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Abstract 

Understanding how crystallization processes are controlled by polymer additives is relevant for 
a vastly diverse number of fields, for example in biomineralization, where the morphology of 
minerals is controlled by proteins or in scale inhibition strategies in industrial plants, in which 
macromolecules are added to prevent the precipitation of minerals. While numerous 
investigations have focused on elucidating additive-controlled crystallization, a detailed 
understanding of the underlying mechanisms is still desired. Herein, based on calcium 
carbonate as a mineral system, a comprehensive study on the manifold effects of selected 
polycarboxylate additives on the distinct species along the crystallization pathway is presented. 
Poly(glutamic acid) and poly(aspartic acid) are chosen as additives, as these polyaminoacids 
resemble biomineralization-associated peptides, as well as poly(acrylic acid), a commercially 
used scale inhibitor. Using potentiometric titrations, it is shown that even the basic interaction 
of polycarboxylates with calcium ions is more complex than commonly assumed. Quantitative 
determination of the Langmuir parameters of the binding process reveals that higher order 
effects and contributions arising from the whole polymer chain play a significant role, while 
the chemistry of the monomer unit constituting the polymer plays a subordinate role. The results 
put a question mark on whether the binding processes can be accurately described using solely 
the Langmuir binding model that assumes non-interacting binding sites. The investigation of 
the following stages of the crystallization pathway reveals that the polymer additives show the 
largest effect in the stabilization of liquid-like mineral precursors. A key step of this inhibition 
is the additive-driven binding of bicarbonates. Quantitative evaluation of ion association in the 
prenucleation regime reveals that more than 20% of bicarbonate species are bound in mineral 
precursors at pH 9.8, which can also be detected in isolated solid amorphous intermediates. 
Surprisingly, the protons introduced by bicarbonates are highly mobile, causing the formation 
of amorphous mineral ion conductors, which opens up possibilities for novel applications of 
mineral materials. The importance of liquid-like precursors for the mineral formation pathway 
is still highly debated in the community, and they are often ignored in the explanation of crystal 
formation. Using a refined gas diffusion method, it is demonstrated that liquid-like precursors 
show sufficient kinetic stability to be detected, both in presence of polymers and in additive-
free systems. Observing the time dependent formation and transformation of the precursors 
shows that they play an important role in the early stages of crystallization and must be 
generally considered for the interpretation of gas diffusion experiments. Regarding the 
technological application of liquid-like minerals, a new and easily scalable synthesis method is 
presented, which solves existing limitations of the available synthesis methods. The “scalable 
controlled synthesis and utilization of liquid-like precursors for technological applications” 
(SCULPT) method effectively allows the isolation of the precursor on a gram scale and to 
access to the full potential of these mineral precursors for material synthesis. Implementing the 
gained insights into the current picture of nonclassical mineral formation, which was subject of 
many advancements in recent years, an updated view on additive-controlled mineralization is 
presented. The discoveries presented in this work are beneficial for the scientific and 
industrially-related communities far beyond the field of nucleation and crystallization 
mechanisms, such as materials chemistry, and improve the understanding of the mechanisms 
underlying biomineralization and mineral formation in general. 

Keywords: calcium carbonate • polycarboxylates • liquid-like minerals • nonclassical 
nucleation • amorphous materials 
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Chapter 1  Introduction 

1.1 Calcium Carbonate Crystallization and Nucleation Theories 

Crystallization, the formation of crystals, is one of the most studied processes in chemistry. 

Already at the end of the 18th century, scientists were interested in crystallization processes, as 

they are key in understanding the structure of formed crystals and therefore the properties of 

the resulting materials.1 Besides the relevance in material science, crystallization plays also a 

big role as a separation method, especially in technological applications.2 In living systems 

numerous inorganic and organic crystals are formed that are essential for life, ranging from the 

formation of teeth and bones to biomineralization processes, through which whole exoskeletons 

are formed.3 

Especially calcium carbonate (CaCO3) biominerals, present for example in sea urchin spines 

and mollusk shells, are well studied, as these minerals are easily accessible, show a rich 

polymorphism, and a high crystallization control is achieved during their formation.4 The 

crystallization control is usually associated with organic macromolecules that modulate the 

nucleation and growth of the biominerals. Until this day, living systems show an unparalleled 

degree of crystallization control compared to in vitro experiments.5 Achieving a similar degree 

of crystallographic control in artificial environments has high potential for the synthesis of 

advanced and biomimetic materials.6 Studying crystallization processes in CaCO3 systems, 

especially regarding additive-controlled scenarios, therefore is of high interest toward synthesis 

of new CaCO3 materials. In addition, the knowledge gained from these investigations can be 

transferred to other systems, such as calcium phosphates, which have huge relevance in 

biomedical applications.4  

One of the main reasons why biomineralization processes are still unparalleled in terms of 

crystallization control is the lack of understanding the crystallization process itself. Several 

theories have been developed to describe the nucleation and mineral formation process,7-8 

however, a comprehensive and universally accepted theory is still missing, especially when 

considering more complex additive-controlled systems. In the last decades, existing theories for 

nucleation and growth have therefore been questioned, refined, and substituted with new views 

to better describe the structures visible in nature and laboratory experiments.9  

 

1.1.1 Classical nucleation theory and prenucleation cluster pathway 

Already more than 100 years ago Gibbs developed the basis of the classical nucleation theory 

(CNT), which received several refinements in the 20th century.10 In brief, CNT describes 

nucleation through addition of individual ions (or other monomeric constituents) to a growing 

crystal nucleus. The initial nucleus is thereby formed due to microscopic structural fluctuations 

of the solution.7 Due to the surface tension of the growing particle, the formation of a surface 

is accompanied by an energy cost, while the bulk free energy upon incorporation of monomeric 



2 Chapter 1 - Introduction  

 
 

units from the solution into the particle decreases, as long as the solution is supersaturated. This 

interplay of free energy cost proportional to the surface of the particle and free energy gain 

proportional to the volume of the particles results in an energy barrier, whose maximum defines 

the critical radius. Upon exceeding the critical nucleus size, the particle can grow to a 

macroscopic size by attachment of monomers, i.e., ions in case of CaCO3 (Figure 1.1, top).7  

 

 

Figure 1.1 Illustration of classical nucleation theory (CNT, top) and the prenucleation cluster 

(PNC) pathway (bottom). For explanations refer to the text. Taken with permission from the author 
under terms of the CC-BY license.11 Copyright 2018, MDPI.  

 

Although CNT offers a quantitative and easy framework for nucleation, the experimental 

observations, such as nucleation rates, often differ by orders of magnitude from the calculated 

values.12 This is likely due to drastic oversimplifications made in CNT in order to arrive at a 

quantitative description, particularly due to the “capillary assumption” that uses bulk material 

properties, such as solubility and interfacial energy, to describe nuclei smaller than 10 nm in 

size. While some systems can be described by CNT successfully,13-14 the theory shows limited 

applicability to other systems. Especially in case of additive-controlled systems, the drastic 

effects of additives on the crystallization pathway cannot be explained by CNT, as the additives 

can only interact with the system in limited ways, i.e., reducing supersaturation by adsorption 

of ions or affecting interfacial tension by adsorption on the growing particle.  

Due to these discrepancies, new models for nucleation and growth have been developed. In 

general, these assume the participation of non-monomeric species in the nucleation pathway, 

and are described as “nonclassical nucleation” theories.15 One particularly relevant pathway is 

the prenucleation cluster (PNC) pathway, which was mainly developed from experimental 

investigations on CaCO3 formation.8 The PNC pathway exhibits strong explanatory power for 
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mineral systems and beyond,16-17 especially when recent quantitative refinements of the model 

are considered.18  

The PNC pathway nucleation model is based on the involvement of thermodynamically stable 

prenucleation clusters (PNCs) in the phase separation process (Figure 1.1, bottom).19 The 

clusters are in equilibrium with individual ions and possess a polymer-like structure (so-called 

“dynamically ordered liquid-like oxyanion polymers” or DOLLOPs)20 with a size of a 1-2 nm.21 

Upon increase of supersaturation, these chain-like structures develop a higher internal 

coordination, resulting in the decrease of cluster dynamics, finally resulting in the conversion 

of solute clusters to phase separated nanodroplets of a dense liquid phase (DLP).22 This is also 

described as liquid-liquid phase separation (LLPS). In the following stages, these nanodroplets 

aggregate to reduce interfacial energy resulting in the formation of aggregates of several 100 nm 

in size.11 Starting from this liquid mineral phase, several pathways have been observed toward 

formation of the actual crystal, involving additional intermediates such as amorphous species.23 

 

1.1.2 Liquid-like mineral precursor phases 

While the presence and participation of PNCs in the mineral formation process has been 

intensely discussed in the last years,24-26 the presence of (dense) liquid mineral phases has been 

much less debated. Viscoelastic mineral precursor phases, often described as “liquid” or 

“liquid-like” precursors, were first described by Gower et. al. in the end of the 1990s for calcium 

carbonate formation in presence of poly(aspartic acid).27-28 At the time, it was suggested that 

the polymer is essential for the formation of the liquid mineral, therefore the phase was 

described as “polymer-induced liquid-precursor” (PILP). However, later it was revealed that in 

polymer-free systems the phase separation also takes place via LLPS.22, 29-32 The dense liquid 

mineral phase can be described as a water-rich amorphous mineral phase (recent estimates 

propose 7 water molecules per Ca2+ in the precursor),33 which therefore possesses liquid-like 

properties. In addition, it was proposed that bicarbonates play a structural role in the (additive-

free) calcium carbonate dense liquid phase,31, 33-34 already hinting towards the complex 

interactions involved during the formation of the DLP. Stabilizing and achieving controlled 

crystallization of the mineral DLP is of particular interest for materials scientists, as the liquid-

like properties allow the formation of new crystalline minerals possessing non-equilibrium 

morphologies and are very effective regarding infiltration of small pores, allowing the synthesis 

of porous or convoluted mineral structures.35 

 

1.1.3 Transformation of precursor phases to crystalline minerals 

Starting from the DLP, several pathways for the formation of crystalline minerals have been 

observed. In most systems, (hydrated) amorphous calcium carbonate (ACC) is detected as 

intermediate, which can be formed by dehydration of the DLP, while the precise transformation 

mechanism is still unclear.36 It needs to be mentioned that hydrated ACC also possesses gel-
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like properties up to a certain degree,37 and that there is a continuous transition from the initially 

liquid-like precursor to the solid (gel-like) amorphous intermediate. In general, the water 

content and properties of ACC are highly dependent on the synthesis conditions resulting in a 

wide range of water contents of ACC.38-39 

The transformation of ACC into crystalline minerals can in principle take place via two different 

ways: via dissolution-recrystallization or via a solid-state transformation process.36 In most 

aqueous systems the ACC will dissolve and release ions that participate in nucleation of the 

crystalline phase, if the solution becomes supersaturated, or in crystal growth processes.40 In 

this case, the dissolution kinetics of the ACC particles determine the local supersaturation and 

thereby affect the crystallization kinetics of the newly formed phase. 

In case of solid-state transformation, dehydration of the ACC has to occur before crystallization, 

which can be achieved via external stimulation such as high temperature41-44 or electron beam 

radiation.39 Again, the resulting crystalline structure, i.e., crystalline polymorph, and the 

crystallite size can be tuned via the stimulus, as different stimuli cause different transformation 

kinetics of the ACC.36 Regarding the solid-state transformation process it is especially 

intriguing that ACCs with different short-range order (“proto-structure”) exist, that is, the 

calcium carbonate system exhibits amorphous polymorphism (polyamorphism).45-46 Due to the 

structural similarity of the precursor phases to crystalline minerals, polymorph control may be 

achieved by the controlled synthesis and crystallization of the proto-structured amorphous 

intermediates. As described before, according to the PNC pathway the proto-ACCs are formed 

from the DLP which is itself formed from PNCs. This means that controlling the structure of 

PNCs can potentially help in achieving polymorph control for the formed minerals, especially 

as it has been shown that PNCs and small clusters can already possess such proto-structures.47 

In combination with the possibility to control the morphology and macroscopic structure via 

the liquid-like properties of precursor phases, the strategy of controlling the crystallization 

starting from early precursor phases becomes a powerful approach towards synthesis of new 

materials. The big challenge in employing this strategy is the instability of the liquid-like 

precursors and amorphous intermediates and the limited understanding on how their structure 

and transformation to crystalline phases can be controlled. One promising approach is to seek 

inspiration in nature, where astonishing crystallization control in biomineralization is achieved 

via the participation of additives during the phase separation process. 

 

1.2 Additive-Controlled Crystallization 

In a broad sense, most crystallization processes occur in presence of additional species that can 

affect the crystallization. Usually, ionic species are present in the solution, for example in 

seawater,48 or in the form of counterions during in vitro approaches.49 In the case of calcium 

carbonate formation, it is known that metal ions, especially Mg2+, have a strong effect on the 

stability of amorphous intermediates and can affect the formed crystalline polymorph.50-52 In 
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addition to ions, arguably the most important species that can affect crystallization processes 

are macromolecules, especially in biomineralization.53 Macromolecules are incorporated as 

organic components in most biominerals, which can therefore be described as hybrid materials. 

The composite nature leads to superior properties of these materials, for example in nacre, in 

which the organic matrix can function as an “adhesive” between aragonite platelets, which leads 

to remarkable thoughness.5, 54 In addition, it was discovered that by using certain 

macromolecules, for example mollusk shell macromolecules55 or coral acid rich proteins,56 it is 

possible to control the ratio of formed CaCO3 polymorphs. Understanding how macromolecules, 

or in general organic additives, can affect the crystallization and form distinct polymorphs is 

very promising for applications in material synthesis, as the toolbox of organic chemistry can 

be used to synthesize specifically designed additives for crystallization control.57-58 The strong 

effect of macromolecules on the mineral formation pathway is already employed in industrial 

applications in the use of polycarboxylates, e.g., poly(acrylic acid), as scale inhibitors.59-61 

 

1.2.1 Relevance of polycarboxylates in biomineralization 

The macromolecules that build the organic matrix in biominerals are usually proteins, 

polysaccharides and lipids.10 In general, the organic matrix is composed of soluble and 

insoluble components. In case of calcium carbonate biominerals, the soluble components are 

acidic macromolecules that are often rich in aspartic55, 62-65 and glutamic acids,66-70 and in many 

cases also contain polysaccharides.53, 71-72 For example, glycoproteins of scallops contain 

around 20% aspartic acid,73-74 while aspartic acid residues account for up to 60% of the protein 

aspein, which occurs in the pearl oyster Pinctada fucata.75-76 Numerous investigations have 

been performed on biominerals to elucidate the mechanisms of biomineralization.4 Thereby, it 

is assumed that the insoluble matrix can act as scaffold to determine where minerals are 

deposited, while the soluble macromolecules play a key role in controlling the nucleation and 

morphology of the biominerals. It was assumed that stereospecific interactions of the organic 

matrix with the growing crystal are responsible for the influence of organic additives on the 

morphology of the mineral, resulting in the characteristic “molded” non-equilibrium 

morphologies in biominerals.6, 77 One key interaction was described as the selective adsorption 

of negatively charged macromolecules on specific crystallographic facets, thereby altering the 

crystal morphology.65 In addition, it was discovered that organisms form amorphous calcium 

carbonates,67, 78-80 for example during the mineralization of sea urchin spicules,81-82 which can 

then act as precursor phases for more stable, crystalline polymorphs. It was shown that 

macromolecules play a key role for stabilizing ACC and governing the transformation of 

precursor species,72, 83 while inhibiting the formation of crystalline polymorphs.84 Interestingly, 

differences between aspartic acid-rich and glutamic acid-rich proteins were detected, although 

their chemical structure is quite similar. Thereby, in corals, glutamic acid-rich proteins are 

upregulated at the beginning of the crystallization pathway when ACC is formed, while at later 
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stages, during the formation of crystalline CaCO3, the concentration of aspartic acid-rich 

proteins is increased.56 Recently, there have also been reports of the relevance of liquid 

precursors to biomineralization in sea urchins that showed transformation to single crystalline 

calcite with complex morphology.85 Due to similarity of the liquid precursors detected in the 

sea urchin to artificial polymer-stabilized liquid precursors, it is assumed that acidic 

macromolecules also play a key role in the stabilization and controlled crystallization of the this 

phase in biomineralization.35 Although the biomineralization research field advances rapidly,86 

a full picture of the mechanisms governing biomineralization is still missing. Like in most 

biological systems, molecules, processes, and parameters involved are of high complexity. 

