbonates for metals other than Ca (e.g. Sr and Ba) by 

cation “doping” with Sr and Ba. Here we show that amorphous alkaline earth carbonates, 

in particular amorphous calcium carbonate/calcium hydrogen phosphate (aCCP), 

amorphous strontium carbonate/calcium hydrogen phosphate (aSCP) and amorphous 

barium carbonate/calcium hydrogen phosphate (aBCP) can be stabilized by mechanical 

treatment of crystalline alkaline earth metal carbonates (M = Ca, Sr, Ba, Scheme 1) with 

CaHPO4. 

 

Scheme 1. Summary of the ball-milling experiment 

 

Different compositions of the starting materials were ground in a high-energy planetary 

ball mill. The amount of monetite was kept constant (1 mmol) and mixed with different 

amounts of earth alkali carbonates. The composition of the product is expressed in terms 

of the mole fraction x(carbonate) = n(CaCO3)/(n(CaCO3)+n(CaHPO4)) (e.g. aCCP (0.2): 1 

mmol CaHPO4 and 0.25 mmol CaCO3, i.e. x(carbonate)=0.2). Static spin echo delay NMR 

measurements revealed that even small mole fractions (x = 0.05) cause large structural 

changes.  

The process of amorphization was studied ex situ using solid-state nuclear magnetic 

resonance (ssNMR) spectroscopy and Fourier transform infrared (FTIR) spectroscopy. The 

local structure of the amorphous compounds was probed by ssNMR spectroscopy. 

Complementary structural information about the local structure motifs revealing the 

coordination sphere for the alkaline earth cations was derived from the analysis of total 

scattering data using synchrotron radiation. The molecular dynamics was derived from X-

ray photon correlation spectroscopy (XPCS). An outstanding feature of the amorphous 

phases is their extraordinary stability and slow crystallization (up to several months). This 

is very unexpected as ACC and BM-ACC crystallize within minutes in contact with 
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humidity.37,66,67 The evaluation of the XPCS data indicates the presence of a highly-strained 

system in BM-aCCP. 

In the first - and fast - reaction step the carbonate anions are protonated by the hydrogen 

phosphates groups. The formation of hydrogen carbonates (HCO3
-) and orthophosphates 

(i.e. higher Coulomb energy, the tetrahedral unit can fill space more efficiently) appears to 

be the driving force of the reaction. This rearrangement reaches mechanochemical 

equilibrium quickly. In a second reaction step, pyrophosphate anions are formed in a 

condensation reaction, which competes with proton transfer. Although the energy balance 

of pyrophosphate formation from two equivalents of hydrogen phosphate (2HPO4
2- -> 

P2O7
4- + H2O) may not be strongly disfavored, the kinetics is slow. No pyrophosphates are 

formed at higher carbonate contents. Strain due to hydrogen-bonded HCO3
- groups leads 

to a large energy barrier that suppresses any reaction. 

 

2.1.3 RESULTS AND DISCUSSION  

 

Ball Milling Reaction  

The milling process was monitored ex situ using 1H- and 31P- single pulse excitation (SPE) 

magic angle spinning solid-state nuclear magnetic resonance spectroscopy (31P-MAS-

ssNMR) at 10 kHz and FTIR spectroscopy. The full width at half maximum (fwhm) of the 

NMR signals in crystalline solids is a sensitive measure of the uniformity of the local field68 

and thus suitable to follow the changes during the amorphization process.  

The milling process of amorphous calcium carbonate/calcium hydrogen phosphate (aCCP 

0.2) was stopped after 10 min, 30 min, 60 min, 240 min and 480 min. 

Figure19a shows the 31P-MAS-ssNMR spectra of aCCP 0.2 as a function of milling time. 

During the first 30 minutes of milling the two phosphorous resonances at -1.62 and -0.34 

ppm are broad but can still be detected. These singals are associated with two different 

crystallographic environments of the phosphate ion in crystalline CaHPO4. For longer 

milling times, signal broadening increases due to a loss of crystalline order. The two 

individual resonances merge indicating complete amorphization. During the milling 

process the signal shifts to lower field. After 8 h of milling the resonance becomes 

asymmetric with a maximum at ~ 3 ppm and a broad shoulder at ~ –10 ppm. The 

appearance of this shoulder indicates the existence of another process besides 

amorphization.  
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The same trend was observed in the 1H-MAS-ssNMR spectra (Figure 19b). The 1H 

spectrum of crystalline monetite displays three 1H resonances at 12.55, 13.22 and 15.60 

ppm associated with different environments of the hydrogen phosphate proton. After 10 

min of milling time four additional “solvent” signals can be detected in the 1H spectrum: 

The signal (i) at 1.22 ppm can be assigned to the presence of the cyclohexane as dispersion 

medium, (ii) the signal at 4.8 ppm  

 

Figure 19. (a) 31P-MAS-ssNMR spectra of aCCP 0.2 as a function of milling time in comparison to crystalline 

CaHPO4. (b) 1H-MAS-ssNMR spectra of aCCP 0.2 as a function of milling time in comparison to crystalline 

CaHPO4. The 1H spectrum of crystalline CaHPO4 contains three 1H resonances at 12.55, 13.22 and 15.60 

ppm related with different environments of the hydrogen phosphate group. After 10 min of milling solvent 

signals (1.22 ppm: cyclohexane, 4.8 ppm: water, 0.88 and 3.52 ppm: ethanol) appear. The signals broaden 

with milling time. The broad resonance at 11 ppm (8 h) corresponds to a chemical reaction. (c) X-ray powder 

diffractograms (XRPD) of aCCP 0.5 (black), aSCP 0.5 (red), aBCP 0.5 (blue) after 480 min of milling time. 
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Background measurement is presented in grey. (d) TEM image of aCCP 0.5 and the associated diffraction 

pattern after 480 min of milling show complete amorphization. 

shows the presence of residual water and (iii) the signals at 0.88 and 3.52 ppm are related 

to ethanol used in the washing step. These resonances remained unaffected even after 

drying the sample for 8 h at 40 °C in a vacuum oven (Figure S1, Supporting Information). 

This indicates that the solvent molecules are encapsulated in nanocavities of the amorphous 

structure. Increasing the milling time leads to broadening of all signals, related with a loss 

of order and/or mobility. The appearance of a broad resonance at 11 ppm after 8 h of milling 

is attributed to changes in the 1H environment leading to higher shielding of the phosphate 

proton or to a chemical reaction. 

Figure 19c shows the X-ray powder diffractograms (XRPD) of the amorphous alkaline 

earth metal carbonate phosphates (x(carbonate)= 0.5) after 480 min of milling. The loss of 

all reflections associated with the starting crystalline components and the simultaneous 

appearance of modulations characteristic for amorphous materials reveal all samples to be 

“X-ray amorphous”. However, the pure starting materials, MCO3 (M = Ca, Sr, Ba) and 

CaHPO4, cannot be amorphisized completely by ball milling (exemplary for CaCO3 Figure 

S2a, Supporting Information as well as the Quantification of the remaining crystalline 

proportion: Table S1). Transmission electron microscopy (TEM) images and the associated 

diffraction patterns for aCCP 0.5 confirm the complete lack of long-range order. The 

morphology of the particles (Figure 19d) is very different compared to amorphous 

carbonates precipitated from solution,69 and the particles have much larger diameters (up 

to 1 m, TEM images of aSCP and aBCP 0.5: Figure S3, Supporting Information. 
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Figure 20. IR spectra of crystalline alkaline earth carbonates and ball-milled amorphous alkaline earth 

carbonate phosphates (xCarbonate = 0.5) after 480 min of milling time. (a) M = Ca, (b) M = Sr, (c) M = Ba. (d) 

IR reference spectrum of CaHPO4 (monetite).  

 

 

Crystalline starting compounds and amorphous products 

Figure 20 shows FTIR spectra of amorphous alkaline earth metal carbonate phosphates 

(xCarbonate = 0.5) with their respective crystalline precursors. All samples show the 

characteristic vibration modes of the carbonate ion in amorphous solids,70,71 in particular 

for aCCP 0.5: ν2 ≈ 862 and 836 cm-1, ν3 ≈ 1410 and 1493 cm-1, ν4 ≈ 693 and 728 cm-1 (Figure 

20a). The expected ν1 mode of the carbonate ion overlaps with the P-O stretch (νs P-O ≈ 1010 
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cm-1). Overall, the FTIR spectra of the samples are similar (Figure 20a-c). Therefore, we 

expect that the mechanism leading to amorphization is independent of the cation. However, 

the different Pearson hardness72 of the alkaline earth cations (absolute values for Mg2+: 

=32.5; Ca2+: =19.7; Ba2+:=12.8) leads to slight shifts in the ν2 vibration mode to higher 

wavenumbers and to lower wavenumbers for the ν3 and ν4 vibration modes, which is 

consistent with the size of the cations. Therefore, the different charge density of the cations 

leads to different ionic bond strengths, and bands appear at different positions (i.e. 

vibrational energies, Table S1, Supporting Information). 

For crystalline monetite the bands of the νs-POH vibrational in-plane bending mode at 1348 

and 1401 cm-1 overlap with the ν3 carbonate band (Figure 20d).73 Surprisingly, the 

pronounced band of the νs P-O(H) stretch at 884.2 cm-1 in crystalline monetite cannot be 

detected in any of the amorphous products. Possible explanations are (i) strong shifts of the 

absorption maxima, (ii) strong signal broadening, or (iii) loss of intensity due to chemical 

transformation. Furthermore, the νs-PO stretch remained broadened in all samples, which is 

well known for amorphous phosphates.43,74 The broad bands at about 3500 cm-1 are 

assigned to νs O-H stretching modes. All spectral bands show a significant broadening due 

to the loss of long-range order compared to those of the crystalline compounds. The bands 

at 2931 and 2853 cm-1 indicate that the dispersant medium cyclohexane is occluded in the 

amorphous product. The bands are characteristic for the asymmetric and symmetric C-H 

stretch of the CH2 groups in cyclohexane.75 

Phosphate Environment: 31P NMR Spectroscopy  

The ratio between the starting materials CaCO3 and CaHPO4 has a great effect on the 

structure of the amorphous products (Figure 21a). The increase of the carbonate content for 

a milling time of 480 min results in a shift of the 31P signal of the amorphous product to 

lower field.  For carbonate mole fractions x > 0.3 the maximum of the 31P signal at 1.6 ppm 

remains unchanged (Figure 21b). Thus, the average phosphorus environment depends on 

the milling time (Figure 19b) and the carbonate:hydrogen phosphate ratio, especially for 

low carbonate concentrations. For low carbonate contents a shoulder appears at ~ -9 ppm 

which decreases with increasing  carbonate content and disappears almost completely for 

x = 0.66, i.e. the 31P resonance becomes symmetric. 
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Figure 21. (a) 31P signals of ball-milled amorphous calcium carbonate phosphates after 480 min of milling 

time. (b) Signal maxima of ball-milled amorphous calcium carbonate phosphates as a function of the 

carbonate mole fraction xCarbonate. The ball-milled CaHPO4 after 480 min of ball milling is included 

additionally. The dashed line represents a trend line.    

To further investigate the results of the amorphization process as a function of the 

carbonate: hydrogen phosphate ratio a TEDOR (Transferred Echo DOuble Resonance) 

recoupling experiment at 25 kHz MAS was used.76 The fast magic angle spinning averages 

the heteronuclear 1H-31P dipole-dipole couplings; this leads to a loss of the associated 

information. To reintroduce the heteronuclear coupling interaction in the TEDOR 

experiment, 180° pulses are applied in the middle of the rotor period. The spectra are 

recorded as a function of the recoupling time (rotor period). Those recorded with short 

recoupling times provide information about the strongly coupled heteronuclear pairs and 

those with longer recoupling times reveal information about long range dipolar couplings 

or about mobile systems where the dipolar interaction is influenced by the motion.  
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Figure 22. (a) 1H-13P TEDOR spectrum of ball-milled calcium hydrogen phosphate, recorded at 1, 2, 4, and 

6 rotor periods (40, 80, 160 and 240 μs recoupling time respectively) after 480 min of ball milling. (b) 31P 

single pulse excitation (SPE) reference spectra of crystalline CaHPO4, Ca3(PO4)2 and Ca2P2O7. (c) TEDOR 

spectra of amorphous aCCP (xCarbonate = 0.2) after 480 min of ball milling and (d) amorphous aCCP (xCarbonate 

= 0.5) after 480 min of ball milling as a function of the rotor period, with the respective 31P single pulse 

excitation (SPE) spectra. 

Neutron diffraction studies on crystalline calcium hydrogen carbonate revealed the 

presence of two crystallographically distinct phosphate groups.73 At ambient conditions 

one half of the phosphate groups exist as HPO4
2- with one O-H group covalently bound to 

the central P atom while the other half has one proton in a symmetrically bridging hydrogen 

bond and one proton statistically distributed between two centrosymmetric positions.73,77,78 

The existence of two phases – an ordered low temperature and a disordered high 
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temperature phase with a phase transition at about 280 K was suggested.78 Furthermore, 

the increased 1H linewidth in low-temperature NMR spectra was assumed to result from a 

reduced proton mobility.77 The increased temperature for longer milling times would 

induce disorder and enhance proton transfer, i.e. destabilize the hydrogen bonds. The 

applied mechanical force would most probably facilitate the transfer of the protons 

participating in destabilized hydrogen bonds (orange marked signals at -1.7 and -1.6 ppm, 

Figure 22a and b) to different from the original environments (Figure 22a, signal at -5.5 

ppm). This would lead to different phosphorus environments and 31P resonances as 

observed in the TEDOR spectra (Figure 22) of the ball-milled calcium hydrogen carbonate 

phosphate. The 31P signal appearing at ~ -0.3 ppm in the crystalline compound is 

significantly broadened, but its chemical shift is hardly influenced. On the other hand, the 

sharp 31P resonance at -1.6 ppm in crystalline CaHPO4 disappears almost completely, and 

a new signal appears at -5.5 ppm. It may be related with the new environment of the mobile 

protons and thus lead to different 31P shifts.  

Figure 4a shows a typical 1H-31P TEDOR spectrum of ball-milled calcium hydrogen 

phosphate, recorded at 1, 2, 4, and 6 rotor periods (40, 80, 160 and 240 μs recoupling time 

respectively). Reference spectra of crystalline CaHPO4, Ca3(PO4)2 and Ca2P2O7 are 

presented in Figure 22b for comparison. Surprisingly, well defined resonances rather than 

one broad (amorphous) signal appear in all TEDOR spectra, which implies local order. The 

31P SPE reference spectrum is broadened inhomogeneously. In addition, the 31P resonances 

in the TEDOR spectra (depending on the recoupling time) are shifted by up to 7.5 ppm up- 

and downfield with respect to the signals for crystalline CaHPO4. These differences - not 

typical for a simple amorphization - are associated with changes in the chemical (and 

electronic) environment of the phosphorus atoms when new bonds are formed.  

In the TEDOR spectra of the aCCP sample (xCarbonate = 0.2) (Figure 22c) three resonances 

appear at 1.8, -2.6 and -9.1 ppm together with a shoulder at ~ -5.5 ppm. The broadened 31P 

signal at -9.3 ppm and the shoulder at -5.5 ppm are in harmony with the shift range typical 

for crystalline Ca2P2O7.
79 Thus, it is likely that pyrophosphate was formed as an 

intermediate in a condensation reaction during the ball milling process. The other 31P shifts 

are compatible with hydrogen phosphate or orthophosphate units from the reference 

spectra. A higher calcium carbonate content (aCCP = xCarbonate = 0.5) (Figure 22d) results 

in a loss of the signal at -9.1 ppm. All other resonances in the TEDOR spectra are shifted 

to lower field (i.e. at 0.3, ~2 and 4.0 ppm). By “diluting” the phosphate starting compound 

with carbonate the mean P–P distance increases, and a condensation reaction is less likely. 
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In addition, new signals appear at low field, in agreement with the results of the 31P-MAS 

ssNMR experiments (Figure 21b). Figure S4-8 (Supporting Information) summarize the 

results of the 31P NMR and TEDOR experiments for x = 0.2 and 0.5 for different alkaline 

earth metals. 

 

Figure 23. (a) SPE 13C NMR spectra and (b) 13C CP NMR spectra of aMCP (M = Ca, Sr, Ba) (xCarbonate = 

0.2,  

tcp= 2ms) and (c) 13C CP NMR spectra ((xCarbonate = 0.5, tcp= 2ms) (all spectra: 480 min of ball milling). 

 

Carbonate Environment: 13C NMR Spectroscopy 

Ball milling leads to pronounced changes in the 31P environments. The 13C environment 

was probed as a function of the carbonate content and the alkaline earth metal using 13C 

SPE, cross-polarization (CP) and heteronuclear correlation (HETCOR) NMR experiments, 

where two different types of nuclei are correlated via through-space dipole-dipole 

couplings. Figure 23a shows the SPE 13C NMR spectra for aCCP, aSCP and aBCP (xCarbonate 

= 0.2)). Figure 23b presents the corresponding 13C CP NMR spectra and Figure 23c the 13C 

CP NMR spectra (xCarbonate = 0.5 content). Two broad resonances appear in all spectra. The 

first signal at ~168 ppm (full width at half maximum (fwhm): 436 Hz) is typical for 

amorphous carbonates. The width at half maximum decreases for strontium (aSCP: 390 

Hz) and barium ion (aBCP: 379 Hz). This reflects the least ordered local environment in 

the case of aCCP with decreasing order in the order Ba > Sr > Ca.  

The second broad resonance appears at ~162 ppm. Such chemical shifts have been reported 

by Nebel et al.70 for sodium and potassium hydrogen carbonate. Although the existence of 

alkaline earth metal hydrogen carbonates is well known in solution,80–82 there are no reports 

about alkaline earth metal hydrogen carbonate in the solid state. This is assessed from this 

resonance which is associated with the hydrogen carbonate chemical environment. 

Therefore, in line with the data of the 31P NMR, it can be envisioned that (i) the carbonate 

group is protonated in an acid/base reaction by the hydrogen phosphate group or (ii) that 
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this specific “hydrogen carbonate” (bicarbonate) environment is formed by reorganization 

during the milling process. The 13C SPE spectra show a 7:1 ratio between the signals of 

amorphous calcium carbonate and the hydrogen carbonate. The hydrogen carbonate 

content in the samples increases drastically for the heavier group homologues SrCO3 (2.6:1) 

and BaCO3 (2.4:1). The fwhm for the resonance at ~162 ppm is 549 Hz for aCCP, 690 Hz 

for aSCP, and 703 Hz for aBCP. This correlates well with the increasing ionic radii of the 

alkaline earth metals (r(Ca2+) = 99 pm; r(Sr2+ = 113 pm; r(Ba2+) = 135 pm).83 

The fraction of the hydrogen carbonate signal is significantly higher for samples with low 

mole fractions of calcium carbonate. To obtain more information about the distances 

between the protons and the carbonate group in the different samples, 2D HETCOR NMR 

spectra were recorded.   

Figure 24 shows prototypical 1H-13C HETCOR spectra of aCCP 0.5 recorded with contact 

times of 50 and 2000 μs. The spectra of aSCP and aBCP are displayed in Figure S9 and 

S10 (Supporting Information). The HETCOR spectrum recorded with a contact time of 50 

μs (short range contacts) reveals correlations between the proton signal at 12.2 ppm 

(bicarbonate) and the signal at 162 ppm (Figure 24c). Long range contacts due to the 

heteronuclear dipole-dipole couplings are displayed in the HETCOR experiment recorded 

with 2000 μs contact time. Correlation between the 13C resonances and protons with a shift 

in the range of the entrapped solvents (especially cyclohexane) appear additionally in the 

spectrum (4 ppm).  

The spectra with short contact times allow different proton environments around the 13C 

nuclei and thus the carbonate ions to be resolved. The signal of the amorphous carbonate 

species at 168 ppm correlates strongly with a proton signal of 15.6 ppm (Figure 24b). This 

signal can be assigned to protons of hydrogen phosphates. In contrast, the signal of the 

hydrogen carbonate species at 162 ppm correlates weaker with the hydrogen phosphate 

signal. Furthermore, an additional proton signal at 12.4 ppm appears, which can be assigned 

to the hydrogen carbonate species. This is an indication that unreacted hydrogen phosphates 

enclose carbonate ions and hydrogen carbonate ions are surrounded by orthophosphate 

ions. This assumption becomes even more evident in the HETCOR spectra of aSCP and 

aBCP due to the higher hydrogen carbonate content (see Supporting Information).   

The spectra with long contact times additionally reveal 1H signals in the range of the 

entrapped solvents (especially cyclohexane). Therefore, the heteronuclear dipole-dipole 

coupling reaches to 1H atoms of entrapped solvents in the grain boundaries.  
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Figure 24. 1H-13C HETCOR spectra of aCCP (xCarbonate = 0.5) recorded with contact times of 50 and 2000 

μs and respective projections, in particular (a) 1H SPE spectra, (b) projection at 168 ppm with contact times 

of 50 μs, (c) projection at 162 ppm with contact times of 50 μs, (d) projection at 168 ppm with contact times 

of 2 ms, (e) projection at 162 ppm with contact times of 2 ms. 