Therefore, in vitro investigations have been performed to gain a more fundamental 

understanding of the effects of macromolecules on calcium carbonate formation. 

 

1.2.2 Effects of macromolecules on calcium carbonate crystallization in vitro 

To gain insight into the interactions of acidic macromolecules on mineralization processes, 

synthetic poly(aspartic acid)s and poly(glutamic acid)s are often used to emulate the role of 

glycoproteins associated to biomineralization processes. In these in vitro approaches, the 

polymers show a strong inhibiting effect on the formation of crystalline calcium carbonates, 

with poly(aspartic acid)s showing a stronger inhibition compared to poly(glutamic acid)s.87-88 

If crystalline polymorphs are formed, it was observed that vaterite formation is promoted in the 

presence of the polymers.89 Another effect was the stabilization of ACC, with increasing 

polymer concentration resulting in an increasing stabilizing effect.90 Especially in combination 

with Mg2+ ions, the polymer additives show a strong stabilizing effect on amorphous 

intermediate species.52, 91 Although these systems are much simpler compared to 

biomineralization environments, and in all systems large effects of polymers can be detected, 

the precise mechanism of crystallization inhibition and polymorph control remains to be 

elucidated. Usually additive adsorption on ACCs, followed by an interplay of dissolution-

reprecipitation and pseudomorphic transformation processes is used as explanation, while the 

transformation is highly dependent on chosen parameters, such as polymer chain length, 

concentrations, and pH value.90, 92-94 

According to CNT macromolecules can influence the crystallization in essentially two different 

ways: reduction of supersaturation by binding monomeric species or altering interfacial tension 

of the crystal by adsorption on the growing mineral phase.11 The adsorption of monomeric 

species, in case of mineral formation the adsorption of ions, is of key relevance to technological 

applications of polyelectrolytes as additives for wastewater treatment.95-96 Differences in the 

ion binding process have also been proposed as one explanation for the different effects of 

poly(aspartic acid)s and poly(glutamic acid)s on mineralization.97 However, these additives 

show large effects on the crystallization already in distinctly substoichiometric amounts,87, 98 

therefore the sole reduction of supersaturation cannot explain nucleation inhibition. The 
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adsorption of polymer additives on distinct crystal facets based on interfacial matching, on the 

other hand, can affect the rates of crystallization for different polymorphs and crystal facets, 

resulting in different polymorph ratios.65, 99-100 Nevertheless, explanations regarding the 

observed effects of the polymer additives on liquid-like precursors and amorphous 

intermediates are difficult to rationalize based on the notions of CNT. 

Evaluating additive-controlled mineralization processes from the viewpoint of the PNC 

pathway provides many more interaction possibilities between the additives and the distinct 

precursor species occurring in the mineralization process (Figure 1.1, bottom). While no effects 

of the acidic macromolecules on PNCs or the locus of the binodal limit of LLPS have been 

detected so far,22, 98, 101 numerous effects on liquid precursor and amorphous intermediate 

species have been observed. For example, it was shown that certain additives strongly interact 

with structural water in the amorphous phase, thereby affecting its mobility or suppressing 

dehydration, which in turn has effects on the ACC stability.36, 102-104 Arguably the most 

interesting effect of the additives, however, is their stabilizing effect on liquid-like minerals.

 

1.2.3 Stabilization of liquid-like precursor phases by polymer additives 

The stabilizing effect of additives on liquid-like mineral precursors was first described by 

Laurie Gower in the end of the 1990s, when “molded” calcium carbonate structures were 

observed in mineralization experiments in presence of poly(aspartic acid).27-28 At that time, 

these structures were described as “polymer-induced liquid-precursors” (PILP), however, as 

already discussed above, later research revealed that these liquid-like mineral precursors are 

also formed in absence of polymers and that these structures are therefore polymer-stabilized 

rather than polymer-induced.22, 31 Due to the similarity of the structures observed by Gower to 

the non-equilibrium morphologies observed in biominerals, it was assumed that liquid-like 

precursors play a key role in biomineralization.35 Indeed, it was recently shown that liquid-like 

precursors participate in the biomineralization process in sea urchins.85 Stabilization and 

controlled crystallization of liquid-like precursors also showed great potential for material 

synthesis due to complex morphologies accessible by this method.105-107 

The formation of minerals via the polymer-stabilized liquid precursor can be described as a 

colloid assembly and transformation (CAT) process,35 with the key steps involving assembly 

(fusion) of the polymer-stabilized viscoelastic (liquid-like) precursor colloids followed by their 

pseudomorphic transformation (crystallization) into the final solid matter. The detailed 

composition of the precursor phase and stabilization mechanism by the polymers are difficult 

to investigate because of the instability of the liquid-like precursor.108 In general, it is assumed 

that the polymers kinetically stabilize the liquid-like precursor, and that a high degree of 

hydration, which correlates with the amount of incorporated polymer, is key for the liquid-like 

properties.108 In addition, it has been reported that bicarbonates are accumulated in this phase, 

which might play an important role in its stabilization.31 Recently, this view, and the relevance 
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of LLPS in the phase formation process, has been challenged and the PILP phase was described 

as consisting of 2 nm ACC particles that are cross-linked by polymer.109 However, these results 

remain debated and illustrate the difficulties in investigating the properties that are actually 

inherent to the polymer-stabilized precursor phase. 

 

1.3 Methodology: Using Potentiometric Titrations to Investigate the Early 

Stages of Crystallization 

Potentiometric titration is a powerful tool to investigate crystallization processes.110 The 

method was first described by Gebauer et. al. for the calcium carbonate system,19 and is based 

on the slow mixing of dilute salt solutions, e.g. addition of calcium chloride solution into 

sodium carbonate solution, while the pH is kept constant by automatic addition of acid or base. 

By the addition of the solutions the system is slowly driven into supersaturation until phase 

separation occurs, while different parameters and concentrations are recorded in situ by 

potentiometric electrodes. The main advantage of this method is the ability to work at precisely 

controlled conditions, especially pH values, and the possibility to gain insights into the entire 

mineralization process, starting from the undersaturated solution up to the final crystalline 

particles. In in situ investigations using potentiometric electrodes, the dynamics of the species 

in the solution remain largely unaffected. The titration also allows isolation of mineral samples 

at distinct and well-defined stages along the crystallization pathway. These samples can then 

be analyzed using ex situ techniques, such as Fourier-transform infrared spectroscopy (FTIR) 

and scanning electron microscopy (SEM). In situ analysis by potentiometric titration coupled 

with sample isolation and ex situ characterization is a powerful strategy to investigate phase 

separation and material formation processes. This way, insights into the formation of numerous 

minerals could be gained, such as carbonate minerals,111 phosphates,112 oxalates,113 

hydroxides114 and sulfates.115 In addition, slightly modified titration-based methods were used 

to characterize phase separation of pharmaceutical compounds116, metals117 and metal 

oxides.118-119 

To investigate CaCO3 crystallization by potentiometric titration, dilute CaCl2 solution is dosed 

into dilute sodium carbonate solution, with the pH held constant by automatic counter-titration 

of NaOH or HCl, respectively (Figure 1.2a). The development of the calcium activity is 

recorded by a calcium ion selective electrode (ISE), and optionally the turbidity of the solution 

can be tracked by an optrode. Using appropriate calibration procedures,120 the measured 

calcium activities can be converted to (free) calcium concentrations, allowing for quantitative 

determinations. In a basic experiment, a linear increase of the free calcium concentration up to 

critical supersaturation is detected, followed by a drop indicating nucleation of a solid (Figure 

1.2b, black curve). Then, a plateau in free calcium concentration is detected that is governed by 

the solubility product of the most soluble solid phase. 
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Figure 1.2 Experimental investigation of additive effects by potentiometric titration. 
a) Illustration of the experimental setup for titration experiments. Dilute CaCl2 solution is added into 
pure carbonate buffer (reference experiment) or to carbonate buffer with additives. The pH is kept 
constant by automatic addition of acid or base and during the addition, parameters are recorded in situ 
by electrodes. b) Exemplary development of free calcium concentration during additive-free reference 
experiments (black) and experiments with additive (red). Interactions of the additive with species along 
the PNC pathway (Figure 1.1, bottom) result in distinct changes visible in the titration curves. Please 
refer to the text for explanations. 

 

The titration procedure is especially powerful for investigating the effect of additives on the 

crystallization process.98 Thereby, the same experimental setup is used and additives are added 

to the carbonate solution. Then, the data recorded in presence of additives is compared to a 

polymer-free (reference) experiment, allowing the identification of different types of 

interactions (Figure 1.2b, red curve). In this way, changes in the initial offset of the curve 

indicate calcium ion binding by additives (type I);121 changes in the slope of the curve in the 

prenucleation regime indicate interactions with prenucleation clusters (type II);19 shifts in the 

maximum of the curve indicate nucleation inhibition (type III) and changes in the plateau of 

free calcium concentration detected after the drop indicate the presence of different species in 

the post-nucleation regime (type V). There are additional additive effects that are not directly 

visible in the titration experiments, e.g., face-specific adsorption of additives on crystals or 

effects on the oriented attachment of nanoparticles,98 and additional characterization techniques 

have to be employed for further insights. 

If we compare the scope of this experimental method to the numerous open questions regarding 

the effects of macromolecules on the mineralization (see section 1.2), it is evident that 

potentiometric titration is a powerful tool that can help to understand fundamental additive-

mineral interactions, especially in the prenucleation regime. So far, there have been titration 

experiments performed investigating the effects of numerous additives on the CaCO3 
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crystallization, among those the effects of amino acids,122 small organic molecules and 

polymers,98, 101, 115 carbohydrates,123 and proteins.124-125 Regarding polycarboxylates, it has been 

shown that poly(acrylic acid) shows a strong crystallization inhibition, with features indicating 

the stabilization of a dense liquid phase.126 Investigations on poly(aspartic acid) showed strong 

inhibition, with significant stabilization of a more soluble phase in the postnucleation regime.98 

While the effects of the polycarboxylate additives have been evident in these titration 

experiments, as in experiments based on other methods, explanations for these effects are still 

missing, especially regarding the strong crystallization inhibition. It is therefore desirable to 

explore the fundamentals of additive-controlled CaCO3 crystallization in a systematic and 

comprehensive way, especially in the view of the numerous advancements that have been made 

on the mechanisms of CaCO3 crystallization in the past years.16
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1.4 Scope of Thesis 

The aim of this study was to gain insight into the fundamental interactions of polymer additives 

with the distinct stages along the calcium carbonate crystallization pathway. Thereby, calcium 

carbonate was chosen due to its crystallization pathway in absence of additives being rather 

well understood at this point, and its use as an established model system to explore mineral 

formation mechanisms in general. In order to investigate the calcium carbonate formation, 

potentiometric titration experiments were performed using selected, well-defined 

polycarboxylate additives, i.e., polymers with small polydispersities and similar chain lengths. 

A systematic strategy was chosen to investigate the additive-controlled crystallization by 

individually assessing the polymer effects at each stage of the mineral formation pathway, 

starting from interactions with ions and prenucleation clusters and later exploring the 

interactions with liquid-like, amorphous, and crystalline minerals. The polycarboxylates 

poly(aspartic acid) and poly(glutamic acid) were selected for this study, as they represent a 

simple form of the amino acid sequences occurring in proteins that are associated with calcium 

carbonate formation in biomineralization. In addition, poly(acrylic acid) is investigated to 

represent commercially used scale inhibitors. For these additives, strong effects on the calcium 

carbonate mineral formation pathway have been detected previously, however, the underlying 

interactions and mechanisms are still unknown. Recent advancements in the description of 

mineral precipitation, especially regarding the role of liquid-liquid phase separation and dense 

liquid phases challenge many of the previously described mechanisms of polymer-controlled 

crystallization, and it seems imperative to revisit the system from a new perspective. 

First, the basic interactions of the polycarboxylates with calcium ions were studied. In a 

carbonate-free system and in absence of mineral formation, the adsorption of calcium ions by 

polycarboxylates with different chain lengths was quantified and tested against the Langmuir 

model, which is commonly used to describe ion adsorption by polymers. Understanding the 

basic mechanisms of the interaction of polymer additives with calcium ions and potential 

interactions with counter ions is crucial before moving on to more complex mineral systems. 

The corresponding results are shown in Chapter 2. 

In the next step, carbonate ions were introduced in the system to investigate the effects of 

polymer additives on the mineralization process. Using potentiometric titration as basic tool, 

polymer effects on the early species of mineral formation were studied, while special focus was 

put on the strong inhibiting effect displayed by the additives at low concentrations. The key 

stages of mineral-additive interaction were then explored in more detail by isolation of mineral 

samples and performing ex situ characterizations using thermogravimetric analysis coupled 

with mass spectrometry and infrared spectroscopy (TGA-MS-IR), magic angle spinning nuclear 

magnetic resonance spectroscopy (MAS NMR) and conductive atomic force microscopy 

(C-AFM). The experimental insights and discussions are presented in Chapter 3. 
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In a separate part of this study, the question towards potential commercial uses of polymer-

stabilized mineral precursors was addressed. Thereby, a novel synthesis method was developed 

to solve the previously existing problem of limited scalability of synthesizing liquid-like 

mineral precursors, which have been only available on milligram scales and could not be 

successfully isolated previously. The newly developed, specialized synthesis method allowed 

the use of high concentrations of starting solutions and production of the precursor phase on a 

gram scale. After optimizing the synthesis procedure by using selected organic and ionic 

additives, further investigations addressed the performance of the liquid-like calcium carbonate 

precursors for the synthesis of crystalline minerals in application-relevant systems. In addition, 

the effects of adjusting the used starting concentrations on the characteristics of the formed 

minerals were investigated. These investigations are shown in Chapter 4. 

Finally, the effects of polymer additives on calcium carbonate crystallization were investigated 

with the widely used ammonia diffusion method (ADM). Focusing on poly(acrylic acid) as a 

model polymer, the changes in morphology and polymorph selection of the formed crystalline 

minerals was investigated. Using a previously established modified gas diffusion method with 

much shorter reaction time, the effect of additives on early stages, with focus on formation of 

liquid-like mineral precursor phases, was highlighted. Having a closer look at the polymer-free 

system with the method revealed the general importance of liquid-like mineral phases on 

CaCO3 formation. The results are discussed in Chapter 5. 

In summary, the main objectives of this work are: 

 Examination of the adsorption of calcium ions by polycarboxylate additives in 

carbonate-free systems to gain mechanistic insights into the ion adsorption process 

 Investigation of the interactions of polycarboxylates with different mineral species 

along the PNC pathway to identify the key interactions in the system 

 Formulation of a mechanism that allows understanding the reasons for the strong 

nucleation and crystallization inhibition in presence of polycarboxylate additives 

 Development of an experimental method that allows the synthesis of liquid-like mineral 

precursors on application-relevant scales 

 Elucidation of the performance and the optimization of liquid-like precursors for 

mineral materials synthesis 

 Exploration of additive effects on mineral precursors and crystalline minerals using gas 

diffusion experiments considering recent advancements in the understanding of 

nonclassical nucleation mechanisms
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On the Binding Mechanisms of Calcium Ions to Polycarboxylates: 

Effects of Molecular Weight, Side Chain and Backbone Chemistry 
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2.1 Abstract 

We experimentally determined the characteristics and Langmuir parameters of the binding of 

calcium ions to different polycarboxylates. By using potentiometric titrations and isothermal 

titration calorimetry, the effects of side chain chemistry, pH value and chain length were 

systematically investigated using the linear polymers poly(aspartic acid), poly(glutamic acid), 

and poly(acrylic acid). We demonstrate that for polymers with high polymerization degrees, 

the binding process is governed by higher order effects, such as change of apparent pKa of 

carboxyl groups, and contributions arising from the whole polymer chain while the chemistry 

of the monomer unit constituting the polymer plays a subordinate role. In addition, primary 

binding sites need to be present in the polymer, thus rendering the abundance and sequential 

arrangement of protonated and deprotonated groups important. The detection of higher order 

effects contradicts the assumptions posed by the Langmuir model of noninteracting binding 

sites and puts a question mark on whether ion binding to polycarboxylates can be described 

using solely a Langmuir binding model. No single uniform mechanism fits all investigated 

systems, and the whole polymer chain, including terminal groups, needs to be considered for 

the interpretation of binding data. Therefore, one needs to be careful when explaining ion 

binding to polymers solely based on studies on monomers or oligomers. 

 

2.2 Introduction 

The binding of divalent metal cations to polycarboxylates has been intensively investigated, as 

these processes occur in many areas of chemistry, biology and technology, e.g. in the removal 

of heavy metal ions from wastewaters96, 127-128 or ion binding in metallopeptides in 

organisms.129-130 Polycarboxylates can strongly adsorb on interfaces, rendering them important 

surface or crystallization modifiers.96, 131-132 So as to enable the exploitation of the full potential 

of polycarboxylates in their respective technological applications, fundamental binding 

equilibria need to be well characterized as a first step to acquire a deeper understanding of the 

corresponding binding mechanisms.133 On a molecular level, the binding of cations by carboxyl 

groups is entropically driven by releasing water molecules from the hydration shells of charged 

species.95 Several theoretical models have been established to describe these binding processes, 

such as counterion binding and “site binding”.127, 134-136 The most commonly used model to 

describe experimental binding data is the Langmuir adsorption isotherm, which accounts for 

the dynamic equilibrium of adsorption and desorption.137 Originally developed to describe gas-

solid phase adsorption, the Langmuir isotherm has been successfully used to describe a wide 

variety of processes, and among them, ion binding in aqueous solutions.138-141 Typically, 

Langmuir adsorption isotherms are determined by measuring adsorbent concentrations using 

atomic absorption spectroscopy (AAS),131, 138-139, 142 high-performance liquid chromatography 

(HPLC)140, photometric141, 143 or gravimetric methods.144 A different strategy is to make use of 

titration techniques, such as conductometric titrations145, potentiometric titrations95 or 
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isothermal titration calorimetry (ITC).95, 146-148 The advantage of automated titration 

experiments coupled with in situ analytics is the relative ease to gather many data points 

compared to preparing individual samples as for non-titration-based methods. This guarantees 

a high quality of regression of experimental data with the respective model isotherms. 

The binding of ions by peptides is a fundamental process occurring in biological systems, e.g., 

in signaling pathways, or biomineralization. Proteins or peptides containing charged aspartic 

and glutamic acid residues in the backbone often participate in binding processes via their 

carboxyl functions.130 Aspartic and glutamic acid-rich peptides also strongly affect 

crystallization processes,149 e.g., polymorph control during calcium carbonate formation and 

biomineralization.28, 53, 55-56, 66, 90, 93, 98, 150-151 In this way, organisms can produce specific mineral 

polymorphs in target oriented ways by sequestering proteins.55-56 In the case of ion removal 

from wastewaters and inhibition of industrial scale, the most investigated and large-scale 

manufactured polycarboxylate is poly(acrylic acid) (PAA). It is used as a water softener and 

commercial antiscalant,135, 152-153 and also shows a strong effect on crystallization processes, 

such as stabilization of amorphous intermediates and distinct effects on the morphology of the 

formed crystals.154-156 PAA can also be used to synthesize calcium carbonate-polyacrylate 

composite materials.157 Again, the interaction of polymers with single ions is one of the 

underlying processes in aqueous systems. Therefore, investigating and understanding the 

interactions of polycarboxylates with free calcium ions is of fundamental importance. Previous 

studies indicated a strong dependence of the Ca2+ binding to PAA on the polymer chain 

length,146 indicating that several dissociation constants are necessary to model Ca2+ binding to 

polyaspartate,158 and that chelating effects are present in aspartate and glutamate monomers and 

dipeptides.159-160 However, comprehensive studies comparing various polymers with defined 

polymerization degrees, narrow polydispersities and at precisely controlled pH values are still 

missing. Indeed, due to the changing protonation state of the polymers, the binding mechanism 

is expected to be pH-dependent,161 which has not been assessed in detail and for different 

polymers in previous work. 

In this study, we used an advanced potentiometric titration assay to determine the binding 

characteristics of poly(aspartic acid)s, poly(glutamic acid)s and poly(acrylic acid). Polymers 

with the same chain lengths and narrow polydispersities were used to resolve the effect of chain 

length on the binding process. ITC in a pH-constant environment allowed us to complement the 

potentiometric titration data. Our results reveal a significant influence of the chain length on 

the binding characteristics and elucidate the performance of different polymer types in metal 

ion binding in precisely controlled conditions. This provides new insights into the mechanisms 

of polymer-based metal ion removal from wastewaters, crystallization inhibition, and beyond. 

Additionally, the presented experimental protocol can be used for a wide range of metal cations 

if respective electrodes are available. 
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2.3 Experimental Section 

2.3.1 Materials 

Poly(L-glutamic acid) sodium salt, (M = 6700 g/mol, PD = 1.03) and poly(L-aspartic acid) 

sodium salt, (M = 7400 g/mol, PD = 1.04) with polymerization degrees of 50 were purchased 

from Alamanda Polymers Inc. Poly(L-glutamic acid) sodium salt, (M = 2900 g/mol, PD = 1.1) 

and poly(L-aspartic acid) sodium salt, (M = 3700 g/mol, PD = 1.1) with polymerization degrees 

of 20 were purchased from Nanosoft polymers. Poly(acrylic acid), 2-(Dodecylthiocarbono-

thioylthio)-2-methylpropanoic acid (DDMAT)-terminated, (M = 6800 g/mol, PD < 1.1) was 

acquired from Sigma-Aldrich. Molecular weights of the polymers were experimentally 

determined by 1H NMR spectroscopy (see section 2.6.5 in the supplementary information (SI) 

of this chapter) and polymer polydispersities were taken from the data provided by the 

manufacturers (see section 2.6.6 in the SI), as we encountered difficulties in our investigations 

and received different polydispersities dependent on the method used. Ac-Asp-NH2, Ac-Glu-

NH2, triaspartic acid and triglutamic acid were purchased from BACHEM AG. 1.0 M calcium 

chloride stock solution (Fluka) from Fisher Scientific and 0.01 M NaOH and 0.01 M HCl stock 

solutions from Alfa Aesar were used. Borate buffer solution (pH 10.0) was obtained from 

Sigma Aldrich. 

 

2.3.2 Polymer purification 

In titration experiments, interference of the polymers with the calcium ion selective electrode 

(Ca-ISE) was observed that led to an irreversible damage of the electrode, which then had to be 

replaced (see supplementary discussion in section 2.6.1). This is most likely due to fractions of 

polymers with a small molecular weight that can penetrate, poison, or clock the ion carriers 

within the membrane of the used Ca-ISE.95 Although polymers with a narrow polydispersity 

were used, the presence of small fractions of low-molecular weight oligomers cannot be 

excluded. Therefore, before titration experiments, the polymers with molecular weights above 

6 kDa were purified by diafiltration using a molecular weight cut-off of 3 kDa (Amicon Ultra-

15, PLBC Ultracel-PL membrane). After two washing cycles using Milli-Q water, a 100 mg/L 

polymer stock solution was prepared and used for titration experiments. The purification 

procedure significantly improved data quality, indicating that the problems with the Ca-ISE 

were indeed most likely caused by small molecular weight compounds in the purchased 

polymers. The stock solutions were stored in a fridge and freshly prepared every two days. 

 

2.3.3 Potentiometric titrations 

A commercial automated titration setup (Metrohm Titrando) controlled by computer software 

(Metrohm tiamo 2.3) was used for the titration experiments. A titration device (905 Titrando) 

controlled three dosing units (800 Dosino) for the precise addition of dilute CaCl2, HCl and 
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NaOH solutions. The calcium potential was monitored using a calcium ion selective electrode 

(Ca-ISE, Metrohm, No. 6.0508.110) and the pH was measured using a pH electrode (Metrohm, 

No. 6.0256.100). The internal reference electrode of the pH electrode was used as a reference 

electrode for the Ca-ISE. All solutions were prepared using Milli-Q water.  

Calibration of the pH electrode was carried out once per week using pH buffers from Mettler 

Toledo with pH 4.01 (No. 51302069), 7.00 (No. 51302047) and 9.21 (No. 51302070). The 

Ca-ISE was calibrated by dosing a 10 mM CaCl2 solution at a rate of 0.04 mL/min into 25 mL 

Milli-Q water at the same pH value as the one used in the experiment. Experiments at pH values 

higher than 6 were performed under a stream of H2O-saturated N2 to prevent in-diffusion of 

CO2. The pH value was kept constant by automatic counter titration of 10 mM NaOH or 10 mM 

HCl. Due to possible damage of the electrode by exposure to the polymers, the Ca-ISE was 

calibrated before and after each measurement to ensure the reproducibility of the electrode 

signal after exposition to the polymers. The calibration was carried out for 60 min, and both the 

pH electrode and Ca-ISE were regenerated twice a week by stirring for 2 h in 100 mM HCl 

(pH-electrode) and 10 mM CaCl2 (Ca-ISE), respectively. 

Binding experiments were carried out by adding a 10 mM CaCl2 solution at a rate of 

0.04 mL/min into 25 mL of 50 mg/L (PAsp20, PGlu20, pAsp50, PGlu50, PAA, Ac-Asp-NH2 

and Ac-Glu-NH2) or 200 mg/L (H-Asp-Asp-Asp-OH and H-Glu-Glu-Glu-OH) polymer 

solution at the desired pH value (pH 9, 7, 6, 5 and 3). Before titration experiments, the pH was 

set to the desired value by adding small amounts of 10 mM NaOH and 10 mM HCl. The pH 

was then kept constant during the experiments by automatic addition of 10 mM NaOH and 

10 mM HCl. The experiments were stopped after 60 min and the electrodes were quickly 

washed using Milli-Q water to minimize the time exposed to polymers. At least three 

independent experiments were performed for each pH value and each investigated polymer type. 

Any potential precipitation of the polymers upon calcium addition was tracked using an optrode 

(Metrohm, No. 6.1115.000) operated at a wavelength of 660 nm. During the titration 

experiment, no increase in turbidity could be observed for the investigated polymer 

concentrations (data not shown). 

 

2.3.4 Determination of binding parameters 

In order to calculate binding parameters by potentiometric titration, the measured free calcium 

potentials of the ISE need to be converted into calcium ion activities. It should be noted that 

contributions of the polymers to the ionic strength of the solutions can be neglected, and due to 

the same ionic strength in both calibrations and experiments, ion activity obtained from the ISE 

data can effectively be treated as free ion concentration (a(Ca2+)c0 = cfree(Ca2+)).120 The 

calculated ln(a(Ca2+)) was plotted against the measured U(Ca2+). Then, the relevant potential 

regime for each measurement (e.g., from -50 to -10 mV) was fitted with a linear function. The 



 2.3 Experimental Section 19 

 
 

experimentally measured potential was then used to calculate the calcium activity according to 

the Nernst equation, as described elsewhere:120 

 ��Ca��� = �	 + ��2� ln���Ca���� 

 

 
(2.1) 

 

In some cases, especially for polymer measurements, the calibration was not perfectly linear in 

the relevant regime of U(Ca2+), which was most likely caused by interactions with the electrode 

membrane or interference caused by the polymers (see discussion in SI section 2.6.1). In this 

case, a nonlinear calibration with the following empirical exponential function was performed:  

 ��Ca��� = exp ��� exp ���Ca����� � + �� exp ���Ca����� � + �	� 

 

 
(2.2) 

 

Thus, five parameters were used for the fit of the calibration curve, instead of two parameters 

as for the linear approach. The nonlinear function yields a better fit of the curves and therefore 

prevents significant errors in the conversion from U(Ca2+) to a(Ca2+), especially for potentials 

where the electrode behavior is nonlinear (Figure S2.1a in section 2.6.1). The nonlinearity of 

the electrode was well reproducible within a day, and the nonlinear calibration thus provides a 

reasonable conversion from calcium potential to calcium activity. In the next step, the amount 

of bound calcium ions at each point in the titration experiment was calculated: 

 ����� �Ca��� = �!�!"#�Ca��� − %!�!"#&'())�Ca��� 

 

 
(2.3) 

 

where cfree(Ca2+) corresponds to the concentration of free calcium ions in equilibrium with the 

calcium ions bound to the polymer and was calculated from the measured calcium activities 

due to a(Ca2+)c0 = cfree(Ca2+) for the equal ionic strength in the calibrations and binding 

experiments. ntotal(Ca2+) is the total amount of calcium ions in the solution and was calculated 

using the dosed volume of CaCl2 solution (and any additional volumes due to pH titration). The 

Langmuir binding model was applied to calculate the parameters of the binding process 

according to 

 ����� �Ca��� = �*"+ -. &'())�Ca���1 + -. &'())�Ca���  

 
(2.4) 

 

Plotting nbound(Ca2+) against cfree(Ca2+) and fitting with the function y = (Ax)/(1 + Bx) enables 

the determination of the Langmuir binding parameters, with nmax representing the maximum 

binding capacity and KL being the binding equilibrium constant. Due to the high number of data 

points recorded in each titration experiment (more than 1000 points), no linearization of the 

Langmuir adsorption isotherms is necessary, which is favorable for data regression.162 However, 

a linear correction was applied to the raw data, as a nonlinear slope was visible at the end of 

titration experiments (see supplementary discussion 2.6.2). 
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2.3.5 Binding of counterions 

25 mL of a stirred 200 mg/L polymer solution was set to pH 9 using 10 mM NaOH. Then, 

100 mM CaCl2 solution was added with a rate of 0.01 mL/min and the pH was kept constant 

by automatic counter titration with 10 mM NaOH. The pH value, calcium ion activity, and 

chloride ion activity were recorded during the titration. Therefore, a chloride ion selective 

electrode (Metrohm, No. 6.0502.120) was employed, which was calibrated alongside the Ca-

ISE. The pH was measured with a double junction pH electrode (Metrohm, No. 6.0269.100) 

using KCl as an inner electrolyte and KNO3 as a bridge electrolyte. Before each measurement, 

the bridge electrolyte was replaced to ensure no leakage of chloride into the solution took place. 