 

 

Chemical Transformations during Ball-Milling: FTIR Spectroscopy 

FTIR spectroscopy provides complementary information to solid state NMR spectroscopy 

on the chemical transformations of MCO3/CaHPO4 (M = Ca, Sr, Ba) during ball-milling. 

13C enriched samples of aMCP (M = Ca, Sr, Ba) were used to facilitate the assignment of 

the carbonate or phosphate bands in the FTIR spectra. The higher mass of the 13C isotope 

shifts the carbonate bands to lower wavenumbers.84 The difference between samples 

containing carbon in natural abundance and enriched with 13C is displayed for aCCP for 

milling time of 480 min in Figure 25. The difference spectrum shows the bands assigned 

to (or affected by) the carbonate vibration modes. Particularly relevant are the bands at 

~1640 and 850 cm-1. The first is related to the (HO)CO2 stretch.85,86 Since the ν2 (out of 

plane) mode of the carbonate ion is not degenerate, the associated band splits in two sub-
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bands. One of them at 862.7 cm-1 can be assigned to the amorphous calcium carbonate 

environment, the one at 828.2 cm-1 is associated with calcium hydrogen carbonate. Fitting 

the FTIR spectra for aCCP 0.5 revealed a ratio of 7:1 for the amorphous and hydrogen 

carbonate species (see Figure S11, Supporting Information) which perfectly matches the 

results from ssNMR. Unfortunately, a similar comparison was not possible for aCCP 

(xCarbonate = 0.2) due to the overlap with the νs P-O(H) stretch at 884.2 cm-1. 

 

Figure 25. Difference spectra of aCCP (a) with xCarbonate = 0.2 and (b) with xCarbonate = 0.5 enriched with 13C 

and with C in natural abundance for aCCP. The spectra show the essential bands at ~1640 and 850 cm-1 

assigned to (or influenced by) the carbonate vibrations. The visualized ν4 vibration mode shows that the 

carbon atom has only a small influence on the position of these bands. 

The FTIR spectra confirm a proton transfer reaction associated with the formation of a 

chemical bond (HCO3
-) during ball-milling according to:  

CaCO3 + CaHPO4 →  (HCO3)− + (CaPO4)− + Ca2+. 

Replacement monetite by tricalcium phosphate did not lead to complete amorphization 

(Supporting Information S2b). Thus, proton transfer is crucial for the amorphization. 

Remarkably, alkaline earth hydrogen carbonates in solid-state have not been reported so 

far although they are quite common in solution. Pyrophosphates were detected for aCCP 

(xCarbonate = 0.2) based on the band at 750 cm-1. This band disappears for higher carbonate 

contents, in agreement with the NMR results (vide supra). Finally, the ν4 band at 683 and 

727 cm-1 in aCCP (xCarbonate = 0.5) shows no 13C-related shift, although it can be clearly 

assigned to the carbonate ion. An explanation is that the ν4 mode is associated with 

displacements of the oxygen atoms. Therefore it is nearly independent from the mass of the 

carbon atom.84 
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Structure: 31P - static spin echo experiments 

31P - static spin echo experiments were performed for different compositions x of calcium 

hydrogen phosphate and alkaline earth carbonates. The Hahn spin echo intensity was 

measured as a function of evolution time to deduce the homonuclear dipole-dipole 

interaction. At short evolution times (2τ) the normalized intensities (
𝐼

𝐼𝑜
) were fitted with a 

Gaussian function to obtain the second moment MP-P (Figure S12, Supporting 

Information):87–89 

𝐼(2𝜏)

𝐼𝑜
= exp − [(

𝑀P−P

2
) (2𝜏)2] (1) 

The NMR second moment reflects the strength of the nuclear magnetic dipole–dipole 

interaction in solids. The second moment is inversely proportional to the sum of all 

distances between the nuclei of the same kind and can be calculated on the basis of Van 

Vleck formula:90 

𝑀P−P = 𝑃 (
𝜇0

4𝜋
)

2

𝛾4𝑆(𝑆 + 1)ℏ2 ∑
1

𝑟𝑖𝑗
6

𝑗

 (2) 

 

Figure 26. Second moment of aMCP (M = Ca, Sr, Ba) as a function of composition (xCarbonate). (CaHPO4, 

xCarbonate = 0) has the highest second moment because it is not completely amorphous in the absence of CaCO3. 

The second moment of crystalline monetite is (for comparison) 4.6 ∙ 106 𝑟𝑎𝑑2𝑠−2. The addition small 

amounts of alkaline earth carbonates lead to a significant decrease of the second moment. The curve is 

discontinuous, with two steps for calcium and strontium carbonates. This may be rationalized by a chemical 

reaction (rather than by a physical mixture of the components) for compositions of xCarbonate < 0.3. The curve 

suggests four different processes to occur: (i) Dilution of the phosphates, (ii) condensation reaction to 

pyrophosphates, (iii) protonation of carbonate and formation of orthophosphates and (iv) increase of the 

disorder. 
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Here,  is the gyromagnetic ratio of the nuclei studied, S the nuclear spin, rij the internuclear 

distance, 0 the Bohr magneton, and ℏ the Planck constant divided by 2. Due to the r-6 

dependence, 90-95 % of the first two coordination spheres contribute to the second 

moment.91  

In systems containing abundant magnetically active nuclei of different kind both homo- as 

well as heteronuclear dipole-dipole couplings are present. Both interactions have an 

influence on the Hahn echo intensity, however, esp. for amorphous systems containing 

solvent molecules (in this case water and cyclohexane) these contributions are difficult to 

evaluate. Thus, our aim is to follow the trend in the Hahn echo signal intensity and relate it 

with the composition of the mixture of CaHPO4 and earth-alkali carbonates rather than 

investigating in detail the coupling contributions. Figure 26 illustrates the dependence of 

the second moment on the composition of the amorphous alkaline earth carbonate hydrogen 

phosphate. Monetite shows the highest value of the second moment after mechanochemical 

treatment because it is not completely amorphous. The second moment of crystalline 

monetite is (for comparison) with 4.6 ∙ 106 rad2s−2 only slightly higher. The addition of 

only 5 mmol of alkaline earth carbonate lead to a significant decrease of the second 

moment, i.e. to a higher average phosphorus-phosphorus distance. The curve has a 

discontinuous shape with two steps for calcium and strontium carbonates, which can only 

be explained by a chemical reaction (and not merely by a physical mixture of the 

components) for compositions up to xCarbonate = 0.3. For compositions with xCarbonate > 0.3 

the behavior is linear, compatible with a solid solution. The shape of the curve suggests 

four different processes to occur: (i) Dilution of the phosphates, (ii) condensation reaction 

to pyrophosphates, (iii) protonation of carbonate and formation of orthophosphates and 

finally (iv) increase of disorder. The curves in Figure 8 are in good agreement with the 

results of the 31P MAS and 1H-31P TEDOR NMR experiments. We assume that due to the 

reaction of hydrogen phosphate to pyro- and orthophosphates the amorphization becomes 

more favorable. 

X-ray total-scattering experiments were performed to probe the local structure of the 

amorphous products. GudrunX4 was used to calculate the pair distribution function (PDF) 

from this data. Figure 27a shows the PDFs of aCCP 0.5, aSCP 0.5 and aBCP 0.5 with seven 

significant peaks. The first can be assigned mainly to the phosphorus-oxygen (phosphate 

ion) distance at 1.52 Å (Figure 27b: Peak 1). We assume that carbon-oxygen (carbonate 

ion) distances contribute to this peak as well. This can be explained by the shift of the peak 
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to lower distance values depending on the amount of the starting material calcite and thus 

a higher ratio of carbonate (aCCP 0.1: 1.54  Å, aCCP 0.2: 1.54 Å, aCCP 0.5: 1.52 Å, aCCP 

0.6: 1.50 Å). Further, the decrease of the height of the peak with increasing carbonate 

amount can be explained by the higher amount of the carbonate due to its less neighbor 

atoms compared to phosphate. However, the effective shift is small as the peak is a 

superposition of both, the P-O as well as the C-O distances, the latter contributing far less 

(in comparison to synthetic hydrous ACC: 1.25 Å, Figure S13, Supporting Information) 

because of the small atomic form factor of both carbon and oxygen which keep the 

contribution of the C-O pair small. Hoeher et al.92 reported a C-O distance of 1.3 Å which 

could also be an explanation for the merged peak. The peak height is not only a measure of 

the coordination number, but also the total number and product of the atomic form factors.     

 

 
Figure 27. Pair distribution function of amorphous products after 480 min of milling: a) Comparison of the 

PDF data for aCCP (black), aSCP (red), aBCP (blue) x (carbonate) = 0.5. b) Comparison of the PDF data 

for aCCP with different x(carbonate) = 0.1-0.6. The grey dotted lines highlights the shifts of the peaks.  

 

The most pronounced peak at 2.42 Å for aCCP 0.5 is assigned to the metal-oxygen bonds 

of the phosphate and carbonate ions. As expected, this peak shifts to higher distances with 

the larger strontium and barium ions (aSCP 0.5: 2.56 Å and aBCP: 2.78 Å) (Figure 27a: 

Peak 2). Note, that this peak, again, is a superposition. The contribution of the molecular 

O-O pairs of the phosphate ions is low (as above). Further, only for the PDF of aBCP the 

peaks split due to the Ba-O and Ca-O pairs (due to the mixture of BaCO3 and CaHPO4).  

The peak at 3.12 Å for aCCP 0.5 can be assigned most probably to the metal-phosphorus 

distance (Figure 9a: Peak 3). Since the peak shifts depending on metal cations, a metal is 
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involved in these pairs (aSCP 0.5: 3.26 Å aBCP 0.5: 3.50 Å). In the next peak at 3.66 Å for 

aCCP 0.5, phosphorus-metal, phosphorus-phosphorus and metal-metal distances are 

expected to have a large contribution (in comparison to crystalline monetite, Figure 27a: 

Peak 4).78 The shift to lower P-P distances compared to crystalline monetite (3.91 Å) 

indicates changes in the phosphorous coordination sphere and most probably a stressed and 

distorted system. Furthermore, a variety of different interatomic distances contribute to the 

higher peaks (4.3 Å, 6.3 Å and 9.42 Å, Figure 9a: Peak 5,6,7), mainly metal-metal 

distances. The PDF fade out early and become virtually flat at ~10 Å indicating a total lack 

of translational coherence. The PDF of aSCP and aBCP are in Figure S14 (supporting 

information). 

 

Dynamics of the Amorphous Alkaline Earth Carbonate Hydrogen Phosphates: X-ray 

photon correlation spectroscopy  

X-ray photon correlation spectroscopy (XPCS) is a powerful tool to probe the dynamics of 

disordered systems, giving information about the rate of structural rearrangements per unit 

of time (see Supporting Information for further details about data analysis). XPCS 

experiments yield relaxation curves from which structural relaxation times and shape 

factors related to the nature of the dynamics (Figure 28) can be extracted. XPCS confirms 

the extraordinarily low dynamics in this system, i.e. the rate of rearrangements per unit of 

time is very slow. Values for the structural relaxation time are one to two orders of 

magnitude higher than those of synthetic hydrous ACC precipitated from solution (see 

Table 1).41 Furthermore, and similar to synthetic hydrous ACC, the shape factor 𝛽 shows 

extremely high values. In comparison, Brownian molecular motion has a value of one. This 

is a strong indication for a dynamically highly strained system.93  

Table 1. Fitted parameters () obtained from the intensity auto-correlation functions measured 

at the start of the experiment, i.e., minimizing the effect of vacuum and related water loss. 

Relaxation times for the aCCP 0.2 sample cannot be determined precisely, only lower boundary 

can be established. 

Sample  (s) 

aCCP 0.2 >7000  - 

aCCP 0.5 756  ±  27 1.69 ± 0.067 

aSCP 0.5 1707 ±  133 1.91 ± 0.096 

ACC 572 ±  11 1.64 ± 0.041 
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As discussed by Koishi et al.,41  ACC shows physical aging, i.e. 𝜏 evolves over time. The 

same behavior was observed for ball-milled ACC (Figure 28). This can be explained for 

ACC by the loss of small amounts (few weight %) of water during the measurement due to 

an active vacuum. These minor changes in the mass of water cannot be detected by the 

static structure factor S(q), but they can have a large impact on the dynamics. DTA/TG 

measurements (Figure S15, Supporting Information) showed that ball-milled ACC is 

almost anhydrous, with water mass losses (temperature range from RT to ~200C) of <1 % 

(as opposed to 15-20 % in synthetic hydrous ACC). Ex situ measurements for aCCP 

(xCarbonate = 0.2) and aCCP (xCarbonate = 0.5) with and without these vacuum conditions 

showed a decrease in the mass loss after exposing the samples to vacuum, confirming the 

hypothesis for the observed aging of the dynamics under active vacuum (Figure S16, 

Supporting Information). The relatively broad band at about 3000 cm-1 in the FTIR spectra 

can be assigned to the OH stretch of the hydrogen carbonates and hydrogen phosphates 

ions (with the exception of CH2-CH3 stretching bands between 3000-2800 cm-1). The FTIR 

spectra of the same samples before and after exposure to vacuum show a lower stability to 

vacuum of the sample aCCP (xCarbonate = 0.2), the spectra of the aCCP (xCarbonate = 0.5) 

remaining unchanged (Figure S17, Supporting Information). These complementary 

observations confirm the observed aging response of each of the samples, with a more 

pronounced aging for the aCCP (xCarbonate = 0.2) sample (Figure 10). 

 

Figure 28. (a) Intensity auto-correlation functions at initial experimental time for synthetic ACC prepared 

from solution (red triangles), aCCP for xCarbonate = 0.2 and 0.5 and for aSCP for xCarbonate = 0.5 at q = 0.012 

Å−1 (d ≈ 50 nm). (b) Evolution of the relaxation times τ as a function of the experimental time for aCCP for 

xCarbonate = 0.2 and 0.5 and for aSCP for xCarbonate = 0.5. 
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2.1.4 DISCUSSION  

 

Reactions and Mechanisms 

The 1H-13P TEDOR spectrum (see Figure 22a) reveals that only the environment of one 

phosphorous atom in pure CaHPO4 is significantly affected (loss of the 31P resonance at -

1.6 ppm) during the ball milling process, whereas the other resonance signal is only 

broadened. As a result of a condensation reaction, a signal at -5.5 ppm (typical for 

pyrophosphates) appears in the 1H-31P TEDOR spectrum. Based on the structural and 

spectroscopy data the following scenario may be derived for the sequence of events in the 

ball-milling reaction between CaHPO4 and MCO3 (M = Ca, Sr, Ba) for different ratios 

xCarbonate (Figure 29). 

The first - and fast - reaction is a proton transfer resulting in a local charge disorder. This 

forces the system to reorganize. The carbonate anions act in this step as proton acceptors 

(bases), the hydrogen phosphates act as proton donors (acids). The formation of hydrogen 

carbonates and orthophosphates (i.e. higher Coulomb energy, the tetrahedral unit can fill 

space more efficiently) appears to be the driving force of the reaction.  

 

Figure 29.  Summary of solid state reactions induced by ball-milling of CaCO3 and CaHPO4. 
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This rearrangement quickly reaches mechanochemical equilibrium. There are two possible 

reasons for the observed incomplete reaction to hydrogen carbonate. (a) Only the 

disordered protons statistically distributed between the two positions of the phosphate unit 

are involved in the reaction, whereas those protons bound covalently to one phosphate 

group do not react (activation barrier too high). (b) The newly formed structures may be 

stabilized by strong hydrogen bonds. The proton transfer reaction leads to local charge 

disbalances which can be compensated by cation motion. The strong hydrogen-bonded 

network hinders cation motion (the energy of the ball mill is not sufficient to induce cation 

“jumps”). The result is a highly strained system. 

Additionally, a second -and slow - condensation reaction to pyrophosphates occurs, which 

competes with proton transfer. Although the energy balance of pyrophosphate formation 

from two equivalents of hydrogen phosphate (2HPO4
2- -> P2O7

4- + H2O) may not be 

strongly disfavored, the kinetics is slow.94 

It has been suggested that crystalline monetite has an ordered low temperature phase (space 

group 𝑃1) and a disordered high temperature phase (space group 𝑃1).78 A second order 

phase transition (order/disorder transformation) occurs between 273 and 287 K, where only 

H positions are significantly affected. Therefore, the disordered phase is present at room 

temperature with small amounts of the ordered phase. We speculate that in aCCP (xCarbonate 

= 0.2) H atoms undergo an order/disorder transformation under vacuum conditions. Since 

this phase transition only affects protons, no difference can be detected in the structure 

factor. Furthermore, the proportion of monetite in the aCCP (xCarbonate = 0.2) sample is 

significantly higher.    

No pyrophosphates are formed at higher carbonate contents (x(carbonate) > 0.2). Possible 

reasons are: (i) At higher dilution the mean distance between two HPO4
2- groups (and 

therefore contact probability and time) decreases. Therefore, it is much less likely that two 

hydrogen phosphate ions will be able to stay in contact long enough and react. (ii) The 

formation of orthophosphates (PO4
3-) in the acid-base reaction between CO3

2- and HPO4
2- 

preceding pyrophosphate condensation leads to an even stronger dilution effect. (iii) The 

highly-strained system leads to such a large energy barrier that any reaction is suppressed. 

 

2.1.5 Conclusions 

 

In conclusion, we have explored the formation of amorphous anhydrous alkaline earth 

carbonates in a planetary ball mill. In essence, the phosphate anions stabilize the metastable 
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product through the formation of a highly strained network that hinders recrystallization 

kinetically. The minimum concentration of phosphate “impurities” for the successful 

amorphization of calcite was determined by PXRD, 31P and 1H MAS-NMR and electron 

microcopy. Since diffraction is not suited for studying amorphous solids, the intermediates 

of the ball-milling reaction were studied by local probes using vibrational spectroscopy, 

double resonance 1H-31P TEDOR and 1H-13C HETCOR spectroscopy, which are highly 

sensitive to symmetry changes of the local environment. Mechanistically, CO3
2- anions are 

protonated via an acid-base process by hydrogen phosphate groups in the first - and fast - 

reaction step of the ball-milling reaction. The concomitant formation of unprecedented 

hydrogen carbonate (HCO3
-) anions and orthophosphate groups are the driving force of the 

reaction, because the phosphate group has a higher Coulomb energy and the tetrahedral 

PO4
3- unit can fill space more efficiently. In a competing second - and slow - reaction step, 

pyrophosphate anions are formed in a condensation reaction. No pyrophosphates are 

formed at higher carbonate contents. The structure and dynamics of the amorphous ball-

milled products were studied by vibrational spectroscopy, 31P - static spin echo 

experiments, pair distribution analysis and X-ray photon correlation spectroscopy, which 

show the evolution of the phosphorus environment and the strength of the hydrogen bonded 

network.  

Our findings aid not only in the in the understanding of the mechanochemical 

amorphization of calcium carbonate and the effect of impurities for the stabilization of the 

amorphous phase. They shed light on elementary reaction steps during ball-milling 

reactions which are ubiquitous in pharmaceutical or chemical industry, although a 

mechanistic understanding required for their development is still lacking. Finally, the ball-

milling process allowed the synthesis of a new ACC defect variant containing the unique 

hydrogen carbonate anions.  

 

2.1.6 METHODS 

 

Materials. Calcite (98%, Socal 31, Solvay), monetite (CaHPO4) (>98.5%, anhydrous, 

Sigma-Aldrich), SrCO3 (99+%, chempur), BaCO3 (99+%, Sigma-Aldrich), β-Tricalcium 

phosphate (96+%, Sigma-Aldrich), Strontium chloride (anhydrous, 99.5%, Alfa Aesar), 

Calcium carbonate-13C (99 atom % 13C, isotec), Sodium carbonate (13C 99%, deutero), 
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Barium carbonate (13C 98%, deutero) , cyclohexane (Analytical reagent grade, Fisher 

Chemicals), ethanol (absolute 99.8+%, Fisher Chemicals) and milliQ deionized water. 

Synthesis of Calcium Pyrophosphate. Loaded in a corundum jar, monetite (7.35 mmol) was 

heated to 800 °C in a horizontal tube furnace oven for 8 h (5 °C/min). Afterward, the 

resulting product was grinded.   

Synthesis of 13C Enriched SrCO3. SrCl2 (2.1 mmol) was dissolved in 50 mL of deionized 

water. The solution was degassed with an argon stream for 30 minutes. Under argon 

atmosphere and vigorous stirring 13C enriched Na2CO3 (2 mmol) was added to the solution. 

The reaction solution was stirred for one hour. Afterward, the precipitate was separated by 

centrifugation and washed with water and ethanol. The product was dried in vacuo.  

Synthesis of Amorphous Earth Alkaline Metal Carbonate Hydrogenphosphates. Monetite 

(0.136 g, 1 mmol) was treated with different amounts of earth alkali metal carbonates (e.g. 

aCCP 0.5: 0.100 g, 1 mmol) in a planetary ball mill (Pulverisette 7 Classic, Fritsch). The 

starting materials and 10 mL of cyclohexane were transferred together with 3.65 grams of 

grinding balls (about 1100 balls, 1 mm diameter, ZrO2) into ZrO2 grinding jars. The mixture 

was milled for certain times at 720 rpm. To avoid overheating, alternate 10 minutes of 

grinding and then a 10 minute rest phase was used. Therefore, 480 min of ball milling 

results in 950 minutes of reaction time.  Afterward, the cyclohexane was removed with a 

pipette. The product was dispersed in ethanol and separated from the grinding balls by 

decanting. The product was isolated by centrifugation and dried in vacuo. 