 

2.3.6 Isothermal titration calorimetry (ITC)  

Isothermal titration calorimetry experiments were performed on a Malvern VP-ITC at 25 °C. 

Solutions with 50 mg/L polymer with a 1 wt-% borate buffer (pH 10.0) were prepared using 

Milli-Q water and set to pH 9 using 0.01 M HCl. The borate buffer was necessary to stabilize 

the pH value during the titration to achieve pH-constant conditions comparable to 

potentiometric titration experiments. The effect of the 1% borate buffer on the binding process 

was investigated by performing potentiometric titration experiments in buffer solution. The 

same conditions and parameters as those described in the previous section were used for the 

experiments, except that the 1% buffer solution was used for the Ca-ISE calibration, and that 

the pH was not kept constant in the binding experiment due to the sufficient buffer capacity. 

The results showed that a constant pH value during the experiments could be achieved (less 

than 0.05 pH units drift) and that no effect on the association constant Ka was observed. This is 

in line with literature binding constants of calcium in borate-polyhydroxycarboxylate systems, 

which are several orders of magnitude lower compared to the calcium-polycarboxylate binding 

investigated in this study.163 However, roughly a 20% increase in nmax was observed in titrations 

with borate buffer (data not shown). 

In ITC experiments, 1.5 mM CaCl2 (2.5 mM for PAA) was titrated into the polymer solution at 

a stirring rate of 600 rpm and a reference power of 12 µCal/s at pH 9. Usually, 26 injections of 

10 µL each were performed with a spacing of 200 s, with a 2 µL injection before the first 

injection. As reference experiments, titrations of CaCl2 into the 1 wt-% pure buffer solution and 

the NaCl solution (the same ionic strength as the CaCl2 solution) into polymer/buffer solutions 

were performed. The data points were processed using ITCsy (sedphat) and NITPIC (The 

University of Texas Southwestern Medical Centre) software. For evaluation, the reference 

experiments were subtracted, and the curves were fitted with a simple hetero association model 

(A + B ⇌ AB) in ITCsy, while the first 2 injections were not considered for the evaluation. From 

the sigmoidal fits the thermodynamic parameters of the binding process, ΔG0, ΔH0 and ΔS0, 

were calculated according to standard procedures.164-165 
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2.4 Results and Discussion 

2.4.1 Investigated polycarboxylates 

In this study, we investigated the binding processes of calcium ions by selected 

polycarboxylates at different pH values. Polymers with a low polydispersity were chosen to 

determine the effects originating from differences in the polymerization degree and functional 

groups. A detailed overview of all investigated compounds is given in Table 2.1. 

 

Table 2.1 Overview of compounds and their abbreviations (Abbr.) used in this study. In addition, 
polymerization degrees (DPn), molecular weights (M) and polydispersities (PD) are provided. Polymer 
structures are shown with protonated carboxyl groups 

Abbr. Name Chemical Structure DPn M [g/mol] PD 

PAsp50 
poly(aspartic acid) 
sodium salt 

 55a 7400a 1.04b 

PAsp20 27a 3700b 1.10b 

Asp3 
triaspartic acid; H-
Asp-Asp-Asp-OH 

 

3 363 - 

Asp1 

aspartic acid 
monomer (protected); 
Ac-Asp-NH2 

  
- 174 - 

PGlu50 
poly(glutamic acid) 
sodium salt 

 45a 6700a 1.03b 

PGlu20 22a 2900a 1.1b 

Glu3 
triglutamic acid; H-
Glu-Glu-Glu-OH 

 

3 405 - 

Glu1 

glutamic acid 
monomer (protected); 
Ac-Glu-NH2 

  

- 188 - 

PAA poly(acrylic acid) 
 

91a 6800a <1.1b 

aDetermined by 1H NMR spectroscopy (see SI section 2.6.5). 
bDetermined by GPC, according to the manufacturer's certificate of analysis (see SI section 2.6.6). 
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It is known that the polymerization degree of an additive may have large effects on additive-

controlled crystallization processes.98 Therefore, we investigated poly(aspartic acids) and 

poly(glutamic acids) with different chain lengths (DPn = 50 and 20) as well as the respective 

trimers (DPn = 3) and monomers. The free acid groups of the terminal amino acid can also 

participate in the binding process, resulting in a bidentate binding of the ions. This contrasts 

with the amino acid repeating unit in a polymer chain, where two amino acids neighbor it. 

Therefore, the investigations with the monomers were carried out using protected amino acids, 

in which the terminal groups are chemically protected to create a similar chemical environment 

with regards to the amino acids in a peptide. In addition, all experiments were performed using 

a comparable ionic strength in the starting solution, as differences in ionic strength also affect 

the binding process (Figure S2.9).166 The pKa values of all polymers fall in a similar range and 

are therefore only considered qualitatively in the following discussion (see SI discussion 2.6.3). 

 

2.4.2 Binding parameters from potentiometric titration 

The Langmuir binding parameters were determined using potentiometric titration. A diluted 

solution of CaCl2 was added to the polymer solution, while the pH was recorded and kept 

constant by automatic counter titration with NaOH. During the addition, the free calcium 

activity was recorded using an Ca-ISE, so the free and bound calcium concentrations could be 

precisely determined at each point in the experiment. At the beginning of the experiment, added 

calcium is bound to the polymer, therefore the increase in calcium activity is less than expected 

from the added amount of calcium. From the concentrations of bound and free calcium ions, 

the binding parameters can be calculated by fitting the experimental data with a Langmuir 

binding isotherm and a linear correction term due to non-zero slopes at the end of experiments: 

 ����� �Ca��� = �*"+ -. &'())�Ca���1 + -. &'())�Ca��� + -1�(( ∗ &'())�Ca��� 

 
(2.5) 

 

where KL represents the Langmuir binding constant, nmax is the maximum binding capacity, and 

Kcorr is the linear correction factor. The linear correction term was introduced to account for the 

non-zero slope at the end of potentiometric titration (see SI section 2.6.2 and related 

discussions). This effect can be attributed to the interference of the polymers with the electrode 

and is not discussed further herein. The titration setup automatically maintains a constant pH 

value during the binding process and the pH-dependence of the binding parameters can be 

determined for PAsp50, PGlu50 and PAA, individually. In addition, PGlu20 was investigated 

to quantify the effect of different polymerization degrees. Experiments with PAsp20 are not 

shown due to the strong interactions with the Ca-ISE membrane, as no polymer purification 

was possible (see experimental section 2.3.2). Other experiments showed good reproducibility 

and the binding parameters were determined in the pH range from 3 to 9 (Figure 2.1 and Figure 

S2.10). All parameters determined by titration are listed in Table S2.2 in section 2.6.8 in the SI. 
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Figure 2.1 pH-dependence of binding parameters for different polycarboxylates. The Langmuir 
binding parameters a) nmax (maximum binding capacity) and b) KL (Langmuir binding constant) are 
shown. To determine the Langmuir parameters, we used an additional linear correction term to account 
for non-zero slopes in bound calcium after the end of the experiments that are due to polymer 
interference with the Ca-ISE. Linear correction parameters Kcorr are shown in Figure S2.11.  

 

From the maximum binding capacity nmax (Figure 2.1a), it becomes evident that polymers with 

higher molecular weights possess increased binding capacity at all investigated pH values. At 

pH 7 and 9, PAA (DPn ~ 100) exhibits the highest binding capacity with 0.35 bound Ca2+ ions 

per monomer segment, followed by PAsp50 and PGlu50 (DPn ~ 50) with nmax around 0.20 to 

0.25 followed by the shortest polymer PGlu20 (DPn ~ 20) with nmax = 0.07. Remarkably, the 

binding capacities of pAsp50 and PGlu50 are very similar despite their different chemical 

structures, but significant differences for PGlu50 and PGlu20 are detected. This hints towards 

a binding mechanism that is determined by effects arising primarily from chain length, instead 

of being determined by the chemical structure of a monomer unit or a short segment of a chain. 

This could be possible through bidentate/polydentate binding in terms of intramolecular 

interactions of neighboring groups in the chain, polydentate binding by groups with larger 

spatial separation in one polymer chain, or intermolecular interactions. The decrease in binding 

capacity starting from pH 5 is qualitatively in line with the pKa values of the polycarboxylates 

(see supplementary discussion 2.6.3), where an increasing degree of protonation corresponds 

to lower binding capacities. For all investigated polymers, almost no adsorption occurs at pH 3 

(nmax ≈ 0), implying that no Ca2+ binding is possible on predominately protonated chains. Due 

to the much higher abundance of protons at low pH values, Ca2+ ions and protons compete for 

binding sites. 

The comparison of the Langmuir adsorption coefficients KL of the three polymers (Figure 2.1b) 

indicates differences among the polymer types. In the whole pH range, the adsorption 

coefficients for PAsp50 are significantly higher than for PGlu50, while there is only little 
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difference between polymers with different chain lengths (PGlu50 vs. PGlu20). Therefore, in 

terms of the Langmuir adsorption coefficient KL, differences in the molecular structure of the 

monomer units are relevant rather than polymerization degree. Again, for all investigated 

polymers, a lower pH value yields a lower binding constant. The adsorption coefficients of the 

polycarboxylates are in the order of 103 L/mol (pH 5) to 105 L/mol (pH 9), which is a moderate 

binding strength for a chelator. For comparison, the KL value of the Ca2+ binding by EDTA 

(3.8 · 106 L/mol at pH 7.4 in HEPES) is at least one order of magnitude higher.146, 167 An 

interesting trend is visible for PAA, as for pH values lower than 7, the KL is smaller than for 

PAsp50, while for pH 9, the binding constant is considerably higher. This can be understood 

considering the titration curves (Figure S2.12). At pH 9, almost quantitative binding at the 

beginning of the titration can be observed for PAA, while at lower pH values, the process can 

be described by Langmuir isotherms. Therefore, due to the non-Langmuir behavior at pH 9, the 

binding constant is not ideally represented and overestimated by the applied Langmuir fit. 

Several other binding isotherms were tested, but no isotherm can account for quantitative 

binding in the beginning of the titration. Therefore, the data for PAA at high pH has to be 

interpreted carefully. One explanation for the deviation from the Langmuir isotherm might be 

a different mechanism of binding at low binding coverage. In the beginning, PAA can strongly 

bind calcium, possibly by chelating and interactions of several carboxyl groups with one 

calcium ion. Later, at higher calcium loads, this mechanism might not be possible anymore due 

to interactions between calcium ions and could therefore start to follow a Langmuir type binding 

more closely. Alternatively, non-Langmuir behavior could be caused by phase separation in the 

system. Indeed, it was reported that precipitation of calcium-PAA coacervate takes place at a 

critical molar ratio of calcium and carboxyl groups of 0.3 to 0.4 at higher polymer 

concentrations.95, 168 In the titration experiments, this critical ratio range theoretically occurs 

between 700 to 900 s, which corresponds to a free calcium concentration of 10 to 40 µmol/L 

(Figure S2.12). The potential precipitation of Ca-PAA coacervate was also experimentally 

assessed using a titration setup coupled with an optrode, however, no precipitation was visible 

(data not shown). This is potentially due to the lower polymer concentrations used in the 

experiments than in the other studies. Regardless of whether coacervate formation is taking 

place in the investigated system or not, significant differences in the PAA binding 

characteristics at high pH values compared to lower pH values, and compared to the other 

polycarboxylates, are evident. 

In the neutral pH regime, the polycarboxylates are partially protonated and calcium ions can 

replace the protons of the polymer to bind to the carboxyl groups. Since protons are released 

during this process, they can be tracked by the amount of NaOH added during the titration to 

keep the pH constant (Figure 2.2a). At higher pH values, polymers are fully deprotonated and 

at low pH values, no binding takes place, resulting in a pH window at which a significant NaOH 

addition can be observed during the titration experiments. In our work, this effect was visible 

between pH 5 and pH 7. This additionally illustrates the broad range of pKa values of the 
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polymers (see SI section 2.6.3) and the broad pH range, in which the polycarboxylates are 

partially protonated.  

 

 

Figure 2.2 Insights into the binding process from proton release. a) Volume of NaOH added during 
the titration experiments at pH 5 for the different polymers. b) Calculated nmax from Ca2+ adsorption 
(bound Ca2+ per COOH) and nmax(prot) calculated from the amount of the added NaOH solution (released 
H+ per COOH). c) Dissociation degree αD of polymers calculated from potentiometric titration data. 
d) Comparison of the theoretical maximum proton release upon binding calculated from the dissociation 
degree αD in comparison with values calculated from nmax(prot) from NaOH addition. 

 

The amount of added NaOH was also fitted with a (linearly corrected) Langmuir isotherm, 

which allows to determine nmax(prot) from the number of released protons. The parameter nmax(prot), 

thus, allows us to determine the amount of calcium ions binding to protonated groups, which 

can be compared to the overall nmax for calcium binding determined by the calcium ISE (Figure 

2.2b). At pH 5, for all investigated polymers, the amount of released protons is very similar to 

the amount of bound calcium, showing that essentially, for a calcium ion to bind to the polymer, 

a proton is released. At pH 6, PAA and PGlu20 show the same behavior, however, for PGlu50 
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and PAsp50, nmax(prot) is lower than nmax, so a significant extent of binding occurs to 

deprotonated groups. Upon further increase of the pH value to 7, the amount of released H+ 

becomes even smaller for the poly(amino acids); however, for PAA, a large release of protons 

is recorded, which seems to be difficult to rationalize. At pH 9, the polymers are essentially 

fully deprotonated, and no NaOH titration due to proton release was detected within 

experimental accuracy. Further insights into the different calcium ion/polymer systems can be 

obtained by comparing the number of released protons (i.e., the amount of added NaOH to keep 

the pH value constant) to the theoretical number of protons that the polymer can release at a 

given pH value. We have, therefore, calculated the dissociation degree of the polymers in 

dependency of pH (Figure 2.2c) using the pH titrations of the polymers (Figure S2.3).169 The 

pH titrations show that the dissociation degree of PAsp50 is higher than that of PGlu50/PGlu20 

at any given pH value. In principle, PGlu50/PGlu20 exhibits the same dissociation degree as 

PAsp50 at pH values that are higher by around 0.5 to 1 unit. This trend is also consistent with 

the difference in KL from the binding experiments, with the pKL of PAsp being roughly one pH 

unit shifted to lower pH values (Figure 2.1b). Although the pKa values of the polymers exhibit 

a broad distribution, the apparent pKa of PAsp is lower than that of PGlu, resulting in higher 

dissociation degrees at a given pH value and higher KL. 

From the individual dissociation degrees, the theoretical number of protons that can be released 

was calculated and compared to the detected number of released protons (Figure 2.2d). PAsp50 

has a slightly lower number of protons that can theoretically be released at a given pH value 

compared to PGlu50/PGlu20, which probably lies within experimental certainty. In the case of 

PAsp50 at pH 5, essentially all H+ are released during the binding process, resulting in a much 

higher nmax compared to the poly(glutamic acid)s, which can release protons only partially. The 

data for PAsp50 at pH 5 is very interesting; 60% of the carboxyl groups are initially 

deprotonated, and we determine a value for nmax corresponding to 0.2 bound calcium ions per 

carboxyl group. Theoretically, enough groups are deprotonated already from the beginning so 

that the calcium binding may occur exclusively at deprotonated groups, yet we detect that 

essentially all protons are released in the binding process. At pH 5, the binding of Ca2+ is 

directly coupled to the release of protons, while at lower pH values, at which the polymer is 

fully protonated, no binding is detected. This suggests that cooperative effects play a role in the 

binding process. Essentially, it appears that an initially deprotonated binding site is required to 

exist close to a protonated one, so that the initial calcium binding can occur, which then lowers 

the pKa of the neighboring carboxyl group, leading to deprotonation. Upon further binding, the 

neighboring groups release their protons to bind more calcium. Alternatively, we can assume 

bidentate binding by neighboring groups or folding of the polymers. This trend is also visible 

at pH 7 (Figure 2.2d), where the polymers exhibit a deprotonation degree larger than 90%. Yet, 

we still detect full deprotonation of the polymers upon calcium binding. Although binding is 

also possible at fully deprotonated groups, i.e., at higher pH values, our results indicate that 

binding processes that lead to full deprotonation of the polymers are favorable. 
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In the case of PAA, higher experimental proton release than theoretically possible occurs at pH 

6 and 7. The reason for this unphysical effect is unclear; however, taking the above-described 

effects of potential polymer precipitation and the very strong initial binding of calcium by PAA 

into account, we propose that complete deprotonation of PAA upon calcium ion binding occurs 

at all pH values. We attribute the additional unphysical proton release to interference of PAA 

with the pH electrode, e.g. due to precipitation of “sticky” Calcium-PAA precipitates on the 

electrode membrane which might affect its pH responsiveness and thereby the amount of added 

NaOH in the experiments. This might also explain the practically identical amount of NaOH 

addition detected at pH 6 and pH 7 for PAA, although the dissociation degree and the binding 

capacity are clearly different at these two pH values. We like to emphasize that this behavior 

was detected exclusively for PAA, and that in all other systems a good agreement between 

theoretical and experimental H+ release was detected. We therefore argue that, except for PAA, 

extracting quantitative data from NaOH addition is reasonable. 

Additional experiments at pH 9 using poly- and oligo(amino acid) compounds with different 

polymerization degrees were performed. Poly(aspartic acid) and poly(glutamic acid) 50mers, 

20mers, unprotected trimers, and protected monomers were investigated (see Table 2.1). 

Relative binding capacities, i.e., bound Ca2+ per carboxyl group, and binding constants decrease 

for both polymers from 50mers to 20mers and for protected monomers, no binding was detected 

(Figure 2.3).  

 

 

Figure 2.3 Dependency of binding parameters on the chain length of investigated polymers and 

oligomers at pH 9. a) The maximum binding capacity nmax and b) the Langmuir binding constant KL 
are shown. For protected monomers, no binding could be resolved for the used concentration (50 mg/L), 
likely due to too low association constants. Detailed binding parameters are given in Table S2.2. 
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The unprotected trimers show the highest relative binding capacity. However, due to the use of 

unprotected trimers, bidentate binding is possible at the terminal groups of the chain, resulting 

in the additional binding of calcium ions. Due to the short chains of the compounds, this leads 

to a higher nmax compared to the longer polymers. The difference in binding characteristic is 

also evident in the vastly different KL values compared to those of the larger chain-length 

compounds. In addition, we do not detect calcium binding for (protected) monomers. This is 

probably due to too low concentrations used in the experiments and comparatively small 

association constants of monomeric amino acids.170 It is evident that protected monomers 

exhibit considerably lower binding constants than the higher molecular weight compounds. The 

protection of the monomer was deliberately chosen to be closely related to the chemical 

environment of the monomer unit in a polymer chain, yet no binding can be detected for the 

monomers. The impact of the whole polymer chain on the binding mechanism is again evident 

from this set of experiments. In addition, it is very important to specify whether protected or 

unprotected monomers and oligomers are used to investigate effects of amino acids or 

polycarboxylates on ion binding processes or related phenomena.97 Especially for short 

polymers or oligomers, characteristics of the terminal groups have to be specified. When we 

take a closer look at the difference between 50mers and 20mers, a striking feature is evident. In 

terms of nmax, PAsp20 possesses a higher binding capacity than PGlu20, while the KL of PAsp20 

is lower than that of PGlu20 (Figure 2.3a). These trends in nmax and KL are opposite for 20mers 

compared to 50mers, implying different binding mechanisms for shorter polymers (and 

oligomers) compared to longer polymers. 

 

2.4.3 Binding parameters from ITC 

So as to complement the potentiometric titration experiments, isothermal titration calorimetry 

(ITC) experiments were performed to gain insight into thermodynamic parameters during the 

calcium binding process (Figure 2.4).146 We can directly compare the parameters determined 

by ITC and potentiometric titration, as the ITC evaluation was performed using a model for 

simple hetero association, which assumes noninteracting binding sites according to the standard 

Langmuir model (Table 2.2).165 

The ITC results show that the trends for binding stoichiometry n are consistent with the 

potentiometric titration, where a higher DPn of polymers correlates with a higher n. In addition, 

the order of magnitude of KL and the significantly higher adsorption coefficient for PAA at high 

pH values are confirmed by ITC. The determined binding characteristics of PAA are in 

excellent agreement with values reported in earlier studies.146 However, some trends visible in 

the potentiometric titration cannot be reproduced by ITC, namely the higher KL of PAsp50 

compared to PGlu50 and PGlu20. At this point, it remains unclear why this effect cannot be 

reproduced, but we assume a systematic error upon ITC evaluation, as the ITC data evaluation 

is rather sensitive, especially regarding the determination of KITC, and depends on the chosen 
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software of evaluation, even if the same binding model is used. Indeed, the equations used for 

evaluations of ITC experiments are more complex than those for the Langmuir evaluation (see 

SI section 2.6.4), and in case of ITC, only around 25 data points are used for fitting in one 

experiment compared to over 1000 points in potentiometric titration experiments. Thus, the 

results seem to be influenced by the evaluation routine. Of course, differences in results from 

ITC and titration experiments could also be caused by interactions of polymers with the 

electrodes or effects of the buffer used in ITC experiments. Nevertheless, we can still confirm 

key findings of the potentiometric titration experiments: a strong influence of chain length on 

nmax and the order of magnitude of KL as well as a significantly higher KL value for PAA than 

for other polycarboxylates. 

 

 

Figure 2.4 Isothermal titration calorimetry (ITC) experiments of calcium ion binding to 

polycarboxylates. a) PAsp50, b) PGlu50, c) PGlu20, and d) PAA. Reference titrations of Ca2+ into 
buffer and water into polymer solutions were subtracted for quantitative evaluations in order to account 
for heats of dilution, and isotherms were fitted with a model of simple hetero association (A + B ⇌ AB). 

 

Table 2.2 ITC results for calcium ion binding to PAsp50, PGlu50, PGlu20 and PAA. ΔH0: 
standard reaction enthalpy; ΔG0: standard reaction Gibbs free energy; ΔS0: standard reaction entropy; n: 
binding stoichiometry; KITC: association constant. The ± 1-σ-standard deviation of 3 ITC experiments is 
shown. In addition, the Langmuir binding parameters nmax and KL determined by potentiometric titration 
(pH 9) are shown for comparison 

 

Isothermal titration calorimetry    Potentiometric titration 

ΔH0 

[kJ/mol] 

ΔG0 

[kJ/mol] 

ΔS0 

[J/mol∙K] 

KITC 

[·103 L/mol] 
n  

KL 

[·103 L/mol] 
nmax 

PAsp50 11.3 ± 0.8 -28.3 ± 0.3 133 ± 2  129 ± 15 0.33  155 ± 15 0.21 

PGlu50 10.3 ± 0.2 -28.7 ± 0.3 131 ± 0.4 154 ± 18 0.29  84 ± 6 0.23 

PGlu20 13.5 ± 1.9 -26.7 ± 0.3 135 ± 7 68 ± 7 0.17  61 ± 6 0.08 

PAA 14.8 ± 0.7 -29.8 ± 0.4 150 ± 1 249 ± 44 0.35  330 ± 40 0.34 
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Thermodynamic parameters derived from ITC provide further insight into the binding 

energetics and therefore, the mechanisms underlying the binding process. The standard reaction 

enthalpy ΔH0 thereby reflects the strength of the interactions of Ca2+ with the polymer, such as 

van der Waals interactions or hydrogen bonds, compared to the interactions existing with the 

solvent. On the other hand, the standard reaction entropy ΔS0 reflects changes in conformational 

entropy of the polymer, such as loss of conformational freedom of the chain, or changes in 

solvation entropy, e.g., the release of bound water molecules into the bulk solvent upon 

binding.171 

While no differences in thermodynamic data for PAsp50 and PGlu50 can be accurately detected 

in the experiments, differences between PGlu50 and PGlu20 are evident, namely lower KITC 

values for PGlu20. The difference in the Gibbs free energy ΔG0 and therefore KITC can be 

attributed to the enthalpic contribution. ΔH0 values reveal a more endothermic process for 

PGlu20, showing that Coulomb interactions, hydrogen-bonds or van der Waals interactions 

within the Calcium ion-bound polymer species are less favorable compared to the 50mers. As 

the polymer exists without specific secondary structures or conformations at high pH,172-174 it 

is unlikely that the difference arises from differences in the pure-polymer water interaction in 

the starting solutions. This indicates that polymers with a shorter chain length cannot form 

hydrogen bonds, van der Waals, and Coulombic interactions upon binding of calcium ions as 

favorably as longer polymers investigated in this study. For the shorter polymer, the entropic 

contribution during binding is essentially the same as for the longer polymer chains 

(ΔS0: 130 J/mol∙K). The measured ΔS0 also includes changes in conformational entropy of the 

polymers, effects of solvent restructuring, (de)protonation reactions, release of hydration waters 

and entropic effects due to varying numbers of particles.175 It is impossible to isolate the term 

for conformational entropy from ITC experiments alone, as effects resulting from different 

polymer conformations could, for example, be also balanced by entropy gains resulting from 

solvent restructuring. However, it seems unlikely that these effects perfectly cancel out and we 

conclude that there is no detectable difference in entropic changes during binding in case of 

PGlu20 and PGlu50. Thus, even if higher-order effects such as folding of the polymer backbone 

upon binding come into play, it is unlikely that a rigid, folded structure is present in this binding 

motive (e.g., conformations similar to an alpha-helix), as this reduction in configurational 

entropy would result in large contributions to the measured entropies (on average -18 J/mol∙K 

per amino acid).176-177 If it is assumed that only the release of hydration waters and particles 

contributes to the measured entropic change, ΔS0 corresponds to roughly 16R, with R being the 

universal gas constant. This means that roughly 2 sodium ions and 8 hydrated water molecules 

are released into the bulk solvent upon binding one calcium ion, with each released 

ion/molecule contributing 3/2R in translational degrees of freedom to the entropy change. 

We can conclude that the longer peptide chain yields a more exothermic and therefore 

energetically favorable binding of calcium ions, resulting in higher value of nmax. The effects 
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that cause stronger exothermic ΔH0 for longer polymers cannot be precisely determined, 

however, it is unlikely that these effects and interactions are caused by functional groups in 

close distance in the chain, e.g., neighboring groups, as this would lead to no difference between 

20mers and 50mers. The interactions occur between carboxyl groups at a significant distance 

(based on our results, likely more than 20 amino acids apart) in the polymer chain, originating 

from, e.g., folding of the polymer chain during the binding process, causing enthalpically 

favored interactions. We need to keep in mind that all evaluations were performed using the 

Langmuir binding model that assumes noninteracting binding sites and an entirely reversible 

binding process, which may impair the validity of the proposed mechanisms. Deviations from 

the assumptions made could also explain the deviations of experimental data from theoretical 

Langmuir isotherms (see above). 

PAA shows even less favorable enthalpic interactions in the bound state; however, this is 

overcompensated by a much more favorable entropic contribution, resulting in an overall more 

exergonic binding process and thereby higher value of KITC. This can be explained by the 

increased release of hydration waters due to the higher binding capacity of PAA. A difference 

of 20 J/mol∙K in ΔS0 is detected in comparison to the polypeptides. This corresponds to 2-3 

additionally released water molecules upon binding of one calcium ion compared to PAsp50, 

PGlu50, or PGlu20, which could be explained by a polydentate binding of PAA around 

calcium,178 removing more bound hydration waters from Ca2+. This is also consistent with the 

essentially quantitative binding detected at the beginning of potentiometric titration 

experiments for PAA, which is much stronger than can be rationalized by a binding mechanism 

giving rise to the Langmuir isotherm. 

 

2.4.4 Binding of counterions 

Different models have been proposed to explain the difference of binding in the case of 

poly(aspartic acid) and poly(glutamic acid), and among them is the binding of counterions. 