 

2.1.7 Characterization 

 

 X-ray Powder Diffraction. X-ray diffractograms were recorded with a STOE Stadi P 

equipped with a Mythen 1k detector using Mo Kα1 radiation (λ=0.7093 Å). The dry samples 

were prepared between polyvinyl acetate foils in perfluoroether (Fomblin Y, Aldrich). The 

measurements were performed in the 2θ range from 2° to 45° with a step size of 0.015° 

(continuous scan, 150 s/deg). Crystalline phases were identified according to the PDF-2 

database using Bruker AXS.  

ATR-FTIR Spectroscopy. The attenuated total reflection (ATR) FTIR spectra were recorded 

on a Nicolet iS10 spectrometer (Thermo scientific) using a frequency range from 650 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 

Advance 400 DSX NMR spectrometer (Bruker BioSpin GmbH, Rheinstteten, Germany 
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operated by Topspin 1.3, 2007, patchlevel 8) at a 1H frequency of 399.87 MHz, 13C 

frequency of 100.55 MHz and 31P frequency of 161.87 MHz. A commercial 3 channel 4 

mm Bruker probe head at 10 kHz magic angle spinning (MAS) was used for all 

experiments. The 1H NMR spectra and 1H background corrected spectra were recorded 

averaging 32 transients with 8 s recycle delay. For all solid-state 13C cross-polarization 

(CP) magic angle spinning (MAS) NMR experiments, an initial 90° pulse with 4.0 μs length 

and 5 s recycle delay were used. A ramped CP pulse (from 64 to 100%) with duration of 

20 μs, 50 μs, 100 μs, 200 μs, 500 μs, 1 ms, 2 ms, 3 ms, 5 ms and 7 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. 512 transients were averaged for the CP experiments. 

The spectra were baseline-corrected and a broadening of 30 Hz was applied. Quantitative 

13C single pulse excitation experiments allowing full relaxation have been recorded 

averaging 16 transients with a recycle delay of 2200 s and TPPM heteronuclear decoupling. 

The spectrum was background corrected and a broadening of 30 Hz was applied. The 1H-

13C heteronuclear correlation (HETCOR) 2D NMR spectra were acquired using 1H-13C 

magnetization transfer with contact times of 50 and 2000 μs and 256 transients/t1. The data 

points recorded were 1 k (t1) and 96 or 128 (t2) and zero-filled to 4 k (t1) and 256 (t2) 

before the 2D Fourier transformation. The other parameters were identical to those for the 

1D CP NMR experiments. Single pulse excitation 31P experiments were recorded using 60 

s recycle delay averaging 16 scans under TPPM heteronuclear decoupling while acquiring 

the NMR signal. For all 31P cross-polarization (CP) magic angle spinning (MAS) NMR 

experiments, an initial 90° pulse with 4.0 μs length and 5 s recycle delay were used. A 

ramped CP pulse (from 64 to 100%) with duration of 20 μs, 50 μs, 100 μs,  250 μs, 500 μs, 

1 ms, 2 ms, 3 ms, 4 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 31P signal. 

Transients of 64 were averaged for the CP experiments. The spectra were baseline-

corrected and a broadening of 30 Hz was applied. The 1H-31P heteronuclear correlation 

(HETCOR) 2D NMR spectra were acquired using 1H-31P magnetization transfer with 

contact times of 20 and 2000 μs and 64 transients/t1. The data points recorded were 2 k (t1) 

and 128 (t2) and zero-filled to 4 k (t1) and 256 (t2) before the 2D Fourier transformation. 

The other experimental parameters were identical to those for the 1D CP NMR 

experiments. All 1H-31P transferred echo double resonance (TEDOR) experiments were 

recorded averaging 512 scans using TPPM heteronuclear decoupling while acquiring the 

NMR signal. 1, 2, 4, 6, 8 and 10 full rotor periods ( R) were used for recoupling the 
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heteronuclear dipolar couplings corresponding resp. to 40 μs, 80 μs, 160 μs, 240 μs, 320 μs 

and 400 μs recoupling time. A broadening of 30 Hz and background correction were 

applied. All static 31P Hahn echo experiments were recorded with echo delays of 30, 40, 

50, 60, 70, 80, 90 and 100 μs.95,96 A broadening of 150 Hz and background correction were 

applied. The spectra were referenced to external adamantine at 1.63 ppm (1H) and 38.5 ppm 

(13C) and to external NH4HPO3 at 0.9 ppm (31P). Spectral deconvolution and fitting the 

intensity decrease in the spin-echo experiments were performed using self-written MatLab 

scripts (version 2017b).  

Thermal Analysis. Coupled thermogravimetry-differential thermal analysis (TG-DTA) was 

carried out at a Netzsch STA 449 F3 Jupiter device. About 10 mg of the sample was heated 

in an alumina cup in argon atmosphere from 50 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.   

Total Scattering. Total scattering measurements of amorphous earth alkali metal carbonate 

hy-drogen phosphates were performed at beamline P02.1 at Petra III, DESY, Germany 

using an X-ray energy of 60 keV (λ = 0.20724 Å).97 All samples were prepared in a 0.5 mm 

borosilicate capillary and measured in transmission mode with a 2D Perkin Elmer area 

detector with 2048 x 2048 pixels. The exposure time for each sample was 15 min. The 

resulted 2D images were integrated by using the program DAWNscience.98 The analysis 

of the atomic pair distribution function (PDF) was performed utilizing the Gudrun X 

software using an empty capillary (0.5 mm) for background subtraction with Qmax = 24 

Å-1.99  

X-ray Photon Correlation Spectroscopy. XPCS experiments were performed at the beam 

line P10 of PETRA III at DESY synchrotron radiation source at Hamburg (Germany), using 

an incident energy of Xrays of 15 keV. Samples were prepared by loading the powders into 

1 mm diameter holes drilled in ~100 µm thickness Al foils. The hydrated, plastic texture of 

the sample results in a homogeneous filling of all the space. The ~100 µm thickness ensure 

a transmission of ~9% at 15 keV. Measurements were performed under active vacuum (of 

∼10−3 mbar), covering a 0.007-0.013 Å-1 q range (small-angle configuration) and with a 

beam size of 1515 µm. Series of speckles patterns were collected in transmission 

geometry by a CCD detector (Andor, 13 µm pixel size). In order to avoid radiation damage 
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of the sample, a delay time (waiting time between two consecutive frames) of 1.9 s was set 

after each 0.1 s acquisition. Series of acquisitions were taken for at least 2000 frames, 

covering relaxation times of several hours. These series of measurements were taken by 

moving the sample by at least twice the beamsize to avoid exposing the same spot for long 

time, preventing radiation damage and beam induced dynamics. All measurements were 

carried out at T = 25C. Details about the XPCS data analysis are given in the Supporting 

Information.” 
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2.1.9 Supporting Information 

 

Table S1. Quantification of ball-milled precursors by FTIR.  

Sample Fraction of crystalline phase 

BM-calcite 29.1 % 

BM-monetite 19.8 % 

 

The quantification is based on the FTIR data. For ball-milled calcite the band of the ν2 

vibration mode was fitted using a bimodal pseudo Voigt function. The area ratio of the 

function is shown in Table S1 for the amorphous and crystalline phase. To quantify portion 

of ball-milled monetite the band of the νP-O vibration  mode at ≈1000 cm-1 was fitted for the 

crystalline, ball-milled and amorphous phases. The full width at half maximum (FWHM) 

of the crystalline phase was set to “100% crystalline” and the FWHM of the amorphous 

phase to 0%. The ratios are in good agreement with the XRPD patterns (Figure S8). 
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Table S2. Positions of CO3
2- bands in amorphous calcium carbonate/calcium hydrogen 

phosphate (aCCP), amorphous strontium carbonate/calcium hydrogen phosphate (aSCP) 

and amorphous barium carbonate/calcium hydrogen phosphate (aBCP).  

CO3
2− vibration modes (cm-1) 

Sample ν2 ν3 ν4 

aCCP 0.5 862 1410, 1493 693, 728 

aSCP 0.5 864 1406, 1483 689, 724 

aBCP 0.5 865 1397, 1470 683, 717 

 

For the ν2 vibration mode, the band are shifted to higher wave numbers for increasing cation 

mass. Soft Pearson acids lead to weaker interactions with the oxygen atoms of the carbonate 

ion. Therefore, the carbon atom polarizes a higher electron density on the oxygen atoms, 

and the out-of plane vibration appears at higher frequency. The ν3 and ν4 vibration modes 

are shifted to lower wave numbers with increasing cation mass. Sr2+ and Ba2+ ions polarize 

the electron density around the carbonate oxygen atoms less strongly. As a result, the 

stretching modes are shifted to lower frequencies.   

 

Figure S1. 1H NMR spectra of aCCP 0.2 with and without drying in an vacuum oven at 

40°C for 8 h.  
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Figure S2. Powder diffractograms of the ball-milled starting materials (a, left) and a 

mixture of CaCO3 (calcite) and tricalcium phosphate (b, right).  

 

 

Figure S3. TEM images and associated diffraction patterns for (a) aSCP (0.5) and (b) 

aBCP (0.5). 
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Figure S4. 31P-MAS-ssNMR spectra of aCCP 0.5 as a function of milling time. 
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Figure S5. 31P-MAS-ssNMR spectra of (a) SrCO3 0.2, (b) SrCO3 0.5, (c) BaCO3 0.2 and 

(d) BaCO3 0.5 as a function of milling time. 
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Figure S6. 31P signals of ball-milled amorphous strontium (a) and barium (b) carbonate 

phosphates. Signal maxima of ball-milled amorphous strontium (b) and barium (d) 

carbonate phosphates as a function of the carbonate mole fraction χ(Carbonate). 
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Figure S7. TEDOR spectra of (a) amorphous aSCP (χ(Carbonate) = 0.2) and (b) amorphous 

aSCP (χ(Carbonate)  = 0.5) as a function of the rotor period recorded at 1, 2, 4, and 6 rotor 

periods (40, 80, 160 and 240 μs recoupling time respectively), with the respective 31P single 

pulse excitation (SPE) spectra. 

 

Figure S8. TEDOR spectra of (a) amorphous aBCP (χ(Carbonate)= 0.2) and (b) amorphous 

aBCP (χ(Carbonate)= 0.5) as a function of the rotor period recorded at 1, 2, 4, and 6 rotor 

periods (40, 80, 160 and 240 μs recoupling time respectively), with the respective 31P single 

pulse excitation (SPE) spectra. 
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Figure S9. 1H-13C HETCOR spectra of aSCP (χ(Carbonate) = 0.5) recorded with contact 

times of 50 and 2000 μs and respective projections, in particular (a) 1H SPE spectrum, (b) 

projection at 168 ppm with contact times of 50 μs, (c) projection at 162 ppm with contact 

times of 50 μs, (d) projection at 168 ppm with contact times of 2 ms, (e) projection at 162 

ppm with contact times of 2 ms. 
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Figure S10. 1H-13C HETCOR spectra of aBCP (χ(Carbonate) = 0.5) recorded with contact 

times of 50 and 2000 μs and respective projections, in particular (a) 1H SPE spectrum, (b) 

projection at 168 ppm with contact times of 50 μs, (c) projection at 162 ppm with contact 

times of 50 μs, (d) projection at 168 ppm with contact times of 2 ms, (e) projection at 162 

ppm with contact times of 2 ms. 
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Figure S3. Comparison of the best fits (blue line) of the FTIR (left) and 13C SPE (right) 

spectra. The ratio of the areas of the bimodal pseudo Voigt fits correspond to the carbonate 

to hydrogen carbonate ratio (top: aCCP, middle: aSCP, bottom: aBCP).      
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Figure S4. 31P spin echo decay of aCCP 0.5 (left) with the corresponding static Hahn echo 

delay spectra (right). The solid line shows the best fit using the Gaussian function (equation 

1).     

 

 

 

 

 

 

 

 



 

82 

 

 

Figure S5. Pair distribtuion function of hydrous ACC (from previous study).  

 

 

Figure S64. Pair distribtuion function of aSCP 0.2 (red) and aBCP 0.2 (blue). The PDFs 

show clear broad peaks beyond 10 Å. This proves a higher crystallinity in comparison to 

the aCCP samples.  
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Thermogravimetric and differential thermal analysis 

DTA and TGA measurements were performed on samples of aXCP 0.2 and 0.5. The first 

endothermic effect at ≈ 91°C is caused by surface-bound solvents, e.g. cyclohexane, 

ethanol and water. This is supported by the observed mass changes (< 1%). The second 

endothermic effect at about 220 °C (depending on the cation) shows the evaporation of 

entrapped solvent (specifically cyclohexane), and it is followed with a significant weight 

loss. We assume that the solvents are encapsulated in cavities between grain boundaries of 

the amorphous phase. The thermal energy increases the diffusion. This can lead to cracking 

of grain boundaries and a rapid release of the gaseous solvent. In samples with a mol 

fraction x = 0.2 this occurs at higher temperatures for the heavier alkaline earth cations. As 

shown by Zhang et al.1 hydrogen bonded hydroxyl groups have a large impact on the 

thermal stability of phases. Therefore, we assume that due to the higher hydrogen carbonate 

content (aCCP<aSCP<aBCP, Figure S10) more hydrogen bonded hydroxyl groups are 

present, which leads to the observed higher thermal stability. A small endothermic effect 

occurs at ~500°C. Thermally induced crystallization to calcite, tricalcium phosphate and 

several polyphosphates occurs at ~600°C. The mass loss at higher temperature is due to 

decarboxylation of calcium carbonate. 
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Figure S15. DTA and TGA traces for aXCP (top: X = Ca, middle; X = Sr, bottom: X = Ba.  

𝑥(𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒) = 0.2 (left side). 𝑥(𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒) = 0.5 (right side). 
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Thermogravimetric analysis of samples subject to vacuum 

Ex situ TGA measurements were performed to investigate the vacuum stability of the 

samples (Figure S14). In accordance with the XPCS data, the aCCP (0.2) sample shows a 

significant change under vacuum. This is another indication that hydroxyl groups (with 

hydrogen bonds) are either broken or reorganized. In contrast, the water loss of sample 

aCCP (0.5) is less affected by the vacuum treatment. This is consistent with the less extent 

of sample aging observed in XPCS experiments. 

 

 

Figure S16. TGA traces under vacuum (blue line) and normal pressure (black line) for 

aCCP (0.2) (a, left) and aCCP 0.5 (b, right). The mass loss for aCCP 0.2 occurs at lower 

temperature (T = 9°C) under vacuum conditions. 
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Figure S17. Vibrational region of the generalized VDOS for water at 300 K in aCCP for 

(left) χ(Carbonate) = 0.2 and (right) χ(Carbonate) = 0.5. The intensity is normalized to the 

unity within the 2500−3500 cm−1 range. Black lines represent data for aCCP in air, blue 

lines for aCCP under vacuum conditions. 
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X-ray Photon Correlation Spectroscopy. 

A high-flux coherent X-ray beam is used to detect time-dependent intensity fluctuations of 

the “speckle pattern”, which directly relates to local dynamics, e.g. rearrangement of 

particles and density fluctuations in the probed volume.2 The spatial size of the dynamics 

depends on the experimental q value, the scattering vector. The q-dependent intensity 

fluctuations are evaluated with the following autocorrelation function, which is a measure 

of the similarity of the intensity with itself after a lag time ∆𝑡. 

𝑔(2)(∆𝑡, 𝑞) =
⟨𝐼(𝑡, 𝑞)𝐼(𝑡 + ∆𝑡, 𝑞)⟩

⟨𝐼(𝑡, 𝑞)⟩2  (3) 

In order to obtain information about the dynamics of the system, the autocorrelation curve 

is fitted with the Kohlrausch-Williams-Watts model. 

𝑔(2)(𝑡) = 1 + 𝑐 ∙ 𝑒𝑥𝑝 (−2 (
𝑡

𝜏
)

𝛽

) (4) 

The parameter c is the setup-dependent contrast, 𝜏 is the structural relaxation time and 𝛽 is 

the shape factor of the curve.”  
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3 Chapter 2 
 

The contents of the following chapter are taken and partially adapted from Adv. Funct. Mater. 

2021, 31, 2007830. 
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3.1 Insights into the in vitro Formation of Bone-Like Apatite from Mg-

Stabilized Amorphous Calcium Carbonate  
 

3.1.1 ABSTRACT. 

 

“Biomimetic materials are of interest for use in bone replacement because they may provide 

regenerative alternatives for the use of autologous tissues for bone regeneration. In this 

study we describe a promising approach to a protein-free formation of bone-like apatite 

from amorphous precursors through ball-milling. The addition of Mg2+ ions is crucial to 

achieve full amorphization of calcium carbonate. Mg2+ incorporation generates defects 

which strongly retard a recrystallization of ball-milled Mg-doped amorphous calcium 

carbonate (BM-aMCC), which promotes the growth of osteoblastic and endothelial cells in 

simulated body fluid (SBF) and has no effect on endothelial cell gene expression. Ex situ 

snapshots of the processes with a combination of powder X-ray diffraction, transmission 

electron microscopy, Fourier-transform infrared and multimagic angle spinning nuclear 

magnetic resonance spectroscopy revealed the reaction mechanisms. For Mg contents of 

up to 30% a two phase system consisting of Mg-doped amorphous calcium carbonate and 

calcite “impurities” was formed. For high (>40%) Mg2+ contents BM-aMCC follows a 

different crystallization path via magnesian calcite and monohydrocalcite (MHC) to 

aragonite. While pure amorphous calcium carbonate crystallizes very rapidly to calcite in 

aqueous media, Mg-doped amorphous calcium carbonate forms in the presence of 

phosphate ions bone-like hydroxycarbonate apatite (HCA, dahllite), a single-phase 

carbonate apatite with carbonate substitution in both type A (OH–) and type B (PO4
3–) sites, 

which grows on calcite “impurities” via heterogeneous nucleation. This process was shown 

to produce an endotoxin-free material and makes BM-aMCC an excellent “ion storage 

buffer” that promotes cell growth by stimulating cell viability and metabolism with 

promising applications in the treatment of bone defects and bone degenerative diseases.  
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3.1.2 INTRODUCTION 

 

The development of synthetic biomaterials with tailor-made properties that promote bone 

regeneration in orthopaedic and dental surgery has long been a goal of research.1 Bone is a 

nanocomposite with a hierarchical structure ranging from the nano- to the macroscale.2,3 

Bone tissue engineering pursues different strategies to substitute biomaterials in native 

bone (e.g. hydroxyapatite (HA) and collagen).1,4,5 Autocrafts (autologous bone) are 

considered as gold standard as they fulfill all requirements for bone regeneration in terms 

of osteoconduction, osteoinduction and osteogenesis.6,7 Their limited supply leaves bone 

allo- or xenografts as alternatives for orthopaedic surgeons, as they are available in various 

forms and large quantities. They come, however, with drawbacks concerning biological 

variability and risk of viral or bacterial contaminations. Therefore, synthetic biomaterials 

are needed whose synthesis and manufacturing protocols must meet the demands and 

requirements of clinical applications. 

These biomaterials include metals, polymers, ceramics, bioactive glasses, calcium sulfates, 

calcium carbonates and calcium phosphates (CaPs).8 Fast-setting ionic cements are 

attractive materials for bone fillings. Calcium phosphate (CaP) cements are the most 

common bone replacement materials because of their bioactivity, osteoconductivity, 

injectability and moldability. Still, the rates of bioresorption of these cements must be 

enhanced to improve bone formation and regeneration.9,10 Bioresorption critically depends 

on the solubility of the mineral constituents. Since calcium carbonate (KL ~ 10-8)11 has a 

much higher solubility than apatite (KL ~ 10-54)11 replacing calcium phosphate-based by 

calcium carbonate-based cements is a valid  approach to obtain cements with improved and 

tuneable biodegradation rates.12,13 Cements containing blends of calcium carbonate and 

calcium phosphate have been tested,14 but only a few studies have dealt with cements 

containing exclusively calcium carbonate as mineral component.15–18 

Calcium carbonate occurs in three anhydrous crystalline polymorphs, aragonite, calcite, 

and vaterite19–23 as well as in two hydrated crystal phases, monohydrocalcite 

(CaCO3·1H2O) (MHC)24 and ikaite (CaCO3·6H2O).25 Calcite is the thermodynamically 

stable phase at ambient conditions, aragonite is the high-pressure form, vaterite is 

metastable and its occurrence associated with the early stages of CaCO3 precipitation and 

nanosized crystal formation.26,27 In waters with a Mg2+/Ca2+ ratio > 1.5 (pH > 8.2)28 and a 

saturation index of calcite < 0.829,30 aragonite formation is favored. The strong hydration 
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of Mg2+ cations leads to changes of the crystallization pathways as shown by the formation 

of crystalline monoclinic hemihydrate CaCO3·½H2O
31 and a monoclinic aragonite 

intermediate32 with layered aragonite structure, where some carbonate anions are replaced 

by hydroxyl groups and up to 10 atomic % of Mg can be incorporated on the cation 

positions.  