Using molecular dynamics simulations on penta-aspartic acid and penta-glutamic acid, Lemke 

et. al. showed that aspartic acid oligomers possess increasing ring strain upon chelation of 

calcium ions, while for glutamic acid oligomers, bidentate binding to calcium is causing less 

strain due to the longer side chain.97 To release strain, counterions, such as chloride or carbonate 

ions, contribute to the binding mechanism in case of PAsp. In addition, even if bidentate binding 

takes place in the case of PAsp, the carboxyl groups cover a smaller angle due to the shorter 

side chains, resulting in increased space for counterions to bind to Asp oligomers in comparison 

to Glu oligomers. It was proposed that these reasons might explain the differences that PAsp 

and PGlu exert on mineralization processes. So as to investigate the predicted participation of 

counterions in the binding process, titrations with a chloride ion selective electrode were 

performed to detect the potential binding of chloride ions during the calcium binding process 

of PAsp50 and PGlu50 (Figure 2.5). 
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Figure 2.5 Binding of chloride and calcium ions during titration experiments. Experiments with 
a) PAsp50 and b) PGlu50 (200 mg/L) at pH 9 are shown. Note that CaCl2 is added in the experiments, 
so twice the amount of chloride ions is added compared to calcium ions. 

 

The titrations experiments confirm that no binding of chloride ions can be observed in the 

process, while calcium binding can be described by the Langmuir binding isotherms. In addition, 

the simulations suggest that the binding constant for calcium binding to PGlu is higher than to 

PAsp, as there is less ring strain in the system, allowing for favorable bidentate binding. This 

is contrary to our observations, as PAsp50 possesses a higher KL in the investigated pH regime 

(Figure 2.1b). However, we need to keep in mind that the simulations were carried out using 

much shorter peptides, namely protected pentapeptides, while our primary experimental data 

was recorded for 50mers. Considering the experimental data for the shorter 20mers, the trends 

reverse, with PAsp20 showing a lower KL compared to pGlu20 (Figure 2.3b), which is in line 

with the MD simulations. The molecular dynamics simulations also imply an increased binding 

capacity of PAsp, as one calcium per carboxyl group can be bound, and counterions could 

balance the resulting additional positives charges. For PGlu, the theoretical maximum binding 

capacity would be one bound calcium for every two carboxyl groups in a bidentate binding 

mechanism without counterion participation. Again, while for PAsp50 and PGlu50 the binding 

capacity is essentially the same within experimental accuracy, for the 20mers an increased 

binding capacity in case of PAsp20 is detected (Figure 2.3a). Although our titrations do not 

detect the participation of Cl- ions in the binding process, we can confirm the predicted effects 

of the simulations for KL and nmax for 20mers. As we are substantially below the binding of one 

Ca2+ per carboxyl group, the need for charge balancing by counter ions is not obvious. The 

necessity of counter ion participation in the binding process might be more pronounced for 

shorter peptides or oligomers, which might explain the better accordance of 20mers to 

simulations. The different trend for 50mers in the titration experiments seem to confirm the ITC 

results and point towards a distinct binding mechanism for longer chains. The binding in case 
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of longer chains is dominated by effects less dependent on the chemistry of the individual 

monomer unit. The results show that for polymers with high polymerization degrees, higher-

order effects contribute to the binding process which cannot be resolved using simulations on 

oligomers with only several amino acid units or short polymers. However, the MD simulations 

help to understand the binding characteristics for shorter oligo- and poly(amino acids). 

 

2.5 Conclusions 

Systematic investigations of the binding of calcium ions by polycarboxylates for distinct side 

chain chemistries, pH values, and chain lengths reveal the role of complex mechanisms. No 

single uniform mechanism fits all investigated systems, and the whole polymer chain, including 

terminal groups, needs to be considered for the interpretation of binding data. Due to the 

potential backfolding of the polymer chain for increased polymerization degrees, it is 

insufficient to try to explain binding effects solely based on monomers and oligopeptide 

segments. Our experiments even reveal differences in the binding mechanism for 20mers 

compared to 50mers, with the longer chain resulting in significantly higher maximum binding 

capacities per carboxyl group.  

The assessment of the proton release during the calcium ion binding process at different pH 

values provides further insights into the binding mechanisms (Figure 2.6). In the acidic pH 

regime, the polycarboxylates are predominately protonated. The abundancy of initial binding 

sites, i.e., deprotonated carboxyl groups, is very low, and no binding can occur (1). With 

increasing pH value, deprotonated carboxyl groups become more abundant, and calcium 

binding can start at these initial sites (2). Interestingly, protons are released upon further binding 

of calcium ions, indicating that the successive binding steps do not exclusively take place at 

deprotonated groups. In fact, we observe that almost all protons are released at pH values at 

which a certain amount of fully deprotonated groups would be present for further calcium 

binding. The total amount of released protons is dependent on the initial protonation degree of 

the polymer, with a lower pKa value of the carboxyl groups in PAsp corresponding to lower 

amount of H+ release (3) compared to PGlu with a higher pKa value (4). That all protons are 

released upon calcium binding shows that the apparent pKa value of the carboxyl groups is 

lowered, which has previously been reported in similar polypeptides and has been attributed to 

electrostatic or hydrophobic hydration effects.179-180 Similar effects seem to play a role during 

the calcium binding to carboxyl groups, likely reinforced by conformational changes of the 

polymer chain. For PAA, an extremely high proton release is detected, possibly due to higher-

order effects such as conformational changes or precipitation (5). In the basic pH regime, 

carboxyl groups are essentially fully deprotonated, and binding can take place up to nmax (6). 

The strong dependency of nmax on the polymer chain length also indicates the relevance of 

higher order effects, such as conformational changes of the polymer. For PAA, a very high KL 



34 Chapter 2 – Binding of Calcium Ions to Polycarboxylates  

 
 

value is observed, and the Langmuir isotherm does not appropriately describe the binding 

process, likely due to strong chelation effects and/or precipitation of a Ca-PAA coacervate (7). 

 

 
Figure 2.6 Schematic illustration of the calcium binding mechanisms by polycarboxylates at 

different pH values. For explanation, see text. 

 

Although this work does not reveal how the coordination of calcium ions by the polymer 

precisely takes place, we demonstrate possible parameters affecting calcium binding processes. 

Simulations or investigations of short chains of amino acids seem to be insufficient to explain 

binding phenomena occurring in longer polymers, since the binding characteristics change at a 

certain chain length (in our experiments between 20 and 50 amino acids). At this stage, the 

chemistry of the individual repeating unit does not solely govern the binding process, and 

effects and interactions involving chemical groups located at larger distances in the chain, e.g. 

folding processes, come into play, which is also supported by ITC experiments. These effects 

also indicate that one needs to be careful using a pure Langmuir model, which assumes 

noninteracting binding sites, to describe the process of ion binding to polycarboxylates. 
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2.6 Supplementary Information 

2.6.1 Working with calcium ion selective electrodes  

Investigating polymer binding processes using an ion selective electrode leads to difficulties, 

as the ion selective electrode (Metrohm, No. 6.0508.110) can potentially be irreversibly 

damaged by small molecular weight polymers. Interactions and damage to the electrode is 

evident by nonlinear calibration experiments (Figure S2.1a) and an unusually steep slope in 

detected calcium potential in experiments, with a larger amount of calcium detected than added 

(Figure S2.1b).  

 

 

Figure S2.1 Experimental data showing interactions of polymers with the Ca-ISE. a) Comparison 
of regular, linear calibration data (black full line) and calibration data after exposure of the ISE to 
polymer (red full line). After polymer exposure, the data shows a nonlinear dependency of the measured 
potential from calcium concentrations and a linear equation cannot be used for fitting (black dashed 
line). Therefore, an exponential fit function was used that represented the calibration data very well 
(blue dashed line). b) Typical titration experiment with unpurified PAsp50 additive (50 mg/L, pH 9.0, 
addition of 10 mM CaCl2 with 0.02 mL/min). c) Titration data after using purified PAsp50 and 
modifying the experimental procedure (50 mg/L, pH 9.0, addition of 10 mM CaCl2 with 0.04 mL/min). 
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Due to these problems, quantitative evaluation of titration data is impossible, and several 

measures were applied to protect and restore the calcium electrode to ensure quantitative 

evaluation of results. These steps greatly improved data quality (Figure S2.1c) and can be 

applied for any system, in which interactions and damage of the (calcium) ion selective 

electrode is an issue: 

1. Remove oligomers and additive with short chain length from solution, for example 

using diafiltration 

2. Keep titration time short (< 60 min) to minimize interaction time with the membrane 

3. Restore the calcium electrode by stirring several hours in 10 mM CaCl2 solution 

4. Perform calibration of the electrode before and after each measurement, to check for 

potential damage or change in calibration parameters. This allows determination of 

precise data, even if the precision of electrode changes in the long term 

5. If calibration is non-linear but reproducible, use non-linear calibration for experiments 

 

2.6.2 Application of Langmuir binding model 

Comparison of the experimental titration data to the Langmuir model shows that the data is not 

appropriately represented by the Langmuir model (Figure S2.2, red curve). It is evident that the 

fit is overestimating the binding constant, due to the stronger curvature of the fitted curve 

compared to the experimental data. In addition, the experimental data does not approach a zero 

slope toward a saturation of the binding. This is especially evident for titration experiments at 

low pH values (pH < 5), where no initial binding process can be detected but an increase in 

bound calcium during the experiment is still visible (Figure S2.10a).  

 
Figure S2.2 Comparison of experimentally determined titration data with theoretical binding 

models. The data for PGlu50 (50 mg/L) at pH 9 (every 60th data point is shown) with fitted binding 
isotherms are shown. a) Fits with 2 parameters (Langmuir isotherm, red) and 3 parameters (Langmuir 
and linear correction, blue), as well as the fit resulting from manual adjusted Langmuir parameters 
(green) are shown. b) Higher magnification of the beginning of the experiment. It is evident that the 
experimental data does not show pure Langmuir-type behavior. 
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This suggests that the binding consists of 2 separate processes, a Langmuir-type binding caused 

by calcium binding to carboxyl groups, and an additional contribution with linear increase in 

bound calcium. We contribute the linear increase to a measurement artifact of the ion selective 

electrode, as interactions of the polymer with the PVC membrane of the Ca-ISE are possible, 

which can affect the recorded calcium activities (see section 2.6.1).95 Therefore, this study is 

focused on the Langmuir-type binding and the linear contribution is not further discussed. 

To account for the linear deviation in the binding isotherms, an additional term for fitting 

experimental data was introduced, which includes all interactions that lead to a non-zero slope 

at the end of the binding process in the isotherms. The applied empirical correction features a 

linear relationship of bound species and free adsorbate concentration, resulting in the following 

fitting function for the experimental data 

 
����� �Ca��� = �*"+ -. &'())�Ca���1 + -. &'())�Ca���3444445444446."�7*�8( !)(*

+ -1�(( ∗ &'())�Ca���3444445444446#8�)"( 1�(()1!8��  
 

(S2.1) 

 

with Kcorr representing the slope of the linear correction term. The adjusted procedure resulted 

in improved fits, especially in the beginning of the binding process, where the deviation of 

experimental data and theoretical binding isotherm is significantly reduced (Figure S2.2b, blue 

curve). In the next step, the Langmuir parameters were further tuned manually to yield a better 

fit. This is necessary, as the points in the beginning of the experiments contain most of the 

information regarding the Langmuir adsorption constant KL, and therefore need a higher 

weighting during the regression. We decided to account for this higher weighting of earlier data 

points by manually tuning the parameters KL and nmax to yield acceptable fits, instead of 

defining complex “weighting functions”. The manually adjusted fits yielded an acceptable 

agreement with experimental data over the whole experiment (Figure S2.2, green curve). 

However, at the beginning of the experiments, a slight deviation of experimental data and fits 

is visible, showing that the potentiometric titration data does not show ideal Langmuir-type 

behavior. The error bars for the Langmuir parameters (Figure 2.1 and Table S2.2) represent the 

range, at which the manual fits resulted in an acceptable representation of experimental data.  
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2.6.3 Acid dissociation constants of polycarboxylates 

Experimental. To 10 mL of a stirred solution of 500 mg/L polymer, 0.1 M HCl was added with 

an addition rate of 0.01 mL/min. The pH was recorded using a pH electrode (Metrohm, 

No. 6.0256.100), calibrated once per week using pH buffers from Mettler Toledo with pH 4.01 

(No. 51302069), 7.00 (No. 51302047) and 9.21 (No. 51302070). Titrations were performed 

under H2O saturated N2 stream to prevent in-diffusion of CO2, which potentially affects 

measured pH values in the basic regime.  

Results and Discussion. Polymers were analyzed using acid-base titration in order to determine 

respective pKa values. Determination of pKa values of polycarboxylates is difficult, as the 

titration curves usually show no clear point of inflection and can therefore only be modeled by 

several pKa values.181 This is also visible in our titration curves (Figure S2.3). Especially for 

PAsp50, no point of inflection is detected. 

 

Figure S2.3 pH titration curves for polymers. Titrations were performed by addition of 0.1 M HCl to 
500 mg/L polymer solution. 

 

The determination of pKa values of polycarboxylates is associated with several challenges, 

among which are effects of conformational changes of the polymer182 or electrostatic 

interactions, due to which only apparent dissociation constants can be determined.183-185 

Therefore, usually the combination of several models is necessary to precisely determine pKa 

values,186 self-dissociation models are applied for interpretation of titration curves187 or several 

pKa values are used to model the titration curves.158, 181 There are also studies that claim that 

pKa for the polymer is similar to the one obtained for simple amino acids.188 Due to these 

challenges in quantitative determination of pKa values of polycarboxylates, we will focus on 

qualitative interpretations in this work. Qualitative comparison of our measured titration curves 
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(Figure S2.3) show good agreement with titration curves from literature.169, 181, 187 For 

comparison, literature pKa values of PAsp, PGlu and PAA are compiled in Table S2.1. 

Concerning literature pKa values of PAsp, we observe a rather broad range of determined values 

between 2.2 and 5.4. Values for PGlu and PAA also fall in this region. Due to the difficulties 

in the determination of these values mentioned before, these differences in pKa values of the 

investigated polymers are not interpreted in detail. For potentiometric titration and ITC 

experiments performed at pH 9, full deprotonation of the carboxylic acid groups can be assumed, 

therefore, differences of binding parameters at high pH will not arise from the deprotonation 

degree of the carboxyl groups of the polymers. Also, at high or physiological pH values, 

secondary structures are usually not detected, and the poly(aspartic acid) and poly(glutamic 

acid) exist in a random coil conformation.172-174 We will therefore not comment in the 

discussion on pKa values for experiments in the basic regime. For interpretation of results at 

neutral or acidic pH values, however, the effects of protonation degree and secondary structures 

on the calcium binding process have to be kept in mind. 

 

Table S2.1 Literature pKa values for the investigated polymers. The corresponding ionic strength I 
during measurement and values of the degree of ionization/deprotonation αD are stated as well 

Polymer pKa  I / M αD 

poly(aspartic acid) 3.73188 0.01 0.16 (at pH 3) 

 5.3 to 2.4158 0.2 0.29 (at pH 2) 

 5.4 to 2.2181 0.1 0.28 (at pH 3) 

 4.78189 0.1 - 

poly(glutamic acid) 4.375182 salt free - 

 4.07190 salt free - 

poly(acrylic acid) 4.3169 0.8 0 (extrapolation) 

 4.5169 0.1 0 (extrapolation) 

 5.28183,a 0.005 0 (extrapolation) 
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2.6.4 Comparability of binding constants 

The binding constant determined by potentiometric titration via the Langmuir adsorption 

isotherm, KL, and the binding constant determined by ITC, KITC, are calculated through different 

methods. To following calculations demonstrate that the constants can directly be compared, 

and no conversion factors are necessary: 

 

a) Model for simple hetero association 

For simplicity, 1:1 binding stoichiometry is assumed in the following. The equations describe 

the equilibrium of a binding process M + X ⇌ MX: 

 -( = �9:��:��9� 
(S2.2) 

with -(  representing the equilibrium constant and �:� , �9� , and �9:�  representing 

concentrations of adsorbate (e.g. a metal ions), adsorbent (e.g. a macromolecule or a specific 

binding site) and the complex (e.g. metal ions bound to the binding site). The total 

concentrations of the reaction partners, :!�! and 9!�!, can be calculated according to 

 :!�! = �:� + �9:� 

 

 

(S2.3) 
 

 9!�! = �9� + �9:� 
 

(S2.4) 
 

Equations (S2.3) and (S2.4) can be solved for �9:� and �9� and substituted into eq. (S2.2) to 

yield an expression to describe the binding constant in terms of �:�, :!�! and 9!�!: 
 -( = :!�! − �:��:�;9!�! − :!�! + �:�< 

(S2.5) 

b) Determination of K by ITC 

In ITC experiments, effectively the differential heat during injections of adsorbate, =>/=:!�!, 
is determined. This heat change => can be related to the change of �9:� concentration as 

 => = =�9:� ∗ ΔA	 ∗ %	 (S2.6) 

with ΔA	 representing the molar enthalpy of binding and %	 the cell volume. From equations 

(S2.3) to (S2.5), =�9:�/=:!�! can be calculated, resulting in the following expression:164 

 
=�9:�=:!�! = 12 + 1 − 1 + B2 − :C2�:C� − 2:C�1 − B� + �1 + B����� (S2.7) 
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where B = 1/�-(9!�!� and :( = :!�!/9!�! . For evaluation of ITC experiments, usually =>/=:!�! is plotted against :!�!/9!�! and fitted by the function 

 

1
%	 D =>=:!�!E = ΔA	 F12 + 1 − 1 + B2 − :(2�:(� − 2:(�1 − B� + �1 + B�����G (S2.8) 

This allows determination of binding parameters and a binding constant according to eq. (2.4). 

 

c) Determination of K by potentiometric titration and Langmuir binding isotherms  

Potentiometric titration data was fitted using the Langmuir binding isotherm as described in 

eq. (2.4)  

 ����� �Ca��� = �*"+ -. &'())�Ca���1 + -. &'())�Ca���  (S2.9) 

The parameters can be translated to the parameters used in the previous sections. Thereby, the 

amount of adsorbed adsorbate, ����� �H����, can be expressed as  

 ����� �Ca��� = &���� �Ca��� ∗ % = �9:� ∗ % = �:!�! − �:�� ∗ % (S2.10) 

and the maximum sorption capacity, �*"+, as 

 �*"+ = &*"+ ∗ % = 9!�! ∗ % 

 

(S2.11) 

Substituting equations (S2.10) and (S2.11) into eq. (S2.9) and using &'())�Ca��� = �:� we get 

the expression 

 :!�! − �:� = 9!�!-.�:�1 + -.�:� 
(S2.12) 

Rearrangement of equation (S2.12) yields  

 -. = :!�! − �:��:�;9!�! − :!�! + �:�< 

 

(S2.13) 

which is the same expression as eq. (S2.5).  

It is evident that constants determined by ITC employing a model of simple heteroassociation 

(“one set of sites”) and constants determined by fitting Langmuir isotherms to titration data 

yield the same -. The ITC “one set of sites” model and the Langmuir adsorption model share 
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the same set of assumptions, i.e., noninteracting binding sites and same affinity of each binding 

site to the ligand. In this model, there is also no distinction of microscopic- and macroscopic 

binding constants, as only a single independent binding site is regarded instead of a 

macromolecule with multiple binding sites.191 

 

2.6.5 Polymer characterization by NMR 

a) Experimental 

1H NMR spectra were recorded on a Jeol YH 400 MHz NMR spectrometer in D2O (99.9 %) at 

298 K. 1H chemical shifts were referenced to the residual solvent proton signal (D2O: 4.79 ppm). 

 

b) Determination of DPn by NMR 

The polymerization degree of the polymers was determined by end group analysis.  

PAsp50, PGlu50, PAsp20 and PGlu20. Upon request, the manufacturers confirmed the 

presence of a primary amine as N-terminus end group, while the structure of the alkylamide on 

the C-terminus remained confidential. The N-terminus end group allowed determination of the 

polymerization degree, as the Cα proton in the amide backbone closest to this group (marked 

red in Figure S2.4 to Figure S2.7) possesses a different chemical shift compared to the other Cα 

protons in the amide backbone (marked blue in Figure S2.4 to Figure S2.7). The spectra can 

therefore be normalized on the Cα proton on the N-terminus (PAsp50/PAsp20: δ 4.22; 

PGlu50/PGlu20: δ 4.08) and the resulting intensity of the amide backbone Cα protons 

(PAsp50/PAsp20: δ 4.3-4.7; PGlu50/PGlu20: δ 4.2-4.4) corresponds to DPn -1. 

PAA. The PAA used in our study was DDMAT (2-(Dodecylthiocarbonothioylthio)-2-

methylpropanoic acid) terminated. The polymerization degree can be determined by using the 

protons at the thiol-neighboring carbons (marked red in Figure S2.8) for normalization. 

Determination of polymerization degrees by NMR spectroscopy corresponded to 

characterization provided by the manufacturing data sheets for PAsp50, PGlu50, PGlu20 and 

PAA (see SI section 2.6.6), while we detected a higher molecular weight for PAsp20.  

 

c) NMR Spectra 

In the following, the experimental 1H NMR spectra for PAsp50 (Figure S2.4), PGlu50 (Figure 

S2.5), PAsp20 (Figure S2.6), PGlu20 (Figure S2.7), and PAA (Figure S2.8) are shown.  
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Figure S2.4 1H NMR spectrum (400 MHz, 298 K, D2O) of PAsp50. 

 

 

Figure S2.5 1H NMR spectrum (400 MHz, 298 K, D2O) of PGlu50.  
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Figure S2.6 1H NMR spectrum (400 MHz, 298 K, D2O) of PAsp20. 

 

 

Figure S2.7 1H NMR spectrum (400 MHz, 298 K, D2O) of PGlu20.  
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Figure S2.8 1H NMR spectrum (400 MHz, 298 K, D2O) of PAA.  
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2.6.6 Polymer manufacturer’s certificates of analysis 

 

PAsp50 (Alamanda Polymers) 
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PGlu50 (Alamanda Polymers) 
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PAsp20 (Nanosoft Polymers) 
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PGlu20 (Nanosoft Polymers) 

 

  



50 Chapter 2 – Binding of Calcium Ions to Polycarboxylates  

 
 

PAA (Sigma Aldrich) 
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2.6.7 Supplementary figures 

 

Figure S2.9 Effect of ionic strength on the binding parameters. a) KL (Langmuir binding constant) 
and b) nmax (maximum binding capacity) for binding of Ca2+ on PGlu50 (100 mg/L) at pH 9 are shown. 
The experiments were performed using the same method as described in the experimental section, with 
additional NaCl (Carl Roth, >99.5%) added to the starting polymer solutions to adjust the ionic strength. 
It is evident that differences in ionic strength have a large effect on the determined binding parameters, 
with an increase in ionic strength resulting in a reduction of KL and nmax. 
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Figure S2.10 Raw data from titration experiments. The experimental raw data points (left column, 
every 30th data point is shown) and corresponding corrected data points (squares, right column, every 
60th data point is shown) with corresponding Langmuir binding isotherms (lines, right column) for 
a-b) PAsp50, c-d) PGlu50, e-f) PGlu20 and g-h) PAA are shown. Error bars represent ± 1-σ-standard 
deviation of 3 independent titration experiments.  



 2.6 Supplementary Information 53 

 
 

 

Figure S2.11 pH-dependence of the linear correction parameter Kcorr. 

 

 

Figure S2.12 Background-corrected titration data for PAA at pH 9. The experimental data 
(squares, every 30th data point is shown) with the corresponding corrected Langmuir binding isotherm 
for PAA at pH 9 (see also Figure S2.10h) is shown. At the beginning of the experiment, binding takes 
place almost quantitatively and stronger as described by the Langmuir isotherm. The critical 
precipitation ratio is shown, at which precipitation of Calcium-PAA coacervate is expected.95 It is 
evident that the experimental data cannot be fully fitted by a Langmuir binding isotherm. 



54 Chapter 2 – Binding of Calcium Ions to Polycarboxylates  

 
 

2.6.8 Supplementary tables 

 

Table S2.2 Binding parameters determined by potentiometric titration experiments using 

manually adjusted Langmuir fits 

polymer pH KL [· 103 L/mol] nmax         Kcorr [L/mol] 

PAsp50 

3 no binding 0.00 13 ± 14 

5 13.0 ± 0.7 0.18 78 ± 14 

6 56.0 ± 4.0 0.25 123 ± 41 

7 155 ± 15 0.20 148 ± 8 

9 155 ± 15 0.21 125 ± 17 

PAsp20 9 22.4 ± 1.1 0.18 103 ± 33 

Asp3 9 2.2 ± 0.3 0.27 28 ± 40 

PGlu50 

3 no binding 0.01  0  

5 3.0 ± 0.6 0.09 84 ± 78 

6 14.1 ± 0.7 0.21 25 ± 22 

7 53.5 ± 4.5 0.23 154 ± 40 

9 84.0 ± 6.0 0.23 112 ± 49 

PGlu20 

3 no binding 0.01  0  

5 4.5 ± 1.6 0.03 21 ± 20 

6 6.7 ± 0.8 0.09 7 ± 6 

7 41.5 ± 5.5 0.08 57 ± 7 

9 60.5 ± 5.5 0.08 38 ± 4 

Glu3 9 1.55 ± 0.05 0.26  0  

PAA 

3 no binding 0.00 89 ± 1 

5 4.7 ± 0.4 0.11 20 ± 29 

6 20.8 ± 0.5 0.27 110 ± 17 

7 134 ± 8 0.35 126 ± 18 

9 330 ± 40 0.34 100 ± 0 
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3.1 Abstract 

CaCO3 is the most abundant biomineral, and major constituent of incrustations forming due to 

water hardness. Great advancements have been made in understanding mineralization 

fundamentals in recent years, but in complex additive-controlled systems, a clear picture is still 

missing. Herein, we present a previously overlooked key aspect of additive-controlled CaCO3 

mineralization: pronounced bicarbonate binding even in basic conditions due to the presence of 

minor amounts of polycarboxylates. Significant amounts of HCO3
- ions are consequently 

incorporated in mineral precursor species and can also be detected in amorphous solids. Protons 

introduced by HCO3
- incorporation are highly mobile, and lead to ion conductivity in solid, 

polymer-stabilized amorphous calcium carbonate. This seems to play a key role for the strong 

crystallization inhibition by these additives and furthers the understanding of biomineralization 

and scale inhibition mechanisms. 

 

3.2 Introduction 

The mechanism of calcium carbonate (CaCO3) formation has been of interest for many decades. 

This is not only due to its relevance in biomineralization processes,4 geological phenomena or 

industrial applications, e.g., as filler or pigment. CaCO3 also serves as a model system to 

investigate nucleation and crystallization phenomena in general. Several theories have been 

established, so as to describe the nucleation of mineral phases, ranging from classical nucleation 

theory to different, so-called “nonclassical” notions. Thereby, the prenucleation cluster (PNC) 

pathway, i.e., phase separation involving stable solute ion clusters,19 has proven both its 

explanatory and predictive powers.16 While the occurrence of liquid-like amorphous 

intermediates as precursors to crystalline CaCO3 was proposed already two decades ago,29 it 

was only recently that the liquid-liquid phase separation (LLPS) process was explored in more 

detail.22 Liquid-like intermediates have been observed to occur in in vitro systems154, 192 and 

biominerals.85 Avaro et. al. presented the missing link between PNCs and these liquid-like 

intermediates and introduced a quantitative, “nonclassical” model to describe the phase 

separation process.18 Further advancements have been made through uncovering the 

contribution of bicarbonate ions to CaCO3 formation, showing that, at near-neutral pH values, 

HCO3
- ions are incorporated as a structural component in intermediate amorphous calcium 

carbonate (ACC), which might play a significant role in biomineralization in seawaters.34 

Inspired by the progress made in the field of mineralization and fundamental phase separation 

mechanisms, we decided to explore additive-controlled systems in more depth, which are, 

owing to their high complexity and the numerous possibilities for interactions among the 

various chemical species occurring during the distinct mineralization stages, still poorly 

understood when compared to additive-free systems.11 One of the most fascinating observations 

in additive-controlled CaCO3 formation is the extremely effective crystallization inhibition by 

polycarboxylates, even in presence of minute concentrations of the additives.98, 126 
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Understanding the key interactions of polycarboxylates with the various species occurring 

along the mineralization pathway is not only relevant in terms of their application as 

commercial scale inhibitors but also crucial to better understand biomineralization mechanisms. 

This is because the soluble macromolecules associated with biomineral formation are often rich 

in aspartic- and glutamic acid residues.55, 69 Polycarboxylates exhibit a strong stabilizing effect 

on liquid-like precursor and amorphous intermediate phases,28, 35 while the stabilization is 

usually attributed to the adsorption of the additive molecules on the formed colloidal minerals, 

preventing their dissolution,36, 93 or to the adsorption of calcium ions in the solution.90 However, 

it is difficult to rationalize the strong crystallization inhibition in systems with highly 

substoichiometric, that is, almost “homeopathic” amounts of additives based on effects that 

would rather appear to rely on the presence of significant amounts of additive molecules. Some 

studies hinted toward the relevance of polycarboxylates in altering calcium (bi)carbonate ion 

association by modulating the pH value, resulting in the kinetic stabilization of a bicarbonate-

rich mineral precursor.31 However, even in systems employing precisely controlled higher pH 

levels and distinctly substoichiometric amounts of polycarboxylates, still a significant degree 

of inhibition can be detected.98 So far, there seems to be no straightforward explanation for the 

effective inhibition of crystallization by polycarboxylates, suggesting that there is an “invisible” 

effect that has yet been overlooked. 