Amorphous calcium carbonate (ACC)33,34 is a precursor of crystalline CaCO3
35–38 which 

transforms into aragonite via anhydrous ACC30 or via monohydrocalcite39 through a series 

of ordering, dehydration, and crystallization processes.40,41 Spectroccopic evidence 

suggested ACC to be a precursor of carbonated apatite,42–44 the mineral building blocks of 

bone which contains a form of carbonated apatite similar to dahllite [Ca5(PO4,CO3)3(OH)], 

which is formed from an amorphous calcium phosphate (ACP) precursor.45  

Applications of ACC as mineral component for bone regeneration have been hampered by 

its solubility, whereas the lower solubility of vaterite permits a slow transformation process 

from CaCO3 to hydroxyapatite by acting as a solid ion buffer material.17 The stability of 

ACC in vivo is controlled by a set of specialized proteins,46 often in combination with Mg2+. 

ACCs prepared in vitro at different pH have different solubility products and structural 

properties,27,47 which lead to the hypothesis of ‘‘polyamorphous’’ CaCO3.
48 Under in vitro 

conditions non-biogenic ACC can be stabilized by removal of water49 or additives like 

(oligo)phosphates,50, Mg2+ 51–53 or silica.54  

Since biogenic ACCs contain Mg2+ ions and their Mg content is rather specific in different 

species and tissues,36 structural information of Mg2+-stabilized ACC (BM-aMCC) is needed 

to address the question of ‘‘amorphism’’ and crystallization. Importantly, any application 

of ACC, in particular of MgACC as support for bone regeneration requires its synthesis in 

large quantities with controlled and reproducible properties. Slow-diffusion processes that 

are popular for studying crystal growth55 are difficult to scale-up. Typical large-scale routes 

to ACC are precipitation from solution,56,57 but in typical single-batch processes only the 

initial reaction parameters (e.g. pH, supersaturation or ionic strength) are defined, and they 

change during the reaction. This lack of control makes scaling-up difficult and prevents 

intentional control of the parameters during the reaction. Ball-milling is a simple and 

established strategy for breaking down bulk materials to nano-size.58,59 Defect formation 

over large scales leads to an amorphization of crystalline solids.60 Still, the “molecular” 

processes during ball milling are not well understood, because standard in situ 
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characterization tools for solids in the ball milling environment require crystalline 

analytes.61–64 While non-crystalline solids elude structural analysis by diffraction, local 

probes like vibrational (IR, Raman)65 and nuclear magnetic resonance (NMR) 

spectroscopy66 or total scattering64 can aid in their structural analysis. Since solid state 

transformations are typically diffusion limited and therefore slow, a step by step analysis, 

where “snapshots” are taken at different stages of the reaction, can be used to identify 

transient phases.67,68  

We applied mechanochemistry for a large-scale synthesis of Mg2+-stabilized ACC (BM-

aMCC).69 Mechanochemistry is useful for large applications because of its scalability. The 

transformation of calcite to aragonite in a mechanically operated mortar,70 the reverse 

transformation from aragonite to calcite71 or of vaterite to calcite72,73 have been reported. 

We found that the insertion of Mg2+ into the ACC network retards the recrystallization of 

BM-aMCC dramatically and promotes the growth of osteoblastic and endothelial cells in 

simulated body fluid (SBF). Endothelial cells exhibited normal gene expression in the 

presence of BM-aMCC. The synthesis delivered large amounts to an endotoxin-free BM-

aMCC material. We used powder X-ray diffraction (PXRD), ex situ Fourier transform 

infrared spectroscopy (FTIR), and magic angle spinning nuclear magnetic resonance 

(1H/13C MAS NMR) spectroscopy as state of the art tools like to derive a picture of the 

crystallization pathways at the molecular level by studying the crystallinity, phase 

composition and the local atomic structure of the Ca2+ cations and the carbonate and 

phosphate groups.  

 

3.1.3 RESULTS AND DISCUSSION 

 

Synthesis 

BM-aMCC was prepared by ball-milling. Basic magnesium carbonate 

(4Mg(CO3)•Mg(OH)2•5(H2O)) and calcium carbonate (calcite) were dispersed in 

cyclohexane and ground in a planetary ball mill for 8 h at 720 rpm. Five different 

compositions of ball-milled amorphous magnesium calcium carbonate (BM-aMCC) were 

analyzed to find the optimum ratio of magnesium to calcium ions for clinical use. The 

values (10/20/30/40/50) indicate the percentage of magnesium carbonate in the starting 

material. 
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Structure analysis of amorphous starting materials 

Figure 30a shows powder X-ray diffraction (PXRD) patterns of the products after 8 h of 

ball-milling. The absence of Bragg reflections and the modulation characteristics of the 

patterns are compatible with an “X-ray amorphous” product for BM-aMCC 50 %. For 

smaller magnesium contents, the prominent 104 reflection of the calcite starting material 

remained (Figure S18, Supporting Information). A minimum magnesium content of 30 % 

was required to achieve complete amorphization. We assume that a mixture of phase 

separated BM-aMCC and calcite is present for MgCO3 contents ≤ 30%. Mg2+ cations are 

known to substitute Ca2+ in the calcite structure,74 and we assume that a replacement of 

Ca2+ by Mg2+ cations stabilizes the non-crystalline phase after mechanochemical treatment. 

 

Figure 30. a) Powder X-ray diffractograms and b) FTIR spectra of ball-milled CaCO3 and basic magnesian 

carbonate with different ratios (Mg/Ca 10-50 %).  

Fourier-transform infrared (FT-IR) spectra of the amorphous products (Figure 30b) show 

the characteristic vibration modes of the carbonate ions in ACC: The symmetric stretch (ν1 

≈ 1081 cm-1), the out-of-plane mode (ν2 ≈ 857 cm-1), the asymmetric stretch (ν3 ≈ 1400 and 

1477 cm-1) and the in-plane deformation mode (ν4 ≈ 689 and 733 cm-1). All bands are 

broadened compared to those of the crystalline starting materials, indicating a less defined 

coordination of the carbonate anions. In addition, all bands are slightly shifted and the 

(symmetry forbidden in calcite) ν1 band is present. The band at 1081 cm-1 can be assigned 

to the oxygen-hydrogen stretch (νOH) of basic magnesian carbonate. All samples are 

anhydrous, as supported by thermal analysis (Figure S19, Supporting Information). The 

bands at 2930 and 2852 cm-1 (asymmetric and symmetric C-H stretch of the CH2 groups) 
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are associated with cyclohexane, the dispersant medium. The bands remained, although the 

samples were dried in a vacuum oven. This indicates that the cyclohexane dispersant is 

trapped in inclusions of the amorphous solid (Figure S20, Supporting Information). 

The loss of crystallinity with increasing Mg2+ cation content, which was observed in the X-

ray diffractograms, is apparent from the FTIR spectra as well. The vibrational bands show 

slight positional shifts and changes in the full width at half maximum (FWHM) with 

increasing Mg2+ content. This can be explained by the change in crystallinity and the 

exchange of the (Pearson) softer75 Ca2+ (Ca2+: =19.7) by harder Mg2+ (Mg2+: =32.5) 

cations. 

Transmission electron microscopy (TEM) images and the associated diffraction patterns 

for BM-aMCC 30 and 50% confirm the complete lack of long-range order (Figure S20, 

Supporting Information). The morphology of the particles is very different compared to 

amorphous carbonates precipitated from solution,76 and the particles have much larger 

diameters (up to 600 nm). 

The crystallinity in the samples was quantified by deconvoluting the ν2 band (of the out-

of-plane mode) with a bimodal pseudo-Voigt function.77 Since this vibrational mode is non-

degenerate, the deconvoluted bands can be assigned to specific CaCO3 phases (Figure S21, 

Supporting Information). Figure 31 shows the best fit results with the corresponding bands 

of the out-of-plane vibration mode. Samples with less than 30% magnesium content still 

contained a small portion of calcite. For a magnesium content of 40% the product was 

amorphous. 
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Figure 31. a) Contribution of crystalline calcite as a function of the Mg content (dotted black curve drawn to 

guide the eye). b) FTIR spectra that were used to determination the content of crystalline phases. 

X-ray total-scattering experiments were performed to obtain insight into the local structure 

of the amorphous samples. The pair distribution function (PDF) was calculated from these 

data with GudrunX4. Figure 32 displays the PDF of humidic ACC from a previous study 

with 4 significant peaks. The first peak at 1.28 Å was assigned to the C-O distances of the 

carbonate anion. The most intense peak at 2.4 Å can be related to the Ca-O distances of the 

first coordination sphere. Further, the O-O distances contribute to this peak. The other two 

peaks at 4.1 Å and 6.2 Å result from a variety of different atomic distances (Figure S21, 

Supporting Information). We assume that the distances related with metal atoms have the 

most contribution to the intensity due to the in comparison higher atomic form factors. The 

PDF fade out clearly and become a virtually flat at about 7 Å indicating a lack of long-

range order. 
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Figure 32. Pair distribution function (PDF) of humidic ACC (black), AMCC 30% (red) and AMCC 50% 

(blue).  

 

The ball-milled samples are similar to the ACC reference. However, with higher magnesian 

content the C-O shifts to higher distances, in particular BM-aMCC 30% 1.36 Å and BM-

aMCC 50% 1.4 Å. The magnesium ion polarizes the oxygen atom more strongly than the 

calcium ion which leads to an increase of the bond distance. Parallel to this the M-O 

distance decreases with higher magnesium content (BM-aMCC 30%: 2.38 Å; BM-aMCC 

50%: 2.34 Å). An additonal peak at 3.24 Å appears for BM-aMCC 50%. Based on 

crystalline reference samples,78 we assign this peak to Mg-Mg distances. These results 

indicate a stronger M-O binding (vide infra), which is a key aspect of the high hydration 

barrier of magnesian calcium carbonates.  

The crystallization of the different BM-aMCCs in the presence of water was studied ex situ 

by FTIR spectroscopy. The crystallization of CaCO3 is delayed kinetically in the presence 

of Mg2+ cations, which are known to have a large effect on CaCO3 polymorph selection.41,79 

To evaluate the crystallization quantitatively, the ν2 bands were fitted and their areas 

determined at different times of crystallization by normalizing to the areas of the respective 

crystalline or amorphous phases. Crystallization was assumed to proceeded according to 

the classical dissolution and recrystallization model. The dissolution process was fitted with 

a first-order kinetic model.80 The formation of the thermodynamically stable phase was 

described kinetically with the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model.81,82 
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(Supporting Information) Figure 33 shows the results of ex situ crystallization experiments 

for BM-aMCC (10, 20 and 30%) and the corresponding FTIR spectra for BM-aMCC 30%.  

The phase transition of BM-aMCC 10, 20, and 30 % to calcite took essentially the same 

time in all cases. The crystallization rate decreased only slightly with increasing Mg content 

because of the calcite “nanograins” remaining after ball milling (Figure 33, vide supra). 

We assume that these calcite nanograins can act as seeds for heterogeneous nucleation and 

growth. This allows crystallization to proceed much faster than expected. Therefore, there 

is no clear trend in the rate constants except for the BM-aMCC 30% sample (with 2% 

crystalline phase remaining), where the crystallization is slower. 

 

Figure 33. Ex situ (re-)crystallization curves of BM-aMCC 10-30 % a-c). The normalized area of the 

deconvoluted FTIR bands (ν2 vibration mode) of the amorphous phase (black) and the calcite phase (red) are 

shown as a function of crystallization time in MQ water. The black dotted lines show a kinetic fit modelling 
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the solution process of the amorphous species. The red dotted curves display the best fit of a JMAK function. 

d) FTIR spectra for the (re-) crystallization of BM-aMCC 30 %. 

However, the crystallization of BM-aMCC was significantly different when BM-aMCC 40 

% was used as starting material. Here, the dissolution and recrystallization process required 

several days (Figure 34). Furthermore, the crystallization of BM-aMCC proceeded via 

magnesian calcite, and monohydrocalcite (MHC) to aragonite. Since the bands of the ν2 

vibration mode of MHC and magnesium rich calcite appear almost at the same 

wavenumbers, we could not perfom JMAK fits. A trend line describes the simultaneous 

formation and dissolution of both phases.  

 
Figure 34. Ex situ (re-)crystallization curves of BM-aMCC 40-50 % a-b). Logarithmic plot of normalized 

area of the deconvoluted FTIR bands (ν2 vibration mode) of the amorphous phase (black) , calcite phase (red) 

and aragonite phase (blue) are shown as a function of crystallization time in MQ water. The red lines diplays 

a guide line for the recrystallization and solution of a mixture of magnesian rich calcite as well as monohydro 

calcite.  

It has been shown before that MHC is formed in the presence of high Mg2+ concentrations 

during the crystallization of calcium carbonate.83 Magnesium-rich calcite is highly soluble 

at high Mg2+ concentrations. In addition, MHC can accommodate large amounts of Mg2+ 

cations. Therefore, the Pearson-hard Mg2+ cation is not fully dehydrated, thereby 

kinetically and energetically stabilizing the MHC phase (enthalpy of hydration: ∆𝐻𝑀𝑔2+ =

−1908 
𝑘𝐽

𝑚𝑜𝑙
, ∆𝐻𝐶𝑎2+ = −1577 

𝑘𝐽

𝑚𝑜𝑙
 ). Finally, phase separation occurs, when aragonite is 

formed. Mg2+ cations are not incorporated into the aragonite structure because the ionic 

radius of Mg2+ is too small to be compatible with coordination number (CN) 9.30 
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Incubation in simulated body fluid 

Based on the crystallization behavior, we selected a “stabilized” material (30%) with a 

suitable reactivity for transforming into a bone-like material in SBF. For a BM-aMCC 30% 

sample we tested whether its (i) dissolution and recrystallization leads to one of the CaCO3 

phases, (ii) whether the amorphous phase is sufficiently stabilized and (iii) whether very 

high Mg2+ concentrations concentrations have a stimulating effect on the growth of 

osteoblastic MG63 and primary human umbilical vein endothelial cells (HUVEC) cells. 

For this purpose, BM-aMCC was incubated at 37°C in SBF. The incubation was monitored 

ex situ by FTIR spectroscopy. Figure 35 shows the FTIR spectra of BM-aMCC 30% (with 

ACC as reference) as a function of time. Table 2 summarizes the vibrational modes of the 

carbonate and phosphate ions before and after incubation. During incubation of ACC the 

ν2 band of the CO3
2- anion shifted to higher wavenumbers and an additional  band appeared 

at 711 cm-1. Both, the shift of the ν2 band and the presence of the ν4 band (in-plane 

deformation mode) of the CO3
2- anion at 711 cm-1 clearly show the formation of calcite.84 

The progression in the ν2 (out-of-plane) band at 872 cm (Figure 35b) indicates that the 

amount of calcite remained constant, and apatite started to form after 6 h (Table 2). The 

band at 962 cm-1 indicated the formation of crystalline apatite.85 The position and intensity 

of the vibrational bands show the simultaneous formation of a two phase system consisting 

of calcite and hydroxyapatite, because pure and non-stabilized ACC is metastable and 

recrystallizes as calcite after spontaneous dissolution in water. This 

dissolution/recrystallization process of ACC occurs very rapidly. Therefore, 

hydroxyapatite crystallites grow on calcite particles through heterogeneous nucleation or 

precipitation due to the increasing Ca2+ concentration.  
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Figure 35. Incubation of a) BM-aMCC (0.2 mg/mL) and b) ACC (0.2 mg/mL) in simulated body fluid (SBF) 

after 6, 12, 24, 48, 72 h and 7d. After 48 hours the FTIR spectra of BM-aMCC show a rapid growth of a semi-

crystalline carbonate rich apatite. In contrast, incubation of ACC with SFB shows the crystallization of phase 

separated calcite and hydroxy apatite.  

In contrast, apatite and calcite formation is strongly retarded kinetically with BM-aMCC 

30%. Phosphate bands indicating the formation of a calcium phosphates were detected after 

12 h of incubation in SBF. The initial broadening of the bands and the weak splitting of the 

P-O band indicate the formation of an amorphous phosphate; the splitting became more 

pronounced during incubation according to Ostwald-Volmer rule.86 In BM-aMCC, the ν1 

and ν4 bands of the phosphate group are shifted to lower wavenumbers compared to their 

positions in HA or to the bands of ACC incubated with SBF. The ν4 band of the CO3
2- anion 

vanishes completely. This indicates the formation of a (bone-like) 

hydroxycarbonate apatite (HCA, dahllite), a single-phase carbonate apatite, with carbonate 

substitutions in both type A (OH) and type B (PO4
3) sites.87 The compatibility with the 

poorly defined and strongly broadened ν1 band indicates the presence of small and strongly 

disordered domains due to the carbonate substitution.88  
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Figure 36. Comparison of the FTIR spectra of aMCC (red) and ACC (black) after an incubation time of 7 

days (without background correction).  

Table 3. Vibrational modes of the carbonate (ν1 symmetric stretch, ν2 out-of-plane, ν3 asymmetric stretch, ν4 

in-plane deformation) and phosphate ions (ν1 symmetric stretch, ν3 asymmetric stretch, ν4 in-plane 

deformation) in ACC, aMCC, calcite, ACC, and aMCC in SBF, HA, and bone. 

 ACC aMCC Calcite ACC in 

SBF 

aMCC 

in SBF 

HA nano bone 

CO3
2- ν1 1074 1081 1089 − − − − 

ν2 860 857 872 872 874 − 873 

ν3 1389 1400 

1477 

1388 1398 1420 

≈1450 

− 1420 

1448 

ν4 − 689 

733 

711 712 − − − 

PO4
3- ν1 − − − 962 962 962 962 

ν3 − − − 1030 1020 1031 1022 

ν4 − − − 563 

579 

602 

560 

578 

602 

562 

575 

603 

561 

600 

 

Figure 36 shows the FTIR spectra at the end of the incubation period. Table 3 compiles the 

positions of the bands with the corresponding assignments. The ACC sample (incubated 

with SBF) contains crystalline calcite and hydroxyapatite, but incubation of BM-aMCC 30 

% leads to the formation of a carbonate apatite with the typical band positions listed in 

Table 3. The BM-aMCC 30% sample shows plate-like morphology (S22, Supporting 

Information). 
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Figure 37. a) 13C CP-MAS-NMR and b) 1H-MAS-NMR spectra of aMCC before (black line) and after (blue 

line) incubation.  

Solid-State NMR Spectroscopy 

13C-NMR spectroscopy can distinguish between different carbonate phases due to its 

sensitivity to the specific electronic environments of the carbonate groups.84 The FWHM 

of the resonance bands provides information about the crystallinity of the samples.89 Sharp 

resonances are characteristic for a crystalline sample, boad resonances indicate structurally 

disordered or nanocrystalline samples. Figure 37 shows 13C-CP-MAS-NMR spectra of 

BM-aMCC with 2 ms contact times before (Figure 37a) and after (Figure 37b) incubation. 

The spectrum of the BM-aMCC sample shows a broad signal (FWHM=449.3 Hz) at 167.7 

ppm, which is typical for amorphous calcium carbonate. After incubation in SBF, the signal 

becomes asymmetric and shifts downfield. Deconvolution of the spectrum reveals three 

different carbonate environments (Figure S23, Supporting Information). The signal at 

168.4 ppm is due to to low crystalline calcite (FWHM=366.4 Hz), the signal at 165 ppm is 

due to the potassium hydrogen carbonate from the simulated body fluid buffer, and the 

signal at 170.0 ppm results from the carbonate apatite. The signals at ~56 ppm are due to 

the TRIS buffer of the simulated body fluid (Figure S24, Supporting Information).  

The 1H-MAS-NMR spectrum of BM-aMCC displays three signals. The sharp signal at 1.2 

ppm is associated with cyclohexane trapped in grain boundaries (vide FTIR spectra), the 

signal at -0.2 ppm is due to hydroxide ions of the basic magnesian carbonate starting 

material. The broad signal at ~5 ppm is related to small amounts of structural water. After 
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incubation in SBF the 1H-MAS-NMR spectrum of BM-aMCC displays 4 resonances, which 

are related to the organic buffer and the washing agent ethanol (0.9 and 3.5 ppm), entrapped 

water (~ 5.0 ppm), and hydroxide ions of hydroxyapatite and basic magnesian carbonate (~ 

-0.2 ppm). The resonance related to entrapped cyclohexane has vanished, indicating a 

rearrangement of BM-aMCC after incubation in SBF.  

 

Figure 38. 31P-SPE-MAS NMR spectrum of BM-aMCC 30 % after incubation in SBF. After deconvolution, 

the signal displays three different electronic environments.   

Figure 38 shows the 31P-SPE-MAS NMR spectrum of incubated BM-aMCC 30%. The 

signal is dominated by a broad resonance at 3.0 ppm (FWHM=178.0 Hz), which is assigned 

to bulk orthophosphate. Since deprotonated phosphate groups are less shielded, the signal 

at 5.4 ppm is associated with deprotonated surface phosphate groups (FWHM=404.7 Hz). 

The signal at ~1.1 ppm (FWHM=534.2 Hz) shows the presence of hydrogen phosphate 

groups. The signals are broad, indicating a nano-crystalline or a disordered system.  

Figure 39 shows the 1H-31P HETCOR spectrum of BM-aMCC 30% incubated in SBF, 

recorded with contact times of 20 and 2000 μs. The HETCOR spectrum recorded with a 

short-range contact time of 20 μs reveals correlations between the proton signal at 11.0 

ppm and the broad signal at ~2.0 ppm. This signal is related to HPO4
2- ions, which have 

been reported for bone minerals and Ca-deficient apatite minerals.90 The broad resonance 

at ~6 ppm in the 31P spectrum with short-range contact time (20 μs) shows no correlation 

with any 1H resonance. This indicates that this signal is related to deprotonated surface 
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phosphate groups. Long-range contact times show correlations of the phosphor resonance 

with the resonances at -0.53 (presumably HA) and 5.3 ppm (structural water).  

 

Figure 39. 1H-31P HETCOR spectra of BM-aMCC 30 % incubated in SBF with short range contact times 

(top left) and long range contact times (bottom left). The corresponding 1H projections are shown on the right 

side.   

Cyctotoxicity and Cell Viability of BM-aMCC in vitro 

The cell compatibility of BM-aMCC particles was investigated using two complementary 

methods, The cellular metabolic activity was tested with a resazurin (RES) cell viability 

assay. Resazurin is a non-fluorescent dye that is taken up by cells. Viable cells with active 

metabolism can reduce resazurin to resorufin product which is pink and fluorescent. The 

integrity of the cell membrane after particle exposure was determined with an lactate 
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dehydrogenase (LDH) assay.91 The occurance of LDH in cell supernatants is an indicator 

of damage to the cell membrane which in turn is an indicator of cell death. It is used to 

determine cytoxicity. The results are illustrated side by side in Figure 40. 

The RES assay shows no significant changes during incubation times up to 72 h and for 

particle exposure concentrations of up to 250μg/mL. Exposure of the osteoblast cell line 

MG-63 to BM-aMCC particles did not lead to a decrease of the cell metabolic activity, i.e., 

the viability of the cells is not effected by increasing concentrations of BM-aMCC and 

longer exposure times. Similarly, physiologically very low LDH concentrations were 

observed in all cell supernatants from cells exposed to varying concentrations of BM-

aMCC at various time points of exposure (Figure 40b). They were comparable to LDH 

values observed in the supernatant of untreated cells. Increasing concentrations of BM-

aMCC for varying time points had no effect on cell metabolism or cytotoxic effects. This 

indicates that BM-aMCC is highly cell-compatible. 

 

Figure 40. Analysis of the metabolism and membrane integrity of cells cultured with increasing 

concentrations of BM-aMCC at various time points. a)  shows the metabolism of cells exposed to BM-aMCC 

compared to control cells by measuring the conversion of resazurin to resorufin, b) the membrane integrity 

as measure by the amount of LDH present in the supernatant as described in the Experimental Section. 

Cell proliferation and biocompatibility 

Cell biocompatibility is essential for in vivo experiments and futher clinical applications.[92] 

The cell biocompatibility of BM-aMCC was examined using  two different cell types by 

monitoring cell growth in the presence of BM-aMCC with the fluorescent dye calcein-AM 

dye. The dye is taken up and retained in living cells with an intact membrane92 and 
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converted into the membrane-nonpermeable and fluorescent calcein dye by intracellular 

esterases. In this way,  

 

Figure 41. Cell biocompatibility of BM-aMCC particles tested on MG-63. Cells were treated with different 

concentrations (50 μg/mL, 100 μg/mL, 250 μg/mL) of  BM-aMCC for 1, 3 and 7 days under cell culture 

conditions. Viable cells are indicated by green fluorescence (calcein-AM staining). Scale bar corresponds to 

100 nm.

 

Figure 42. Cell biocompatibility of BM-aMCC particles tested on HUVEC. Cells were treated with different 

BM-aMCC concentrations (50 μg/mL, 100 μg/mL, 250 μg/mL) for 1, 3 and 7 days under cell culture 

conditions. Viable cells are indicated by green fluorescence (calcein-AM staining). Scale bars correspond to 

100 nm.  
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cell proliferation and cell morphology can be investigated to evaluate the cell viability and cell 

biocompatibility. Figure 41 and 42 show fluorescence microscopy images of the osteoblastic cell 

line MG63 and the primary human umbilical vein endothelial cells (HUVEC) cells at various time 

points up to 7 days after the addition of varying concentrations of BM-aMCC particles (50μg/mL, 

100μg/mL, 250μg/mL) and in the absence of BM-aMCC. 

Figure 12 and 13 show that both osteoblast and endothelial cells proliferated with time. Similar 

amounts of cells were observed with increasing concentration of BM-aMCC. Monolayers of cells 

exhibited a morphology similar to monolayers in non-exposed cells were. No rounded-up, detached 

cells were observed with increasing concentration of BM-aMCC or with increasing time. This 

indicated that BM-aMCC had no effect on cell morphology or the attachment of cells. Overall, the 

presence of BM-aMCC particles have no effect on cell attachment, viability, metabolism and 

proliferation indicating that BM-aMCC is highly cell compatible.  

Endotoxin presence and effects on endothelial cell gene expression by BM-aMCC 

The absence of endotoxin in a compound/material designated for use in humans is essential. Also, 

a material should have no effect on the gene expression of endothelial cells making up the 

vasculature and cells that responsible for the first response to a foreign material introduced into the 

body. The rapid induction of E-selectin in endothelial cells in the presence of endotoxin has been 

previously reported and has been adapted as a rapid test for the presence of endotoxin in 

biomaterials.93 Figure 43a shows the expression of E-selectin (green stain within the cell) after 

stimulation of cells for 4 h with endotoxin (LPS) and Figure 43b shows the control HUVEC (no 

LPS, no green staining). Figure 43c shows that BM-aMCC cultured with HUVEC resulted in no 

induction of E-selectin, indicating that the synthesis procedure of BM-aMCC was not contaminated 

with endotoxin. This same test can also be used to examine the effects of a biomaterial on normal 

endothelial cell gene expression.94 HUVEC will show an induction of E-selectin under 

inflammatory conditions when in contact with a biomaterial. Figure 43d shows that HUVEC 

cultured with BM-aMCC expressed E-selectin when inflammatory stimulating conditions were 

applied (mimicked by the addition of LPS). Thus, HUVEC growing with BM-aMCC exhibit normal 

endothelial cell gene expression in response to an inflammatory agent. 
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3.1.4 CONCLUSIONS  

 

We have demonstrated a promising alternative for the use of biodegradable materials with 

potential bone targeting capability based on a magnesium substituted amorphous calcium 

carbonate nanoparticles prepared in large amounts by ball milling. Amorphous calcium 

carbonate is inherently labile to ensure the presence of an “ion buffer” for bone 

regeneration, while still being sufficiently reactive to form hydroxycarbonate apatite. A 

combination of powder X-ray diffractometry, transmission electron microscopy, 

multimagic angle spinning nuclear magnetic resonance spectroscopy and in-situ FT-IR 

spectroscopy showed the transformation of BM-aMCC nanoparticles to hydroxycarbonate 

apatite crystals with low crystallinity upon incubation in simulated body fluid at human 

body temperature.  

 

Figure 43. Evaluation of the presence of endotoxin and induction of E-selectin of endothelial cells in the 

presence of BM-aMCC. Nuclei were stained blue (DAPI) and the presence of E-selectin on cells was stained 

green via immunostaining as described in the Experimental Section. a) HUVEC cells cultured with LPS 

showing induction of E-selectin (green). b) HUVEC cells cultured without LPS showing absence of E-

selectin. c) HUVEC cells in the presence of BM-aMCC showing no induction of E-selectin (no green staining) 

indicating the absence of endotoxin. d) HUVEC cells in the presence of BM-aMCC and LPS showing 

induction of E-selectin indicating no inhibition of E-selectin induction by BM-aMCC when cells are 

stimulated with an inflammatory agent (LPS). This indicates normal endothelial gene functioning when cells 

are grown with BM-aMCC. 

 

Addition of Mg2+ ions is crucial to achieve full amorphization of calcium carbonate in ball 

milling reactions. The incorporation of Mg2+ cations generates defects that strongly retard 

a recrystallization of ball-milled Mg-doped amorphous calcium carbonate. Mg2+ 
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incorporation also promotes the growth of osteoblastic and endothelial cells in simulated 

body fluid (SBF). A combination of powder X-ray diffraction, transmission electron 

microscopy, Fourier-transform infrared and multimagic angle spinning nuclear magnetic 

resonance spectroscopy revealed the mechanistic reaction paths for Mg-doped ACC for 

different Mg contents. While pure amorphous calcium carbonate crystallizes very rapidly 

to calcite in aqueous media, a two phase system consisting of Mg-doped amorphous 

calcium carbonate and calcite “impurities” was formed for Mg contents of up to 30%. For 

higher (>30%) Mg2+ contents BM-aMCC follows a different crystallization path via 

magnesian calcite and monohydrocalcite (MHC) to aragonite. For Mg contents < 30% Mg-

doped amorphous calcium carbonate forms in the presence of phosphate ions bone-like 

hydroxycarbonate apatite (HCA, dahllite), a single-phase carbonate apatite with carbonate 

substitution in both type A (OH–) and type B (PO4
3–) sites, which grows on calcite 

“impurities” through heterogeneous nucleation. BM-aMCC is fully biodegradable as it 

serves as a storage buffer material for bone-forming cells for regeneration of new bone 

tissue. BM-aMCC was shown to be free of endotoxin and to exhibit no inflammatory 

potential. This may have prospects for future applications in the treatment of bone defects 

and bone degenerative diseases. The results presented in this work demonstrate important 

aspects of BM-aMCC crystallization, which contributes to the understanding of composite 

material design. 

 

3.1.5 Experimental Section 

 

Materials. Calcite (98%, Socal 31, Solvay), calcium carbonate-13C (99 atom % 13C, isotec), 

cyclohexane (Analytical reagent grade, Fisher Chemicals), ethanol (absolute 99.8+%, Fisher 

Chemicals) and milliQ deionized water. 

Synthesis of Amorphous Calcium Magnesian Carbonate. Calcite (0.100 g, 1 mmol) was treated 

with different amounts of basic magnesian carbonate (e.g. aMCC 0.5: 0.064 g, 1 mmol per 

magnesian ion) in a planetary ball mill (Pulverisette 7 Classic, Fritsch). The starting materials and 

10 mL of cyclohexane were transferred together with 3.65 grams of grinding balls (about 1100 

balls, 1 mm diameter, ZrO2) into ZrO2 grinding jars. The mixture was milled for certain times at 

720 rpm. To avoid overheating, alternate 10 minutes of grinding and then a 10 minute rest phase 

were used. Therefore, 480 min of ball milling results in 950 minutes of reaction time. Afterward, 
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the cyclohexane was removed with a pipette. The product was dispersed in ethanol and separated 

from the grinding balls by decanting. The product was isolated by centrifugation and dried in vacuo. 

Characterization 

X-ray Powder Diffraction. X-ray diffractograms were recorded with a STOE Stadi P equipped 

with a Mythen 1k detector using Mo Kα1 radiation (λ=0.7093 Å). The dry samples were prepared 

between polyvinyl acetate foils in perfluoroether (Fomblin Y, Aldrich). The measurements were 

performed in the 2θ range from 2° to 45° with a step size of 0.015° (continuous scan, 150 s/deg). 

Crystalline phases were identified according to the PDF-2 database using Bruker AXS.  

ATR-FTIR Spectroscopy. The attenuated total reflection (ATR) FTIR spectra were recorded on a 

Nicolet iS10 spectrometer (Thermo scientific) using a frequency range from 650 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 Advance 

400 DSX NMR spectrometer (Bruker BioSpin GmbH, Rheinstteten, Germany operated by Topspin 

1.3, 2007, patchlevel 8) at a 1H frequency of 399.87 MHz, 13C frequency of 100.55 MHz and 31P 

frequency of 161.87 MHz. A commercial 3 channel 4 mm Bruker probe head at 10 kHz magic angle 

spinning (MAS) was used for all experiments. The 1H NMR spectra and 1H background corrected 

spectra were recorded averaging 32 transients with 8 s recycle delay. For all solid-state 13C cross-

polarization (CP) magic angle spinning (MAS) NMR experiments, an initial 90° pulse with 4.0 μs 

length and 5 s recycle delay were used. A ramped CP pulse (from 64 to 100%) with duration of 20 

μs, 50 μs, 100 μs, 200 μs, 500 μs, 1 ms, 2 ms, 3 ms, 5 ms and 7 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. 512 transients were averaged for the CP experiments. The spectra were 

baseline-corrected and a broadening of 30 Hz was applied. Quantitative 13C single pulse excitation 

experiments allowing full relaxation have been recorded averaging 16 transients with a recycle 

delay of 2200 s and TPPM heteronuclear decoupling. The spectrum was background corrected and 

a broadening of 30 Hz was applied. The 1H-13C heteronuclear correlation (HETCOR) 2D NMR 

spectra were acquired using 1H-13C magnetization transfer with contact times of 50 and 2000 μs 

and 256 transients/t1. The data points recorded were 1 k (t1) and 96 or 128 (t2) and zero-filled to 4 

k (t1) and 256 (t2) before the 2D Fourier transformation. The other parameters were identical to 

those for the 1D CP NMR experiments. Single pulse excitation 31P experiments were recorded using 

60 s recycle delay averaging 16 scans under TPPM heteronuclear decoupling while acquiring the 

NMR signal. For all 31P cross-polarization (CP) magic angle spinning (MAS) NMR experiments, 

an initial 90° pulse with 4.0 μs length and 5 s recycle delay were used. A ramped CP pulse (from 

64 to 100%) with duration of 20 μs, 50 μs, 100 μs,  250 μs, 500 μs, 1 ms, 2 ms, 3 ms, 4 ms and 5 ms 

was used for recording the CP build-up curves. Two pulse phase modulation (TPPM) 1H decoupling 
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scheme was used while acquiring the 31P signal. Transients of 64 were averaged for the CP 

experiments. The spectra were baseline-corrected and a broadening of 30 Hz was applied. The 1H-

31P heteronuclear correlation (HETCOR) 2D NMR spectra were acquired using 1H-31P 

magnetization transfer with contact times of 20 and 2000 μs and 64 transients/t1. The data points 

recorded were 2 k (t1) and 128 (t2) and zero-filled to 4 k (t1) and 256 (t2) before the 2D Fourier 

transformation. The other experimental parameters were identical to those for the 1D CP NMR 

experiments. Spectral deconvolution and fitting the intensity decrease in the spin-echo experiments 

were performed using self-written MatLab scripts (version 2017b).  

Thermal Analysis. Coupled thermogravimetry-differential thermal analysis (TG-DTA) was 

carried out at a Netzsch STA 449 F3 Jupiter device. About 10 mg of the sample was heated in an 

alumina cup in argon atmosphere from 50 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.   

Total Scattering. Total scattering measurements of amorphous earth alkali metal carbonate hy-

drogen phosphates were performed at beamline P02.1 at Petra III, DESY, Germany using an X-ray 

energy of 60 keV (λ = 0.20724 Å). All samples were prepared in a 0.5 mm borosilicate capillary 

and measured in transmission mode with a 2D Perkin Elmer area detector with 2048 x 2048 pixels. 

The exposure time for each sample was 15 min. The resulted 2D images were integrated by using 

the program DAWNscience. The analysis of the atomic pair distribution function (PDF) was 

performed utilizing the Gudrun X software using an empty capillary (0.5 mm) for background 

subtraction with Qmax = 24 Å-1.  

Synthesis of SBF (Simulated Body Fluid). Simulated body fluid was prepared using the method 

of synthesis described by Kokubo and Takadama.95 The pH of the SBF solution was adjusted to pH 

7.37 at 37°C with 1M HCl.  

Cells and Growth Conditions. Two different cell types were used for the in vitro studies. The 

human osteoblast cell line MG-63 (ATCC® CRL‐1427®, LGC Promochem) was cultivated in 

Dulbecco’s Modified Eagle Medium ([DMEM], high glucose, Sigma Aldrich), 10% fetal bovine 

serum ([FBS], Sigma Aldrich) + 2mM Glutamax I (Gibco® Thermo Fisher Scientific) + 100 U/100 

μg/mL penicillin/streptomycin (Gibco® Thermo Fisher Scientific).  

Human endothelial cells were isolated from the umbilical cord (human umbilical vein endothelial 

cells [HUVEC]) from various donors according to the procedure of Jaffe et al.96 HUVEC were 

cultured in M199 (Sigma Aldrich) + 20% FBS (Sigma Aldrich) + 2mM Glutamax I (Gibco Thermo 
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Fisher Scientific) + 100 U/100 μg/ml penicillin/streptomycin (Gibco Thermo Fisher Scientific) + 

25 μg/ml endothelial growth factor supplement (ECGS; Becton Dickinson and Company) + 25 

μg/ml heparin sodium salt (Sigma Aldrich) in a humidified atmosphere at 37 °C and 5% CO2. 

In Vitro Cyctoxicity and Cell Viability. The cytotoxicity and viability tests were carried out with 

the MG-63 cell line. The tests were performed by seeding 25,000 cells per well in a sterile flat-

bottom 96-well cell culture plate (Greiner, bio-one Cellstar) and cultivated for 24 hours prior to 

adding BM-aMCC particles at concentrations of 50 μg/mL, 100 μg/mL and 250 μg/mL. Cells with 

particles were incubated for 24 and 72 hours and for 7 days. In addition, unstimulated cells and 

wells with the equivalent particle concentrations but without cells were prepared as controls. All 

experiments were carried out three times and with three technical replicates. The results of the 

resazurin (RES) assay (see belwo) were presented as a percentage of the unstimulated cell control. 

The viability of the cell control was set at 100% for this analysis. The results of lactate 

dehydrogenase (LDH) assay were presented as percent of lysis of the cell control cytotoxicity set 

to 100%. A student's t‐test Type 3 was performed for statistical significance and is indicated as *p 

< 0.05. 

RES Assay. The resazurin cell viability assay is a fluorescence assay that detects cellular metabolic 

activities. The non-fluorescent, deep purple resazurin dye is irreversibly reduced by dehydrogenases 

in metabolically active cells to deep red, strongly red-fluorescent resorufin. The fluorescence can 

be measured at an excitation wavelength of 530 - 560 nm and an emission wavelength of 580 – 600 

nm using a Tecan spark plate reader. Resazurin was prepared by dissolving 20 mg resazurin (Sigma) 

in 100 ml Hanks' balanced salt solution with Mg2+ and Ca2+ (Sigma). At the respective time points, 

20 µl of this solution was added to each 96-well and incubated for 3 hr.  After this, fluorescene in 

wells was determined using wavelengths described above. The fluorescence signal is proportional 

to the number of living cells. 

LDH Assay. The toxicity of exposure to BM-aMCC particles on MG-63 cells was determined by 

measuring LDH released into the cell supernatant. The LDH was measured using the LDH CytoTox 

96® nonradio cytotoxicity assay (Promega, G1780) following the manufacturer's instructions.  

Cell Proliferation and Biocompatibility Studies. Cell biocompatibility of BM-aMCC particles 

was evaluated with the MG-63 cell line as well as with primary HUVEC cells. Cells were seeded 

at 50,000 cells per well with MG-63 or 80,000 cells per well with HUVEC in a 24-well cell culture 

plate (Greiner bio-one Cellstar) and cultivated for 24h in a humidified atmosphere prior to adding 

various concentartions (50 μg/mL, 100 μg/mL 250 μg/mL) of BM-aMCC. All cell culture plates 

with HUVEC were coated with gelatin (0.2%, Sigma–Aldrich) prior to the addition of cells and 

were performed with three different donors, each in passage 3. The studies with MG-63 were double 

determinations using 2 different passages of the cells. Untreated cells were used as controls. The 
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cells were evaluated optically using fluorescence microscopy (BZ-9000E BIOREVO, Keyence) at 

three different time points (24 hours, 72 hours, 7 days). To detect live cells, 10 μg/mL of the 

fluorescent dye calcein-AM (ThermoFischer) was added to each well and incubated for 10 min at 

humidified atmosphere92 prior to examination.  

Endotoxin and Gene Regulation Studies. Testing for the presence of endotoxin in BM-aMCC  

and examining endothelial gene expression was carried out as previously described.97 HUVEC were 

plated into 8-well chamber slides (Nunc, Sigma-Aldrich, Germany) and were incubated overnight.  

The next day, 1 µg of BM-aMCC, 1 µg of LPS in PBS (E. coli lipopolysaccharide, Sigma-Aldrich, 

Germany) or a combination of both was added to individual wells with the cells and incubated for 

4 h. Non-treated cells acted as control. After 4 h, cells were rinsed briefly with PBS and then fixed 

with 4% paraformaldehyde in PBS for 15 min at room temperature, washed 4X with PBS and then 

permeabilized with 0.5% Triton-X 100 for 10min. After washing four times with PBS, antibody 

(1:100, E-selectin, Monosan, Netherlands) was added and incubated overnight at 4˚C. Cells were 

then washed four times with PBS and the secondary antibody (1:1000, anti-mouse Alexa Fluor 488, 

Molecular Probes) was added and incubated for 1 h at room temperature.  After washing 3X with 

PBS, cells were stained with Hoechst 33342 (1:10,000 in PBS, Thermo Fisher Scientific, Dreieich, 

Germany) for 5 min RT and washed three times. Finally, the transwell chamber was removed and 

the cells on the slide were mounted with Fluoromount-GTM (Southern Biotech, Birmingham, AL, 

USA). Images were obtained using a fluorescence microscope (BZ-9000E BIOREVO, Keyence, 

Germany).” 
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3.1.7 Supporting Information 

 

 

Figure S18. Powder X-ray diffractrogram of ball milled calcite.  
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Figure S19. DTA and TGA traces for BM-aMCC (top: BM-aMCC 10% (left), BM-aMCC 

20% (right); middle: BM-aMCC 30% (left), BM-aMCC 40% (right), bottom: BM-aMCC 

50%). 
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Figure S20. TEM images and associated diffraction patterns for (a) BM-aMCC 30% and 

(b) aMCC 50%. 
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Figure S21. Section of the FTIR spectrum showing the band of the ν2 vibration mode of 

calcium carbonate. Best Peudo-Voigt fit used for crystallization curves.  
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Figure S22. Pair distribution function of aMCC in comparison to simulated PDFs of 

crystalline calcite and magnesite. The peaks at about 4.1 and 6.2 Å can be mainly assingned 

to metal-metal distances of the first and second homonuclear coordination spheres (due to 

the higher scattering cross section). 
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Figure S23. Scanning electron microscopy (SEM) images of aMCC 30% after incubation 

of SBF. The plate-shaped agglomerates shows typical morphology.1 
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Figure S24. 13C cross polarization of BM-aMCC 30% incubated in SBF with contact time 

of 2 ms. Best Pseudo-Voigt fit.  
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Figure S25. 13C cross polarization of BM-aMCC 30% incubated in SBF with contact time 

of 2 ms. The washing solvents (ethanol, acetone) and buffer is assingend in the spectrum. 
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Avrami equation: 

𝑥(𝑡) = 1 − 𝑒
(−(

𝑡
𝜏

)
2

)
 (1) 

 

n : Avrami exponent (dimension of nucleation) 

τ : kinetic constant  

t : time  

x : fraction of transformed material 

 

Table S3. Results of the best Avrami fits.   

 Avrami exponent 

n/ dimensionless 

Kinetic constant 

τ/1s-1 

Error τ/1s-1 

AMCC 10% 1 2.43 ∙ 10−2 5.3 ∙ 10−3 

AMCC 20% 1 2.77 ∙ 10−2 5.4 ∙ 10−3 

AMCC 30% 1 1.50 ∙ 10−2 2.2 ∙ 10−3 

AMCC 40% 

- 
AMCC 50% 

 

Table S4. Amount of starting materials for the corresponding sample. 

 𝒏𝒃𝒂𝒔.  𝑴𝒈𝑪𝑶𝟑
/mmol 𝒎𝒃𝒂𝒔.  𝑴𝒈𝑪𝑶𝟑

/mg 𝒏𝑪𝒂𝑪𝑶𝟑
/mmol 𝒎𝑪𝒂𝑪𝑶𝟑

/mg 

AMCC 

10% 

0.2 13.5 1.8 180.0 

AMCC 

20% 

0.4 27.0 1.6 160.0 

AMCC 

30% 

0.6 40.4 1.4 140.0 

AMCC 

40% 

0.8 53.9 1.2 120.0 

AMCC 

50% 

1 67.4 1 100.0 
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4 Chapter 3 
 

The contents of the following chapter are taken and partially adapted from Science 2021, 

submitted. 
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4.1 Arrested precipitation from amorphous precursors as a tool to 

explore pathways of mineral precipitation  
 

4.1.1 ABSTRACT 

 

“The synthesis of solids with limited phase stabilities is a challenging task. While 

traditional solid state reactions are diffusion limited, characterized by high temperatures 

and thermodynamically controlled, precipitation of ionic solids from liquids is typically 

nucleation limited and kinetically controlled. Understanding and controlling the 

competition between thermodynamics and kinetics is a fundamental step in elucidating 

reaction pathways. This can be realized by reducing transport pathways in amorphous 

intermediates and by reducing solvent concentrations to the interfacial level, enabling low 

activated reactions. The approach is the experimental counterpart of the simulated 

annealing approach used for computational prediction of inorganic solids. Its feasibility 

was tested for calcium sulfate, an important mineral in natural and industrial processes. The 

amorphous precursor is formed in a multistep reaction from CaCO3 and NaHSO4 via 

Na2SO4 and Ca(HCO3)2 followed by a hydrated sodium calcium sulfate 

(Na2Ca5(SO4)6∙3H2O). We discovered a new mineral, Ca2Na4(SO4)3(CO3)∙3H2O (mainzite) 

during the crystallization of bassanite (CaSO4∙½H2O), gypsum (CaSO4∙2H2O) and 

glauberite, depending on the solvent concentration. This could benefit setting reactions of 

cement and may have implications in (bio)mineralization, geology, and industrial processes 

based on the hydration of CaCO3 and CaSO4. 
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4.1.2 INTRODUCTION 

 

Understanding how solids form is important not only for materials synthesis1, but also for 

geo- and atmospheric science2,3, biomineralization2, structural biology 4 or pharmaceutical 

chemistry.5 The formation of solids illustrates the interplay of thermodynamics and 

kinetics. The elucidation of reaction pathways is related to the question whether a particular 

reaction is under kinetic (“what forms first”) or thermodynamic control (“what is stable”). 

Conventional solid-state synthesis is based on the reaction of solid reactants with grain 

sizes on a macroscopic scale compared to atomic distances. Since diffusion coefficients in 

the solid state are only at the order of 10-12 cm2/s, solid-state reactions are diffusion limited 

and require high thermal activation, favoring thermodynamic control and 

thermodynamically stable products. This precludes the formation of metastable and low-

temperature phases. Current limitations to discover these “missing” compounds are due do 

the challenge of predicting the energy landscape to assess potential metastability 

theoretically.6 From a practical perspective there is a lack of synthetic routes. 

Diffusion barriers for reactions between ions or molecules in homogeneous fluids are lower 

and diffusion rates are orders of magnitude higher. Thus, the formation of ionic solids in 

fluids is typically nucleation limited. Fast diffusion allows much of the energy landscape 

to be explored, but with limited ability to control what crystallizes. According to bulk 

thermodynamics the least soluble and most stable crystalline compound precipitates from 

supersaturated solutions7 stepwise via increasingly favorable intermediates.8 Still, many 

compounds precipitate non-classically via multi-stage pathways where a parent phase (e.g., 

a solution) first transforms into an transient phase (e.g., a dense liquid or clusters) 9 before 

the stable solid emerges.10–12 It is a matter of debate whether a final, stable phase nucleates 

directly from solution or forms in a multi-stage process.11,12 In addition, the chemistry of 

the solution from which precipitation occurs can govern phase selection. Although the 

solution does not change the relative stability of the phases, it can affect the surface energy 

at the solvent/crystal interface 13. As nuclei form at the nanoscale, the stabilization of a 

specific phase through its surface energy may be relevant for structure selection 13. 

Metastable phases with lower surface energy can surpass the steady state nucleation barrier 

of a stable phase, if they have lower nucleation barriers.14 The fundamental importance of 

nucleation has prompted many experimental and theoretical studies (10, 11, 14-17). The 

physicochemical conditions in model systems (such as the CaCO3 or CaSO4 
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systems)(10,11,14,15), from which most precipitates form, are close to ideal, whereas in 

real systems the supersaturations or alkalinities (e.g., during cement hardening) (18) are 

high or crystallization proceeds in restricted confined spaces. This hampers for example 

our ability to direct cement nucleation for healing fractures and pores in engineered 

structures.  

Diffusional control can be circumvented by reducing transport distances to atomic 

dimensions. Liquid-phase routes, chemical vapor transport and topochemical reactions 

enable access to new materials by reducing diffusional barriers and studying solid-state 

reaction mechanisms (19). This allow to modify solids in a predictable manner to generate 

new materials under diffusional control. A seminal approach by Johnson used reactions in 

modulated layers of elemental reactants to generate amorphous precursors of the targeted 

compounds whose constituents are mixed at the atomic level in an appropriate ratio.(19, 

20) Thus, nucleation becomes the rate-limiting step of the synthesis of metastable solids 

because the system is trapped in a local energy minimum under the reaction conditions. 

The approach proved useful for metal alloys that can be vapor deposited onto a support, 

but is not suitable for ionic solids with high melting points and low vapor pressures.  

We have used ball milling to prepare an amorphous intermediate where the ionic 

constituents of the targeted product are mixed on a molecular level and in an appropriate 

ratio. This randomly “frozen” mixture of ions serves as starting point for a solid-state 

synthesis from the ionic building blocks, where a solvent is added in very small amounts 

to allow a reordering of the structural constituents. Ion hydration and transport at interfaces 

are relevant in many applied and natural processes. Interfacial effects are pronounced in 

confined geometries such as nanopores, where the mechanisms of ion transport in bulk 

solutions may not apply.(20) Our approach experimentally reproduces the “simulated 

annealing” concept, which has been employed for predicting inorganic solids and their 

crystal structures 21. It allows to explore the energy landscape of the reaction system by 

controlling the supersaturation via the solvent concentration. Depending on the reaction 

conditions, different – and partly still unknown – mineral phases were formed.  

The CaSO4/CaCO3 system was selected for testing the feasibility of our approach. Both 

minerals are important raw materials and fillers in the cement and polymer industry,22 and 

they are textbook examples for the study of precipitation mechanisms and polymorphism 

2,9,11–13,23–25. Calcium sulfate is one of the most common evaporitic minerals on earth, which 
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occurs in three polymorphs (gypsum, bassanite and anhydrite) 26. The thermodynamic 

(meta)stability of the three CaSO4 polymorphs is dictated by the variables temperature, 

pressure, and ionic strength. At ambient temperature and pressure gypsum (CaSO4∙2H2O) 

represents the thermodynamically stable modification. It is formed in several distinct steps 

27 via aggregation of nanometer-sized primary species 24 and nanoparticles 28,29 followed 

by the precipitation of bassanite, the hemihydrate (CaSO4∙½H2O), by an oriented 

attachment of nanocrystals into elongated rods that finally transform into CaSO4∙2H2O 12.  

Calcium carbonate is a main component of limestone from deep-sea sediments and forms 

many important minerals on earth. It is a model system for understanding crystal 

nucleation. For many years, three anhydrous and two hydrated polymorphs were assumed 

to exist: Calcite, the thermodynamically stable polymorph at ambient conditions, aragonite, 

metastable at Earth’s near-surface conditions but common in marine and terrestrial 

environments, and vaterite, whose stability field is not well established 30. Recently, an 

aragonite precursor phase (mAra) was found to coexist with hydromagnesite 

(Mg5(CO3)4(OH)2∙4H2O) and magnesite (MgCO3) in stalactite drip water and flowstone 31. 

In addition to the known hydrated phases monohydrocalcite (CaCO3∙H2O) 30 and ikaite 

(CaCO3∙6H2O),30 a new hemihydrate (CaCO3∙½H2O) was discovered recently that forms 

in solution from amorphous calcium carbonate (ACC) in the presence of Mg2+ ions for 

Mg/Ca molar ratios of ~5/1 32.  
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Fig. 44. Overview of amorphization and crystallization paths highlighting reaction intermediates and final 

products for different conditions. 

 

 

4.1.3 RESULTS AND DISCUSSION 

 

The experimental realization of the concept is outlined in Fig. 44. The reactants, CaCO3 

and NaHSO4, were brought into a reactive amorphous form (calcium carbonate/sodium 

hydrogensulfate (aCCSHS)) by ball milling in a multistep reaction. Phase purity of the 

calcite and NaHSO4 precursors was confirmed by PXRD (fig. S26). Equimolar mixtures of 

calcite and NaHSO4 were ground for milling times between 10 min and 940 min with 

cyclohexane as dispersion medium. This reaction time was chosen to complete the reaction 

and reach mechanochemical equilibrium 33.  

 

 

Fig. 45. (a) Energy landscape of the mechanochemical amorphization path of the starting materials calcite 

and sodium hydrogen sulfate. (b) FTIR spectra of aCCSS (black line) with the corresponding starting 

materials calcite (blue line) and sodium hydrogen sulfate (red line). (c) X-ray powder diffractogram of the 
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first formed intermediate NaSO4. (d) X-ray powder diffractogram of the intermediate omongwaite. (e) X-ray 

powder diffractograms of aCCSHS (black) and ball-milled calcite (grey) with the corresponding background.  

Reflection broadening shows that milling of pure calcite decreases the crystallite size. After 

10 min the reflections of a first (Na2SO4, thenardite) intermediate appeared (Fig. 45C). The 

diffractogram was refined using the Rietveld method applying the thenardite Na2SO4 

structure34. After 40 min the reflections of a omongwaite 35, a rare mineral from salt lake 

deposits in Namibia (Na2Ca5(SO4)6•3H2O), were identified (Fig. 45D) by Rietveld fitting 

36. Omongwaite occurs naturally as inclusion in gypsum crystals, but has been prepared in 

the laboratory as well 37. The formation of thenardite and omongwaite are compatible with 

a proton transfer from the HSO4
- (stronger acid) to the CO3

2- anion (stronger base). Results 

were supported using ex situ XRPD and 23Na ssNMR (fig. S27). 

Vibrational spectroscopy is sensitive to the crystallinity of a compound due to the ability 

to measure lattice vibrations, in particular at low wavenumbers. The Raman spectrum of 

calcite shows a lattice mode at 283 cm-1 which is absent in the spectrum of the ball-milled 

calcium carbonate/sodium hydrogensulfate (aCCSHS) composite (fig. S28). The 

broadening of all bands in the Fourier transform infrared (FTIR) spectra (Fig 2B), in 

particular of the 3 band (asymmetric stretch) of the CO3
2- group at 1400 cm-1 with milling 

time indicates a loss of long-range order and increasing amorphization. The 2 (out-of-

plane deformation) band of the CO3
2- group at 850 cm-1 broadens and a HCO3

- band 

evolves at 870 cm-1 after 160 min. The 4 (in-plane deformation) band of the CO3
2- group 

at 713 cm-1 vanishes and two bands appear at 690 and 730 cm-1. The 1 (symmetric stretch) 

band of the CO3
2- group at 1010 cm-1 overlaps with the 3 (asymmetric stretch) band of 

the SO4
2- group. Two new bands at 835 cm-1 and 1650 cm-1 associated with the HCO3

- 

appear while the O-H stretch of the HSO4
- group at 3496 cm-1 is lost and indicates a 

protonation of the CO3
2- anion (stronger base) by the HSO4

- anion (stronger acid) during 

the ball milling reaction. This is supported by the FTIR spectra of 13C enriched aCCSHS 

(fig. S29) which facilitate a spectral assignment, because the higher mass of the 13C isotope 

shifts bands associated with the carbonate group to lower wavenumbers, the 4 band being 

the only exception. The 2 (HO-CO2 in-plane deformation) and 3 (HO-CO2 in-plane 

stretch) bands are strongly shifted. Since the 2 mode of the carbonate group is non-

degenerate, the splitting of the band indicates the formation of a second phase. The bands 

at higher (1484 cm-1) and lower (1413 cm-1) are assigned to the CO3
2- and HOCO2

- groups 

in aCCSHS. The bands of the sulfate groups (as: 1120 and 1086 cm-1; s: 995 cm-1) 
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remained unaffected by the 13C substitution. Transmission electron microscopy (TEM) 

images and the associated diffraction patterns for aCCSHS confirm the complete lack of 

long-range order (fig. S30). 

Complementary information about the chemical environment of the carbonate group in 

aCCSHS was obtained by 13C single pulse excitation (SPE) and cross-polarization (CP) 

MAS NMR spectroscopy (Fig. 46A). The 13C SPE NMR spectrum (fig. S31) recorded with 

2400 s recycle delay to ensure complete relaxation is characterized by two resonances at 

168 ppm with full width at half height (fwhh) of 375Hz and at 162 ppm (fwhh of 655 Hz) 

with an integral ratio of 4.5 : 1. The former signal is compatible with ACC considering that 

calcite resonates at 168.2 ppm with fwhh of ca 100 Hz (Figure 3a black line) and that the 

typical BM-ACC is detected at ca. 168 ppm, but with a significantly higher fwhh of 1400 

Hz (37). The high field shifted 13C resonance at 162 ppm is characteristic for HCO3
- groups 

(as in solid NaHCO3 or KHCO3) (37,38). Further confirmation of this assignment is found 

in the 13C CP NMR experiment. The intensity of the signal at 162 ppm is significantly 

increased compared to the SPE spectrum most probably due to the 1H-13C dipole-dipole 

coupling with the bicarbonate proton. It should be noted that the ACC 13C signal is also 

detected in this experiment which proves the presence of proton species in the vicinity of 

the carbonate group unlike in the crystalline calcite. 
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Fig. 46. (a) 13C-MAS-NMR single pulse excitation (SPE) spectrum (blue line), cross polarization (CP) 

spectrum (red line) and SPE spectrum of the starting material calcite (black line). The CP experiment 

highlights two different 13C environments corresponding to carbonate and hydrogen carbonate. 1H-13C 

heteronuclear correlation (HETCOR) spectrum of aCCSHS recorded with a contact time of 50 μs (b) and 2 

ms (c). Short contact time HETCOR spectrum confirms the appearance of hydrogen carbonate anions. (d) 

Model of aCCSHS obtained by simulated annealing. (e) Pair distribution functions (PDF) of aCCSHS (black 

line), amorphous calcium carbonate (ACC) grey line. Simulated PDFs of crystalline calcite (blue line) and 

crystalline sodium hydrogen sulfate (purple line) are shown for comparison. (f) PDF of the aCCSHS model 

(red line) and the experimental aCCSHS (black line). The grey line shows the difference of the modelled PDF 

to the experimental PDF. 

The emerging component of the aCCSHS composite is detected in the 1H,13C 2D 

heteronuclear correlation (HETCOR) spectra (Fig. 46B & C) that establish connectivities 

within the carbonate/hydrogen system and so refine the characterization of the interactions 

between them. Short contact times (50 s) map the protons in close proximity, while long 

contact times (2000 s) map the protons at larger separations. The HETCOR spectrum 

recorded with a contact time 50 s shows only the correlation between the bicarbonate 

proton and the respective 13C signal at 162 ppm. Since this proton is in close proximity of 

the 13C atom with a typical shift for hydrogen carbonate units this assignment is in harmony 

with the IR spectroscopic results. Correlations over large spatial separations are mapped in 

HETCOR experiments due to heteronuclear dipole-dipole coupling with contact times of 

2000 s. In addition to the bicarbonate correlation peak two more signals related with the 
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carbonate carbon appear in this HETCOR spectrum. The 13C signal of ACC is strongly 

correlated with the water signal at 5 ppm which proves that the amorphization of ACC is 

partially due to the incorporation of water in the lattice. Another weaker correlation with 

the proton at 11 ppm is also observed (1H SPE spectrum of aCCSHS, fig. S32). Therefore, 

this signal is related to both hydrogen atoms of the hydrogen sulfate and hydrogen 

carbonate anions (1H SPE spectrum of NaHSO4, fig. S33). 

Another piece of information was gathered by pair distribution function (PDF) analysis. X-

ray total-scattering data, obtained at beamline ID 15-1 of Diamond Light Source and 

extracted with the program GUDRUN4 revealed six pronounced peaks at 1.46 Å, 2.38 Å, 

3.14 Å, 3.62 Å, 4.18 Å and 6.40 Å (Fig. 46E). Beyond 7 Å the PDF was virtually a 

featureless line, underlining the amorphous character of aCCSHS, i.e., the long-range order 

of the reactants is lost during milling. In contrast, the simulated PDF functions of calcite 

and NaHSO4 show a multitude of distinct maxima, even at higher r values. The first 

maximum can be assigned mainly to the sulfur-oxygen (sulfate ion) distance at 1.46 Å. We 

assume that carbon-oxygen (carbonate ion) separations contribute to this peak as well. The 

effective shift is small as the peak is a superposition of both, the S-O and the C-O distances, 

with the C-O portion contributing much less because the atomic form factors of carbon and 

oxygen keep the contribution of the C-O pairs small. A C-O distance of 1.3 Å could be an 

explanation for the merged peak as well 40. The peak height is not only a measure of the 

coordination number, but also the total number and product of the atomic form factors. The 

second peak at 2.38 Å arises mainly from metal to oxygen (M-O) distances, and O-O 

distances contribute to the peak as well. M-S distances contributes to the third peak at 3.14 

Å. The PDF data was modelled with TOPAS Academic V6 41. Fig. 46F shows a converged 

model with a residual of Rwp= 8.5. All runs converge into a model showing a solid solution 

of the starting materials (Fig. 46D). In no case phase separation or domains with a higher 

degree of sulfate or carbonate occur. Due to the small scattering cross section of the 

hydrogen atoms, it is not possible to detect any hydrogen positions. We used the ssNMR 

results to determine the ratio of hydrogen carbonate and carbonate anions. Thus, we have 

been able to extrapolate the amount of hydrogen carbonate and hydrogen sulfate ions and 

model them as rigid bodies. The PDF of aCCSHS has some truncation oscillations at low 

distances, therefore, the data below 1.2 Å have been neglected for the modelling.  
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Fig. 47. (a) Energy landscape of the crystallization path of aCCSHS. (b) FTIR spectrum mainzite. (c) FTIR 

spectra of the dissolution and crystallization process from aCCSHS via bassanite (red) to gypsum (blue) as a 

function of time (from bottom to top: 10 s, 60 s, 600 s, 3600 s). 

Crystallization of aCCSHS. Upon heating (TGA/TG traces fig. S34) aCCSHS gradually 

loses cyclohexane solvate. At ~400 °C crystallization occurs into anhydrite (CaSO4) and 

glauberite (Na2Ca(SO4)2), a mineral that is associated with anhydrite or gypsum and 

typically forms in continental and marine evaporites (X-ray powder diffractogram fig. S35). 

Further heating to 700 °C leads to the formation of a mixture of CaO, Na2O, CaSO4 and 

Na2SO4 by release CO2 (fig. S36). 

When exposing aCCSHS to water, calcite was formed within seconds as shown by FTIR 

spectroscopy. The crystallization of the sulfate component (1=1008 cm-1, 3=1110 and 

1140 cm-1, 2=660 cm-1) proceeded more slowly (Fig. 47A). After 10 s bassanite with the 

characteristic sharp bands of structural water at 3500 cm-1 (1) and 3600 cm-1 (3) was 
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formed 42. After 10 min bassanite transformed to gypsum (CaSO42H2O) (water bands 1 

= 3400 cm-1 and 3500 cm-1, 3 = 3550 cm-1) by dissolution/recrystallization (Fig. 47B). The 

fast formation of bassanite has practical implications as it indicates a fast and cost-effective 

pathway for bassanite formation at ambient temperature. About 100 megatons of bassanite 

per year are produced for construction purposes (“plaster of Paris”) by slow thermal 

dehydration of gypsum. A fast aqueous route to bassanite at ambient temperature could 

reduce the energy cost of the high-temperature process by orders of magnitude. 

The crystallization rate was reduced significantly in water/acetonitrile (2.5/97.5) mixtures. 

(Fig. 47C) Acetonitrile is readily miscible with water and – different from alcohols 42,43 – 

does not affect the crystallization of the carbonate component. After 24 h the characteristic 

bands of the sulfate anion appeared, but the 2 band of the CO3
2- anion at 870 cm-1 was 

split, indicating the formation of a second phase. Since the characteristic 1 band of 

bassanite at 3500 cm-1 associated with structural water appeared only after 24 h (whereas 

bassanite in pure water formed within 10 s), the formation of an intermediate phase was 

assumed. When exposing aCCSHS to atmospheric air, a material with identical IR 

spectrum was formed after 4 days. These findings could be verified by crystallization in 

paraffin oil, monitored ex situ using X-ray powder diffraction (fig. S37). 

We carried out a structure analysis from powders, but the synchrotron X-ray powder 

diffraction data (SXPRD) did not match with any known carbonate or sulfate phase. Since 

ab initio crystal structure solution based on PXRD data was not possible, we applied three-

dimensional electron diffraction (3D ED) to determine the crystal structure from single 

nanocrystals 44. Our three-dimensional reconstruction of 3D ED data taken from crystals 

with unspecific morphology (inset Fig. 48A) revealed an orthorhombic unit cell for 

Ca2Na4(SO4)3(CO3)∙(H2O)3 with the acentric space group Pcm21 (No. 26) and lattice 

parameters a = 6.43 Å, b = 6.91 Å and c = 18.32 Å. In the reconstructed crystallographic 

sections h0l and hk0 (Fig. 48A and C) additional reflections for h = 0.5∙n are visible 

indicating a superstructure with a’ = 2a. In addition, diffuse scattering appears along c*. 

The solution of the average crystal structure based on the original a axis using direct 

methods resulted in an residual R(F) of 17.13 % (Table S5) and yielded the atomic positions 

of the Ca2+ and Na+ cations, of the SO4
2- and CO3

2- anions and the position of additional O 

atoms from water molecules. (Table S6)  
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Fig. 48. Crystal structure of Ca2Na4(SO4)3(CO3)∙3H2O (mainzite) determined from 3D ED data and 

comparison with the structure of Ca5Na2(SO4)6∙3H2O (omongwaite). Mainzite: space group Pcm21 (a = 6.43 

Å, b = 6.91 Å, c = 18.32 Å). Three-dimensional reconstructed crystallographic sections 0kl, h0l and hk0. The 

projected reciprocal unit cell displayed as a red rectangle. (A, B, C) Additional reflections indicating a 

superstructure with a’ = 2a marked with green arrows. (B, C) Enlarged regions of strong diffuse scattering 

along the c* axis with yellow frames. (B) STEM image: mainzite marked with red circle (scale bar 0.5 µm). 

(inset C); Comparison of the crystal structure of omongwaite in A2 setting (top) and mainzite (bottom) 

projected along the c axis. Planes containing sulfate and carbonate anions highlighted in light pink (D); 

Projection of mainzite along the c axis. (E) Blue-green spheres represents Ca, grey spheres Na, red spheres 

O (SO4
2-/CO3

2-: 0.66 and 0.33 for pair 1 and 2), brown spheres C, and blue spheres O (of the water molecules, 

H atoms not shown). Na+ cations in heptagon coordination (2.24-2.65 Å) with additional contacts (2.93-3.02 

Å). Ca2+ cations 8–fold coordination, Ca-O (2.31-2.81 Å) (Fig. S40, Tables S6-S8).  

 

The structure of mainzite is related to the structure of the mineral omongwaite (Fig. 48D). 

Both structures contain layers of Ca2+ cations 8-fold coordinated by SO4
2-/CO32- anions 
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and a water molecule. In the structure of omongwaite, these layers alternate with mixed 

CaSO4/NaSO4 layers containing channels filled with hydrated Na+ cations. In the structure 

of mainzite this mixed layer contains additional SO4
2-/CO3

2- anions and Na+ cations with a 

hydrate water molecule. This leads to an increased (from 5.93 to 9.16 Å) separation 

between the CaSO4 layers compared to omongwaite (Fig. 48D). The superstructure along 

a is caused by an inhomogeneous distribution of anions (SO4
2-/CO3

2-: 2/1 and 1/2, 

respectively) associated with evidence of stacking faults (Fig. 48E). The doubling of the a 

axis is indicated by a reflection at 2θ = 2.05° (Q = 0.49 Å-1) in the powder diffractogram 

(Fig. 49). A structure determination in the supercell with a’ = 2a provided the CaSO4 layers 

and parts of the intermediate layer. The achieved completeness and data quality allowed 

only an approximate determination of the distribution of carbonate and sulfate ions. 

 

Fig. 49. Synchrotron X-ray powder diffraction pattern (SXRPD) of mainzite (Ca2Na4(SO4)3(CO3)∙3H2O) 

(black line). (A) Pawley fit of mainzite (Pmc21) and Rietveld fit of glauberite and -CaSO4. (B) Simulated X-

ray powder diffractograms (XRPD) of the mainzite model (red line) and glauberite (blue line).  

Pawley refinement against synchrotron X-ray powder diffraction data in the acentric space 

group Pcm21 showed a moderate fit (Fig. 49) and converged at relatively high residuals 

(even for nanocrystalline samples). In addition to mainzite, glauberite and -CaSO4 were 

identified in the powder sample by Rietveld refinement. Refinement based on the mainzite 

structure model was not possible due to the doubling of the a axis, the high disorder of the 

material and the relatively low crystallinity. Definite proof of the microstructure model 

would require simulations 45 using stacking models with different layer constitutions or 

specific faults within each individual regime, which is currently not possible.  
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Mechanism of mainzite formation. The formation of Ca2Na4(SO4)3(CO3)·3H2O competes 

with that of gypsum and calcite in sulfate- and carbonate-rich environments. A central 

question is which driving forces govern the crystallization pathway, in particular when an 

amorphous precursor phase is involved. When anhydrous aCCSHS is exposed to excess 

water, the crystallization of CaCO3 competes with that of CaSO4. Calcite is formed within 

seconds, because it has a much lower solubility (pKL = 8.48) than gypsum or bassanite 

(pKL = 4.58 and 4.05).46 When the water concentration is reduced by two orders of 

magnitude in acetonitrile/water mixtures (or by vapor diffusion), the concentrations of the 

Ca2+, SO4
2- and HCO3

- ions are increased accordingly. SO4
2- and Mg2+ ions are known to 

affect calcite growth, dissolution and surface enrgy.47,48 Therefore, the growth of calcite 

appears to be inhibited and mainzite to crystallize in the presence of SO4
2- anions. This is 

in harmony with control experiments, where aMgCSHS (the Mg counterpart of aCCSHS, 

fig. S38) formed aragonite (based on vibrational spectroscopy analysis), which transformed 

to basic magnesium carbonate (Mg(CO3)·Mg(OH)2) after 24 h while sulfate dissolved. 

Addition of Mg2+ slowed down the crystallization considerably, as indicated by the 

crystallization times in pure water. The presence of Mg2+ allowed the formation amorphous 

precursors and enforced phase separation into aragonite, basic magnesium carbonate and 

(water soluble) NaHSO4. 

The solubility window for gypsum, calcite and mainzite in water was estimated with 

PHREEQC.49 The solubility of gypsum is hardly affected by carbonate anions in the 

relevant concentration range. As no thermodynamic data are available for mainzite, the 

behavior was approximated with the Ca2(SO4)(CO3)·4H2O mineral.(fig. S39) For CaCO3 

(c  0.54 mol/L, corresponding to the amount of CaCO3 in aCCSHS) large sulfate 

concentrations are required for precipitation, but the high ionic strengths limit the validity 

of the calulations. Inhibition of calcite precipitation and water diffusion appear critical for 

the formation to mainzite.50  
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4.1.4 CONCLUSIONS 

 

In conclusion, we have unraveled the chemistry of the calcium carbonate/sulfate reaction 

system by balancing the effects of nucleation and diffusion. The nucleation kinetics was 

controlled by the diffusion by the concentration of water in acetonitrile/water solvent 

mixtures. For high water concentrations calcite was formed instantaneously. Bassanite and 

gypsum were formed time-delayed for low water concentrations, and a new ternary mineral 

was formed for still lower concentrations of water. The average composition of the 

amorphous intermediate prevents binary precipitation of the binary minerals calcium 

sulfate and calcium carbonate, i.e., the synthetic approach gives access to rare compounds 

which would be difficult or even impossible to prepare at ambient temperature using 

conventional precipitation routes. The discovery of these minerals, their formation 

pathways, and their complete structure determination using X-ray powder or electron 

diffraction substantially expand our knowledge of the CaSO4 and CaCO3 families. The 

results could have practical implications in geochemical, industrial or (bio)mineralization 

processes involving the hydration of calcium carbonate and calcium sulfate.  
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4.1.6  METHODS 

 

Materials. Calcite (98%, Socal 31, Solvay), sodium bisulfate (anhydrous 95%, Honeywell 

Fluka), calcium carbonate-13C (99 atom % 13C, isotec), calcium sulfate dihydrate 

(99%,Sigma Aldrich), calcium sulfate hemihydrate (98%,Sigma Aldrich), cyclohexane 

(Analytical reagent grade, Fisher Chemicals), ethanol (absolute 99.8+%, Fisher 

Chemicals), acetonitrile (for HPLC, gradient grade, 99.9 %, Honeywell Riedel-de Haën) 

and milliQ deionized water. 

Synthesis of amorphous calcium carbonate sodium hydrogen sulfate. Sodium hydrogen 

sulfate (0.120 g, 1 mmol) was treated with calcium carbonate (0.100 g, 1 mmol) in a 

planetary ball mill (Pulverisette 7 Classic, Fritsch). The starting materials and 10 mL of 

cyclohexane were transferred together with 3.65 grams of grinding balls (about 1100 balls, 

1 mm diameter, ZrO2) into ZrO2 grinding jars. The mixture was milled for 12 h at 720 rpm. 

To avoid overheating, alternate 10 minutes of grinding and then a 10 minute rest phase was 

used. Therefore, 720 minutes of ball milling results in 1430 minutes of reaction time.  

Afterward, the cyclohexane was removed with a pipette. The product was dispersed in 

ethanol and separated from the grinding balls by decanting. The product was isolated by 

centrifugation and dried in vacuo. 

Crystallization experiments. The crystallization experiments were carried out by adding 

aCCSHS to a solution of acetonitrile and water resulting in a concentration of 3 mg/mL. 

To monitor the crystallization ex situ at a given time 1 ml of the dispersion was transferred 

to a microreaction vessel containing 0.5 ml acetone. After centrifugation, the liquid phase 

was decanted, washed with acetone again and dried in vacuo. 

Characterization 

 X-ray Powder Diffraction. X-ray diffractograms were recorded with a STOE Stadi P 

equipped with a Mythen 1k detector using Mo Kα1 radiation (λ=0.7093 Å). The dry samples 

were prepared between polyvinyl acetate foils in perfluoroether (Fomblin Y, Aldrich). The 

measurements were performed in the 2θ range from 2° to 45° with a step size of 0.015° 

(continuous scan, 150 s/deg). Crystalline phases were identified according to the PDF-2 

database using Bruker AXS.  
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ATR-FTIR Spectroscopy. The attenuated total reflection (ATR) FTIR spectra were recorded 

on a Nicolet iS10 spectrometer (Thermo scientific) using a frequency range from 550 to 

4000 cm-1 with a resolution of 1.4 cm-1 per data point.  

Raman Spectroscopy. Raman spectra were measured on a Nicolet 5700 FT-IR spectrometer 

combined with NXR 9650 FT-Raman Module equipped with a 1064 nm laser, a Microstage 

Microscope, and a NXR Genie Ge-detector using single crystals in glass capillaries under 

inert gas. 

Solid-State NMR Spectroscopy. All solid state NMR spectra were recorded on a Bruker 

Advance 400 DSX NMR spectrometer (Bruker BioSpin GmbH, Rheinstteten, Germany 

operated by Topspin 1.3, 2007, patchlevel 8) at a 1H frequency of 399.87 MHz, 13C 

frequency of 100.55 MHz and 31P frequency of 161.87 MHz. A commercial 3 channel 4 

mm Bruker probe head at 10 kHz magic angle spinning (MAS) was used for all 

experiments. The 1H NMR spectra and 1H background corrected spectra were recorded 

averaging 32 transients with 8 s recycle delay. For all solid-state 13C cross-polarization 

(CP) magic angle spinning (MAS) NMR experiments, an initial 90° pulse with 4.0 μs length 

and 5 s recycle delay were used. A ramped CP pulse (from 64 to 100%) with duration of 

20 μs, 50 μs, 100 μs, 200 μs, 500 μs, 1 ms, 2 ms, 3 ms, 5 ms and 7 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. 512 transients were averaged for the CP experiments. 

The spectra were baseline-corrected and a broadening of 30 Hz was applied. Quantitative 

13C single pulse excitation experiments allowing full relaxation have been recorded 

averaging 16 transients with a recycle delay of 2200 s and TPPM heteronuclear decoupling. 

The spectrum was background corrected and a broadening of 30 Hz was applied. The 1H-

13C heteronuclear correlation (HETCOR) 2D NMR spectra were acquired using 1H-13C 

magnetization transfer with contact times of 50 and 2000 μs and 256 transients/t1. The data 

points recorded were 1 k (t1) and 96 or 128 (t2) and zero-filled to 4 k (t1) and 256 (t2) 

before the 2D Fourier transformation. The other parameters were identical to those for the 

1D CP NMR experiments. Spectral deconvolution were performed using self-written 

Matlab scripts (version 2017b).  

Thermal Analysis. Coupled thermogravimetry-differential thermal analysis (TG-DTA) was 

carried out at a Netzsch STA 449 F3 Jupiter device. About 10 mg of the sample was heated 

in an alumina cup in argon atmosphere from 50 to 900 °C at a heating rate of 10 K/min. 



 

154 

 

Transmission Electron Microscopy (TEM). TEM samples were prepared by dispersing the 

dry powder mixture in ethanol and spraying it on a carbon-coated copper grid with a 

UIS250v Hielscher sonifier. A FEI Tecnai F30 S-TWIN TEM equipped with a field 

emission gun and operated at 300 kV was used for their inspection. The fast and automated 

diffraction tomography (Fast-ADT) routine in STEM mode, which is implemented as a 

Digital Micrograph plug-in, was employed for the acquisition of 3D electron diffraction 

(3D ED) datasets 1. During these diffraction collections, a quasi-parallel beam of 150-nm 

in size was set to acquire the patterns by means of a 10-μm condenser aperture, spot size 6 

and gun lens 8 2. The energy dispersive X-ray spectroscopy (EDS) measurements were 

conducted with a 50-μm condenser aperture, spot size 6 and gun lens 1 to increase the 

electron dose and have a reliable number of counts on the EDS detector (EDAX EDAM 

III). STEM images were collected using a Fischione high-angle annular dark field 

(HAADF) detector, while electron diffraction patterns were acquired with an 

UltraScan4000 CCD-based detector (Gatan, 16-bit, 4096 x 4096 pixels). Hardware binning 

2 and exposure time of 1 second were used to acquire non-saturated reflections. Precession 

electron diffraction (PED) was coupled to the Fast-ADT routine to minimize the dynamical 

effects of the diffraction data and improve the reflection intensity integration quality 3–5. 

PED was applied from the DigiStar signal generator unit developed by NanoMegas SPRL 

and it was kept to 1° for all 3D ED datasets.   

A FEI single-tilt holder as well as a Fischione tomography holder were used to acquire 

seven 3D ED datasets with a maximum angular range between -60° and 60°. The 

processing of the obtained diffraction data for unit cell determination, space group 

identification and reflection intensity extraction was carried out by eADT and PETS2 

programs 6,7. Ab initio crystal structure determination was performed with Sir2014 and 

Jana2006 using direct methods and the charge-flipping algorithm, respectively 8,9. EDS 

peak identification was done via the ES Vision software.  

In order to increase the crystallographic completeness of the 3D electron diffraction data, 

three datasets were merged as one and reconstructed with PETS2.06 7. It was necessary to 

carefully refine the orientation of each single frame. The data integration with the subunit 

cell resulted in Rint(all) of 11.76% for Laue class mmm. Ab initio structure solution was 

performed (RF = 15.9%) assuming the kinematic approximation I ∼ |Fhkl|² by Direct 

Methods implemented in the program SIR2014 8. The atomic coordinates sorted by 

scattering density are listed Table S2. The atom types of S2 was changed into calcium and 
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Ca1 and C1 were changed into sulfur. Atomic sites referenced to sodium are O1, O2 and 

S1, S3, Na1, Na2, Na3, C3 belongs to oxygen. The atom type of O1 was changed into 

carbon, whereas O10, C2, C4, C5, C6 and C7 have been deleted. The isotropic atomic 

displacement parameters of Ca, S, Na and O, C atoms were set to 0.015 Å² and 0.003 Å², 

respectively. After the structure refinement (Table S1 and S2) with Shelxle/SHELXL 10 

high residuals (78 e–m-3:Q1-C2 = 0.598 Å; 54 e–m-3:Q2-S3 = 0.625 Å and 31 e–m-3:Q1-

Q5 = 1.515 Å) could be attributed to an overlay of sulfate with carbonate (displacement 

factors fixed to 0.01 for S3, C1, S4, C2). In addition, two water positions were detected.  

The refinement assuming 1:1 ratio of sulfate to carbonate and water converged to a residual 

of R1=17.1% (highest residual 0.24 e–m-3@ Na). Due to preferred crystal orientation the 

intensity data complete-ness (coverage of independent reflections) reached only 80% after 

merging thus, the structure model was not refined on the basis of the detected supercell. 

Synchrotron X-ray powder diffraction data. High resolution synchrotron powder 

diffraction data were collected using beamline 11-BM at the Advanced Photon Source 

(APS), Argonne National Laboratory using an average wavelength of  0.458104 Å. Discrete 

detectors covering an angular range from -6 to 16 º 2θ are scanned over a 34º 2θ range, 

with data points collected every 0.001º 2 θ and scan speed of 0.01º/s. 

Total Scattering. Total scattering measurement of the amorphous calcium carbonate 

sodium hydrogen sulfate were performed at beamline I15-1 at the Diamond Light Source, 

UK, using an X-ray energy of 76.69  keV (λ = 0.161669 Å). A Perkin Elmer XRD 4343 

CT and a PerkinElmer XRD 16611 CP 3 was used as a primary and secondary detector.  

The resulted 2D images were integrated by using the software DAWNscience.11 The 

analysis of the atomic pair distribution function (PDF) was performed utilizing the 

GudrunX software with Qmax = 25 Å-1. We used TOPAS AcademicV6 for modelling and 

simulating the PDFs. Structural models were derived for a set of 42 calcium 42 sodium 42 

hydrogen, 42 carbonate and 42 sulfate ions inside a cubic box of space group symmetry P1. 

We treated carbonate, hydrogen carbonate, sulfate, and hydrogen sulfate ions as rigid 

bodies. Furthermore, for electrostatic interactions the Lennard-Jones Potential was utilized 

as a light penalty via the General Real Space (GRS) interaction by TOPAS 12. Also, we 

applied minimum distance restraints for all atom pairs to avoid chemical unreasonable 

solutions. All fractional and rigid body coordinates have been set initially to the origin. 

Simulated Annealing with a high starting “temperature” allow probing the entire real space 

in the beginning of a run.“ 
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4.1.7 SUPPORTING INFORMATION 

 

Fig S26. X-ray powder diffractograms of the starting materials (a) calcite and (b) NaHSO4. NaHSO4 is a 

mixture of NaHSO4, NaHSO4∙H2O and Na3H(SO4)2. 
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Fig S27. (a) X-ray powder diffractograms of the amorphization process monitored ex situ. The broadening 

and loss of reflections as a function of time displays the process of amorphization. (b) 23Na-MAS-NMR 

spectra of the ball mill reaction before starting the grinding process (green line) and after different times of 

grinding indicates the formation of the amorphous phase. 

The course of the ball milling reaction between CaCO3 and NaHSO4 could be monitored 

by 23Na magic angle spinning nuclear magnetic resonance (23Na-MAS-NMR) 

spectroscopy. The 23Na-MAS NMR spectrum of crystalline NaHSO4 shows one slightly 

asymmetric intense signal at -18.4 ppm and a second weak signal at -8.1 ppm 

corresponding to the non-symmetric (6+1) Na+ coordination in the -NaHSO4 structure (fig 

S2b), while each Na+ cation is coordinated octahedrally by six HSO4
- units in -NaHSO4.13 

After a milling time of 30 min the signals had shifted and split, corresponding to the 

presence of two possible bonding geometries (8- and 9 coordinated) of Na+ in the 

omongwaite struc-ture (Figure 2B). These signals further broadened, and after 240 min 

only a single broad 23Na signal centered at -12 ppm was observed.  
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Fig S28. Raman spectra of aCCSHS (black line) with the corresponding starting materials calcite (blue line) 

and sodium hydrogen sulfate (red line). 
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Fig S29. FTIR spectra of aCCSS (black line) and 13C-enriched aCCSS (blue line) allows to distinguish 

between carbonate and sulfate vibration modes (difference curve, grey line). 
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Fig S30. TEM image of aCCSHS and the associated diffraction pattern after 470 min of milling show 

complete amorphization. 

The morphology of the particles is very different compared to amorphous carbonates precipitated 

from solution, and the particles have much larger diameters (up to 1 m).14 
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Fig S31. Best Pseudo-Voigt Fit of the 13C MAS SPE NMR spectrum of aCCSS recorded with 2400 s recycle 

delay to ensure complete relaxation showing a ratio of 4.5:1 carbonate to hydrogen carbonate. 
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Fig S32. 1H-MAS-NMR single pulse excitation (SPE) spectrum of aCCSHS. 

The signals of the  1H-SPE-MAS-NMR spectrum appear at 1.43 ppm (cyclohexane, 

dispersant), 5 ppm (water), 11 ppm (bicarbonate). Additionally,  signals at ~1.3 and ~3 ppm 

due to the CH3 and CH2 groups of ethanol used to wash the amorphous material are detected 

while the resonance of the OH protons overlaps with the water signal. Despite washing the 

amorphous material with ethanol, cyclohexane is still present in the product (probably 

located within the grain boundaries of the amorphous material). However, cyclohexane 

does not show up in the HETCOR experiments. Therefore, the dispersant retains high 

mobility which leads to significantly reducing the dipole-dipole couplings and resp. to 

failure to detect in the cross-polarization experiment. Another confirmation is the sharp 1H 

resonance signal of cyclohexane which correlates well with high mobility. 
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Fig S33. 1H-MAS-NMR single pulse excitation (SPE) spectrum of NaHSO4. 
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Fig S34. Thermogravimetric (black line) and differential thermal analysis (blue line) of aCCSHS. 
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Fig S35. X-ray powder diffractorgram of aCCSS annealed at 450 °C. The Rietveld fit reveals the formation 

of glauberite (Na2Ca(SO4)2). 
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Fig S36. X-ray powder diffractogram of aCCSHS after annealing at 750 °C. The Rietveld fit reveals the 

formation of glauberite (Na2Ca(SO4)2). 
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Fig S37. X-ray powder diffractogram of aCCSHS in paraffin oil. Slow crystallization occurs within several 

days. 
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Fig S38. X-ray powder diffractograms of aCCSHS (black line) and aCCSHS synthesiszed with basic 

magnesium carbonate (ratio of Ca2+ to Mg 2+ is 1:1). The grey line is the background. 
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Fig S39. Approximated solubility window of various sulfate phases. Ca2(SO4)(CO3)·4H2O (rapidcreekite), 

glauberite and thenardite are expected to be precipitated. Remarkably, glauberite can be detected as a 

secondary phase in the SXRPD. 
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Fig S40. Sketch of Ca coordination in Mainzite. Calcium atoms green sphere, sulfur atoms yellow sphere, 

oxygen atoms red sphere. Atom names according to Tables S2, S3, S4.   
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 Table S5. 3D ED parameters, structure solution and residuals.  

 Mainzite 

Crystal data  

Crystal system, space group orthorhombic, Pcm21 (No. 26) 

a (Å), b (Å), c (Å), V (Å³) 6.431(1), 6.906(1), 18.321(5), 813.6(3) 

Z 2 

Unit cell content Ca4Na8S6C2O35 

  

Data collection  

Radiation type electrons, 300 kV 

Wavelength (Å) 0.01970 

Temperature (K) 293 

Precession angle (deg.) 0.94 

Resolution (Å-1) 0.83 

Tilt step Three combined datasets, each with 1° tilt step 

No of frames 213 

Completeness 80% 

  

Structure solution  

RF (%) 17.13 

  

Kinematical structure refinement (with fixed coordinates) 

Calculated density (g.cm-3) 2.402 (without hydrogen atoms) 

  

No. of used reflections (obs/all) 1172/1203 

R1(obs)/R1(all), wR1(obs) (%) 21.6/21.9, 53.5 

goodness of fit (obs/all) 3.09/3.9 

No. of refined parameters/restraints 84/41 

 

Fixed geometry (S-O, C-O, CO3,O-

Otetra) 

(1.5, 1.3, flat, 2.4) 

 

Fixed Uiso and occupancy for  sulfur, carbonate and water groups 
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Table S6. Atomic positions of mainzite.  

Atom Label x y z Occ. Uiso (Å²) 

Ca Ca1 0.3851(18) 0.50000 0.6421(9) 1.000 0.038(3) 

Ca Ca2 0.108(3) 0.00000 0.6874(14) 1.000 0.068(5) 

Na Na1 -0.163(3) 0.242(3) 0.5202(15) 1.000 0.054(5) 

Na Na2 -0.253(4) 0.265(4) 0.817(2) 1.000 0.070(6) 

S S1 -0.103(3) 0.50000 0.657(2) 1.000 0.063(6) 

O O1 0.049(3) 0.330(3) 0.6577(16) 1.000 0.049(5) 

O O2 -0.243(8) 0.50000 0.598(3) 1.000 0.093(15) 

O O3 -0.184(3) 0.50000 0.7376(15) 1.000 0.026(5) 

S S2 -0.4203(14) 0.00000 0.6643(8) 1.000 0.013(2) 

O O4 -0.295(6) 0.00000 0.597(2) 1.000 0.063(10) 

O O5 -0.538(3) 0.175(3) 0.6765(14) 1.000 0.047(5) 

O O6 -0.249(3) 0.00000 0.7236(16) 1.000 0.030(5) 

S S3 0.287(4) 0.50000 0.4788(18) 0.51(5) 0.024(5) 

O O7 0.060(6) 0.50000 0.484(3) 0.51(5) 0.024(5) 

O O8S 0.366(5) 0.313(5) 0.507(2) 0.51(5) 0.024(5) 

O O9S 0.316(7) 0.50000 0.394(3) 0.51(5) 0.024(5) 

C C1 0.417(7) 0.50000 0.480(5) 0.49(5) 0.047(6) 

O O8C 0.432(6) 0.312(7) 0.511(3) 0.49(5) 0.047(6) 

O O9C 0.386(10) 0.50000 0.407(5) 0.49(5) 0.047(6) 

S S4 0.102(5) 0.00000 0.860(2) 0.38(4) 0.024(5) 

O O10 -0.156(7) 0.00000 0.869(4) 0.38(4) 0.024(5) 

O O11S 0.206(8) 0.00000 0.910(4) 0.38(4) 0.024(5) 

O O12S 0.092(7) -0.168(6) 0.805(3) 0.38(4) 0.024(5) 

C C2 0.207(7) 0.00000 0.850(4) 0.62(4) 0.047(6) 

O O11C 0.268(8) 0.00000 0.903(4) 0.62(4) 0.047(6) 

O O12C 0.170(6) -0.141(6) 0.811(3) 0.62(4) 0.047(6) 

O O13 0.180(8) 0.00000 0.553(4) 1.0000 0.089(8) 

O O14 0.346(8) 0.50000 0.770(4) 1.0000 0.089(8) 

O O15 -0.398(8) 0.00000 0.966(4) 1.0000 0.089(8) 
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Table S7. Atomic distances.  

Atom 1 Multiplicity x Atom 2 Distance/Å 

Metal-oxygen Distances 

Na1 1 x O2@S1 2.34(5) 

Na1 1 x O4@S2 2.34(4) 

Na1 1 x O7 2.38(4) 

Na1 1 x O11@S4/C2 2.80(7) 

Na1 1 x O13 2.83(5) 

Na1 1 x O1@S1 2.93(4) 

Na1 1 x O8@S3/C1 3.08(4) 

   

Na2 1 x O10@S4/C2 2.15(4) 

Na2 1 x O9@S3/C1 2.18(3) 

Na2 1 x O3@S1 2.22(4) 

Na2 1 x O12@S4/C2 2.32(1) 

Na2 1 x O6@S2 2.51(4) 

Na2 1 x O15 3.42(7) 

   

Ca1 2 x O1@S1 2.48(3) 

Ca1 1 x O14 2.36(8) 

Ca1   2 x O5@S2 2.38(3) 

Ca1 1 x O2@S1 2.52(2) 

Ca1  2 x O8@S3/C1 2.79 (4) 

   

Ca2 2 x O1@S1 2.37(3) 

Ca2 2 x O5@S2 2.59(3) 

Ca2 1 x O6@S2 2.39(3) 

Ca2 1 x O13 2.51(8) 

Ca2 2 x O12@S4/C2 2.45(6) 

   

Carbon-oxygen Distances 

C1 O8 1.42(7) 

C1 O9 1.35(1) 

C2 O11 1.05(1) 

C2 O12 1.23(7) 

   

Sulphur-oxygen Distances 

S1 O1 1.57(3) 

S1 O2 1.41(7) 

S1 O3 1.49(5) 

S2 O4 1.47(4) 

S2 O5 1.44(3) 

S2 O6 1.55(3) 

S3 O7 1.46(5) 

S3 O8 1.48(4) 

S3 O9 1.56(7) 

S4 O10 1.67(6) 

S4 O11 1.46(6) 

S4 O12 1.54(6) 
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Table S8. Atomic oxygen-oxygen distances.  

Atom 1 Atom 2 distance/Å 

Ca-O polyhedron (distorted square antiprismatic) 

O1 O1 2.35(5) 

O1 O5 2.88(3) 

O2 O5 3.27(5) 

O1 O6 3.21(3) 

O1 O8 3.43(5) 

O2 O8 2.93(7) 

O1 O12 2.98(7) 

O1 O13 3.10(6) 

O1 O14 3.04(6) 

   

Na-O polyhedron (heptagon) 

O1 O2 2.47(6) 

O1 O4 3.37(4) 

O1 O7 3.39(6) 

O1 O13 3.10(6) 

O4 O13 3.16(7) 

O7 O11 4.09(5) 

O8 O11 3.50(7) 

O11 O13 3.61(1) 

   

C-O polyhedron (trigonal planar) 
O8 O8 2.60(1) 

O8 O9 2.32(1) 

O11 O12 2.05(9) 

O12 O12 1.95(9) 

   

S-O polyhedron (tetrahedral) 
O1 O1 2.35(5) 

O1 O2 2.47(6) 

O1 O3 2.40(4) 

O4 O5 2.45(4) 

O4 O6 2.34(5) 

O5 O5 2.42(5) 

O5 O6 2.38(3) 

O7 O8 2.39(5) 

O8 O8 2.58(7) 

O10 O11 2.45(8) 

O11 O12 2.36(9) 

O12 O12 2.32(9) 
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5 Conclusion 
 

In this dissertation, new amorphous calcium carbonate phases were mechanochemically 

synthesized by introducing “impurities”, in particular CaHPO4, NaHSO4 and basic MgCO3. 

These impurities allowed a new class of amorphous mixtures to be stabilized. The 

amorphization path was monitored ex situ by a whole series of analytic methods.  

Therefore, these findings, shed light on mechanistic processes during ball-milling 

reactions.  

Calcium carbonate represents a model system to investigate crystallization and 

polymorphism. Amorphous intermediates provide a possibility to control and influence 

crystallization processes. This new solid solutions of calcium carbonate and 

CaHPO4/NaHSO4/basic MgCO3 allowed to obtain crystallization paths that lead to unique 

compounds. The ions in the solid solutions are spatially trapped next to each other, thus 

different crystallization conditions allow to obtain materials which are the kinetic or 

thermodynamic product, i.e. slow crystallization of the solid solution prevents phase 

separation, leading to thermodynamically less stable phases. 

Each individual impurity provides a whole range of possible chemical compounds to be 

formed and therefore introduces new synthetic and analytical challenges. Therefore, this 

work is structured in the different impurities applied for the mechanochemical 

amorphization of calcium carbonate: i) amorphous amorphous calcium carbonate/calcium 

hydrogen phosphate (aCCP), ii) amorphous magnesium calcium carbonate (aMCC) and iii) 

amorphous calcium carbonate sodium hydrogen sulfate (aCCSHS). 

In the first part of this dissertation, the formation of amorphous anhydrous alkaline earth 

carbonates in a planetary ball mill was explored. The amorphization is not only caused by 

the mechanical impact on the material and thus a simple substitution of the carbonate and 

phosphate anions. However, the primary driving force of the amorphization involves an 

acid-base reaction of hydrogen phosphate and carbonate. Furthermore, extended reaction 

times in the ball mill result in a condensation reaction of CaHPO4 to Ca2P2O7. The analysis 

of amorphous systems is challenging because standard powder diffraction methods are 

unsuitable for these systems. Therefore, the transient amorphous phases were investigated 

with local probes including vibrational spectroscopy, double resonance 1H-31P TEDOR ,  

1H-13C HETCOR and 31P static spin echo spectroscopy. These methods are highly sensitive 

in the local environment and thus were able to reveal the formation of hydrogen phopshates 
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and pyro phosphates in the amorphous solid. Further, crystallization of this metastable 

amorphous product aCCP faces kinetic hindrance because of the high-strain amorphous 

calcium phosphate network formation. XPCS spectroscopy revealed these dynamics, and 

coupled with FTIR spectroscopy, this could be partially attributed to a rigid hydrogen 

network. 

Amorphization of calcite in the ball mill without impurities is not possible. Therefore, 

magnesium ions are crucial for the synthesis of amorphous calcium (magnesium) carbonate 

via a mechanochemical route. The aim of the second project was to find a promising 

alternative for the use of biodegradable materials with potential bone targeting capability. 

The recrystallization rate of aMCC is of high importance for its application. Amorphous 

calcium carbonate should be labile to guarantee the presence of an "ion buffer" for bone 

regeneration, however, at the same time it requires sufficient reactivity to form 

hydroxycarbonate apatite. By tuning the magnesium content of aMCC, the crystallization 

rate was controlled and different crystallization paths could be induced: i) The 

crystallization rate was reduced with increasing magnesium ion content, ii) Magnesium-

rich calcite was formed at Mg2+ content up to 30%, iii) Mg2+ content >30% the 

crystallization path occurred via monohydrocalcite to aragonite. Ex situ FTIR 

investigations allowed to quantitatively follow this crystallization process and to detect the 

formation of the different phases These observations were explained in a chemically 

comprehensible way using PDF analysis as a local probe. The data indicated that higher 

magnesium content leads to stronger metal-oxygen bonding, which results in a higher 

hydration barrier of the material. In conclusion, the optimal mixture (aMCC 30%) formed 

in the presence of phosphate ions bone-like hydroxycarbonate apatite (HCA, dahllite). 

Additionally, BM-aMCC is biodegradable and exhibit no inflammatory potential.  

The potential of carbonate ions to act as a base in ball mill reactions was utilized for the 

synthesis of aCCSHS in the third project. For this purpose, NaHSO4 and calcium carbonate 

were treated mechanochemically, resulting in an acid-base ball mill reaction. Transient 

amorphous phases were obtained which recrystallized already at atmospheric humidity, 

since calcium sulfate compounds exhibit a lower hydration barrier than the analogous 

calcium phosphate compounds. This characteristic leads to the fact that a larger energetic 

barrier needs to be passed in order to achieve full amorphization. Thus, intermediate occur 

during the amorphization process, which were identified by ex situ powder diffraction 

measurements. Based on this, the amorphization process can be described by the following: 
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i) in the first step, an acid-base reaction takes place, resulting in NaSO4, ii) in the following, 

a phase called omongwaite (Na2Ca5(SO4)6∙3H2O) is obtained by the repeating local 

mechanical impact on the material i.e. substitution reactions take place, iii) Finally, the 

substitution reactions lead to the formation of a completely solid solution, the amorphous 

material. The latter could be verified by modelling the total scattering data. It was possible 

to control the recrystallization rate by acetonitrile-water mixtures, since the material is very 

hygroscopic and transient. Thus, the crystallization path could be specifically manipulated. 

Crystallization via bassanite to gypsum was detected in water according to the typical 

Ostwald step ripening. In acetonitrile-water mixtures, a new mineral, 

Ca2Na4(SO4)3(CO3)∙3H2O (mainzite) was discovered. 

In summary, this thesis illuminates fundamental mechanochemical and crystallization 

processes. The acid-base ball mill reaction shows a novel way to obtain new materials with 

interesting properties and may not only be valuable in fundamental research but also have 

great potential for applications in the pharmaceutical and chemical industries. Furthermore, 

it could be demonstrated that it is possible to manipulate the crystallization rate and paths 

of amorphous materials in an elegant way. These findings enhance our current 

understanding of amorphous solids and their structures, crystallization, and 

mechanochemical reactions.” 
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(red) are shown as a function of crystallization time in MQ water. The black dotted lines show a kinetic 

fit modelling the solution process of the amorphous species. The red dotted curves display the best fit 
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Figure 35. Incubation of a) BM-aMCC (0.2 mg/mL) and b) ACC (0.2 mg/mL) in simulated body fluid 
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Figure 36. Comparison of the FTIR spectra of aMCC (red) and ACC (black) after an incubation time 
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times (top left) and long range contact times (bottom left). The corresponding 1H projections are shown 
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Figure 41. Cell biocompatibility of BM-aMCC particles tested on MG-63. Cells were treated with 
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Figure 43. Evaluation of the presence of endotoxin and induction of E-selectin of endothelial cells in 

the presence of BM-aMCC. Nuclei were stained blue (DAPI) and the presence of E-selectin on cells 
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cultured with LPS showing induction of E-selectin (green). b) HUVEC cells cultured without LPS 

showing absence of E-selectin. c) HUVEC cells in the presence of BM-aMCC showing no induction 
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Fig. 45. (a) Energy landscape of the mechanochemical amorphization path of the starting materials 

calcite and sodium hydrogen sulfate. (b) FTIR spectra of aCCSS (black line) with the corresponding 
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starting materials calcite (blue line) and sodium hydrogen sulfate (red line). (c) X-ray powder 

diffractogram of the first formed intermediate NaSO4. (d) X-ray powder diffractogram of the 

intermediate omongwaite. (e) X-ray powder diffractograms of aCCSHS (black) and ball-milled calcite 

(grey) with the corresponding background. 137 

Fig. 46. (a) 13C-MAS-NMR single pulse excitation (SPE) spectrum (blue line), cross polarization (CP) 

spectrum (red line) and SPE spectrum of the starting material calcite (black line). The CP experiment 
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heteronuclear correlation (HETCOR) spectrum of aCCSHS recorded with a contact time of 50 μs (b) 

and 2 ms (c). Short contact time HETCOR spectrum confirms the appearance of hydrogen carbonate 
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comparison with the structure of Ca5Na2(SO4)6∙3H2O (omongwaite). Mainzite: space group Pcm21 (a 

= 6.43 Å, b = 6.91 Å, c = 18.32 Å). Three-dimensional reconstructed crystallographic sections 0kl, 
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reflections indicating a superstructure with a’ = 2a marked with green arrows. (B, C) Enlarged regions 
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