In this study, we present a so far missing key for a better understanding of the polycarboxylate-

controlled CaCO3 system. Based on potentiometric titration, we investigated the pH-

dependence of the effects of poly(aspartic acid) and poly(glutamic acid) on the early stages of 

CaCO3 crystallization. Quantitative assessment of the bound species in the prenucleation 

regime reveals that significant amounts of bicarbonate ions are incorporated into the mineral 

precursor, while the extents of bicarbonate binding and crystallization inhibition are 

proportional. Compositional analysis of the isolated, polymer-stabilized ACC by means of 

thermogravimetric analysis coupled with mass spectrometry and infrared spectroscopy (TGA-

MS-IR) confirms the presence of significant amounts of bicarbonate ions within the mineral 

phase through isotopic labeling. Complementary solid-state nuclear magnetic resonance 

(ssNMR) studies indicate that the protons introduced with the bicarbonate ions are highly 

mobile, leading to ion conductivity in the amorphous minerals, which is indeed confirmed by 

conductive atomic force microscopy (C-AFM). The polycarboxylate-facilitated bicarbonate 

binding in mineral precursors explains the strong inhibition of calcium carbonate crystallization 

by the additives, as a significant stoichiometric mismatch is introduced by the protons, which 

are furthermore mobile and may thus “poison” growth of emerging crystalline carbonate nuclei. 

These mechanistic insights can help to (i) gain a better understanding of biomineralization 

mechanisms, which take place at near-neutral pH in seawater in presence of much higher 

bicarbonate contents, (ii) further the understanding of the mechanisms and efficiency of 

commercial anti-scalants and (iii) potentially design new materials based on proton conductive 

amorphous minerals. 
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3.3 Experimental Section 

3.3.1 Materials 

All solutions were prepared using Milli-Q water that was degassed by bubbling N2 through the 

solution overnight to remove dissolved CO2. 20 mM CaCl2 and 20 mM NaOH solutions were 

prepared by dilution of CaCl2 stock solution (1.0 M, VWR, AVS Titrinorm volumetric solution) 

and NaOH stock solution (0.1 N, Carl Roth), respectively. Carbonate buffer solutions were 

freshly prepared before each experiment by dissolving Na2CO3 (Sigma-Aldrich, ACS grade, 

99.95-100.05%) and NaHCO3 (Sigma-Aldrich, ACS grade, >99.7%) in appropriate ratios for 

the desired pH value (pH 9.0, 9.4, 9.8 and 10.2). For 13C enriched samples, Na2
13CO3 (99% 13C, 

Cambridge Isotope Laboratories) and NaH13CO3 (99% 13C, Cambridge Isotope Laboratories) 

were used. Prior to titration experiments, the pH values of the buffer solutions were adjusted 

by using small quantities of 0.1 N NaOH or 0.1 N HCl (Carl Roth), if necessary. For ionic 

strength corrected solutions, NaCl (Carl Roth, ≥ 99,5%) was used. Polymer stock solutions 

(100 mg/L) were prepared by dissolution of poly(L-aspartic acid sodium salt) (PAsp50, 

Alamanda Polymers, M = 7400 Da, PD = 1.04), poly(L-glutamic acid sodium salt) (PGlu50, 

Alamanda Polymers, M = 6700 Da, PD = 1.03), or poly(acrylic acid), 2-(Dodecylthiocarbono-

thioylthio)-2-methylpropanoic acid (DDMAT)-terminated, (PAA, Sigma Aldrich, 

M = 6800 Da, PD < 1.1) in CO2-free Milli-Q water. Characterization of polymer M and PD is 

shown in sections 2.6.5 and 2.6.6, respectively. The polymer stock solutions were stored at 5 °C 

and were used for no longer than 2 days. Prior to the preparation of PAsp50 stock solutions, the 

polymer was purified twice by diafiltration using a centrifugal filter device with a MWCO of 

3 kDa (Merck Amicon® Ultra-15). This removes small molecular weight fractions from the 

polymer solutions that can penetrate the membrane of the calcium ion selective electrode (Ca-

ISE) and therefore affect the recorded potential or damage the electrode.121 Polymer containing 

carbonate solutions were freshly prepared before each experiment using polymer stock solution, 

Na2CO3 and NaHCO3 in appropriate ratios. 

 

3.3.2 Titration experiments 

A commercial automated titration setup (Metrohm Titrando or Metrohm OMNIS) controlled 

by a computer software (Metrohm tiamo or Metrohm OMNIS) was used for the titration 

experiments. A titration device (905 Titrando or OMNIS Titrator) controls two dosing devices 

(800 Dosino or OMNIS Titration / Dosing Modules) for the precise addition of CaCl2 and 

NaOH solutions. The calcium potential was monitored using a calcium ion selective electrode 

(Ca-ISE; Metrohm, No. 6.0508.110) and the pH was measured using a pH electrode (Metrohm, 

No. 6.0256.100). In addition, the transmission of the solution was measured with an optrode 

(Metrohm, No. 6.1115.000) using a wavelength of 660 nm. The inner reference system of the 

pH electrode was used as a reference electrode for the calcium electrode. 
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“Fingerprint” characterization of additive effects 

Calibration of the pH electrode was carried out at least twice per week using pH buffers from 

Mettler Toledo with pH 4.01 (No. 51302069), 7.00 (No. 51302047) and 9.21 (No. 51302070). 

The Ca-ISE was calibrated at least once per day by dosing 20 mM CaCl2 solution at a rate of 

0.01 mL/min into 50 mL Milli-Q water at the same pH value as the actual experiment. For 

experiments with polymers, the Ca-ISE was calibrated before and after each measurement to 

confirm reproducibility of the electrode signal after exposition to the polymers and to exclude 

the possibility of damage to the electrode.121 The calibration was carried out for 90 minutes. 

Both pH and calcium ion selective electrodes were regenerated twice a week by stirring for 

2 hours in 100 mM HCl (pH electrode) and 100 mM CaCl2 (Ca-ISE). 

Titration experiments were carried out by adding 20 mM CaCl2 solution at a rate of 

0.02 mL/min (pH 9.0) or 0.01 mL/min (pH 9.4, 9.8 and 10.2) into 50 mL of 10 mM carbonate 

buffer at the desired pH value. All experiments were performed in a sealed beaked under N2 

shower, saturated with water vapor, to prevent diffusion of CO2 into the solution. During the 

experiment, the pH was kept constant by automatic addition using 20 mM NaOH. Polymer 

containing experiments were performed in the same way using 50 mL of 10 mM carbonate 

solution containing 10 mg/L polymer. For each pH value and each polymer, at least 3 

independent experiments were performed to ensure reproducibility. 

After each titration experiment, the beaker and electrodes were washed two times using 

hydrochloric acid (3%, prepared by dissolution of 32% HCl, Carl Roth Rotipuran® p.a.) to 

remove traces of mineral precipitate of the vessel, electrodes, and dosing tips. After washing 

with HCl, the equipment was rinsed using Milli-Q water and dried with dust-free tissue paper. 

 

Determination of bicarbonate binding 

The electrode calibrations were performed in ionic strength adjusted solutions by dosing 20 mM 

CaCl2 into 20 mL of 14.5 mM NaCl solution. Thus, actual ion products were determined from 

all experiments.120 Titration experiments were performed using 0.01 g/L (PAA) or 0.1 g/L 

(PAsp50 and PGlu50) polymer concentrations at pH 9.8. The experiments were carried out by 

dosing 20 mM CaCl2 with 0.01 mL/min into 20 mL of polymer containing carbonate buffer 

solution (10 mM carbonate concentration). The pH was held constant by addition of 10 mM 

NaOH and 10 mM HCl, respectively. The reaction vessel was flushed with N2 for 10 min prior 

to the start of the experiment to remove CO2 that could potentially diffuse into the solution. 

During the experiment, no N2 shower was applied. 
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3.3.3 Isolation of pre- and postnucleation calcium carbonate samples 

Sample isolation was performed according to a previously established protocol for amorphous 

calcium carbonate (ACC) isolation from titration experiments.46 

Titration experiments were performed at pH 9.4 (see SI section 3.3.2 for titration experiments). 

At the desired time the sample was isolated by pouring the reaction solution (roughly 50 mL) 

into 1.5 L absolute ethanol (99.95%, VWR No. 20820.293) under vigorous stirring. After 

30 min of stirring, the beaker was covered with parafilm and left standing for 90 min to let the 

particles sediment. Then, most of the ethanol was removed by decantation and the particles 

were isolated from the remaining solution (usually a few 100 mL) by centrifugation for 10 min 

at 7000 g. The particles were washed with 50 mL of ethanol followed by another centrifugation 

step. The procedure was repeated once more with ethanol and once with acetone (p.a. >99.98%, 

VWR No. 20066.296). Then, the particles were dried for 2 h at 40 °C in vacuum. The samples 

were stored in vacuum until characterization was performed. For samples isolated after 16 h, 

no quenching was performed, and the particles were directly isolated by centrifugation. The 

washing and drying steps were performed as described for ethanol quenched samples. 

 

3.3.4 Preparation of ACC and polymer samples for ex situ characterization 

Amorphous calcium carbonates (ACC) were synthesized according to the protocols presented 

by Gebauer et. al,46, 193 using an automated titration setup (see section 3.3.2).13C enriched ACC 

samples were prepared in the same way as non-enriched regular ACC samples, but Na2
13CO3/ 

NaH13CO3 were used in for preparation of buffer solutions. 

Pure ACC (Abbreviation: ACC). 2 L ethanol (99.9%, VWR No. 20820.293) were stirred in a 

plastic beaker. 50 mL of 50 mM CaCl2 solution was added and after stirring for 2 min, 50 mL 

of 50 mM Na2CO3 solution was added. The beaker was sealed with parafilm and after stirring 

for 30 min, the stirrer was removed, and the beaker resealed. The beaker was left standing for 

30 min, then the supernatant was decanted, and the remaining opaque sediment of ACC was 

isolated by centrifugation at 6000 g. The sediment was washed twice with 50 mL pure ethanol 

(VWR No. 20820.293), followed by 50 mL pure acetone (VWR No. 20066.296) and then stored 

in pure acetone. ATR-FTIR and TGA analysis of the product is shown in Figure S3.23 and 

Figure S3.24. 

PAsp50-stabilized ACC (Abbreviation: PAsp50_ACC). 100 mM CaCl2 solution were added at 

a rate of 0.01 mL/min into 150 mL of 10 mM carbonate buffer containing 0.1 g/L PAsp50 at 

pH 9.8. During the experiment, the pH was kept constant by automatic addition of 100 mM 

NaOH. The experiment was performed in a sealed beaker to prevent in-diffusion of CO2. After 

10,000 s, the reaction was stopped by pouring the reaction solution into 2 L of pure ethanol 

(99.9%, VWR No. 20820.293) that were stirred in a plastic beaker. The beaker was sealed with 

parafilm and after stirring for 30 min, the stirrer was removed, and the beaker resealed. The 
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beaker was left standing for 60 min, then the supernatant was slowly decanted, and the 

remaining opaque sediment of ACC was isolated by centrifugation at 6000 g for 15 min. The 

sediment was washed with ethanol (VWR No. 20820.293), followed by another centrifugation 

for 15 min. The procedure was repeated once more with ethanol and once with pure acetone 

(VWR No. 20066.296) and the ACC was dried and stored at 40 °C in vacuum. The synthesis 

yielded 20 mg of ACC per batch. The quality of the ACC was confirmed by ATR-FTIR 

spectroscopy. After each titration experiment, the beaker and electrodes were washed two times 

using acetic acid (10%) to remove traces of mineral precipitate of the vessel, electrodes, and 

dosing tips. After washing with acetic acid, the equipment was rinsed using Milli-Q water and 

dried with dust-free tissue paper. ATR-FTIR, TGA and MAS NMR analysis of the product is 

shown in Figure S3.23, Figure S3.24, and Figure S3.25, respectively. 

PAsp50 calcium salt (Abbreviation: PAsp50_Ca). 76.0 mg of PAsp50 were dissolved in 40 mL 

of Milli-Q water. Then, 7.5 mL of 1.0 M CaCl2 standard solution (VWR, No. 190646K) were 

slowly added to the stirred polymer solution, while the pH was monitored using a pH electrode 

(Metrohm No. 6.0256.100). The pH dropped from pH 9.5 to pH 8.2 during the addition of the 

calcium solution. The pH was then set to pH 10.0 by slowly adding 0.1 M NaOH standard 

solution (Roth, No. K020.1). After stirring for 5 min, the solution was added dropwise into 

250 mL of a 1:1 (v/v) solution of absolute EtOH (VWR, ≥99.8%, AnalaR NORMAPUR® ACS) 

and absolute acetone (VWR, AnalaR NORMAPUR® ACS), which was stirred in a 1 L glass 

beaker. After stirring for 10 min, the cloudy white solid was isolated by centrifugation at 7000 g 

for 15 min. The obtained white sediment was resuspended in approx. 100 mL abs. EtOH and 

centrifuged again. This step was repeated one more time. Then, the product was dried at 40 °C 

in vacuum for 60 min. The synthesis yielded 78.1 mg of product. ATR-FTIR, TGA and MAS 

NMR analysis of the product is shown in Figure S3.23, Figure S3.24, and Figure S3.25. 

Additional inductively coupled plasma optical emission spectrometry (ICP-OES) analysis was 

performed on a Spectro Arcos spectrometer. Samples were dissolved in 4% HNO3 and 

measurements and calibrations were performed in 4% HNO3. Calibration solutions for 5-point 

calibration (1 to 5 ppm) were prepared from Ca and Na standard solutions (1000 ppm ICP 

standard solutions, Carl Roth). For the pure PAsp50 (purchased as a sodium salt), a value of 

0.65 bound Na+ per carboxyl-group was determined by ICP-OES analysis. The PAsp50_Ca 

sample showed 0.38 Ca2+ bound per carboxy group, while no significant amounts of Na+ were 

determined, confirming the successful ion exchange (data not shown). 

Pure PAsp50 (Abbreviation: PAsp50). PAsp50 was used as purchased without further 

purification. If no experiments were performed, the salt was stored in inert gas atmosphere 

at -20 °C (for long term storage) or in vacuum (short term storage). ATR-FTIR, TGA and MAS 

NMR analysis of the product is shown in Figure S3.23, Figure S3.24, and Figure S3.25, 

respectively. 
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3.3.5 Sample characterization 

TGA and TGA-MS-IR. Thermogravimetric analysis (TGA) was performed on a Netzsch STA 

409 PC LUXX in oxidative atmosphere (Ar/O2 80:20 v/v) and a heating rate of 5 K/min. 

Analysis of decomposition gases using mass spectrometry and infrared spectroscopy (TGA-

MS-IR) was performed by coupling the TGA device with a Netzsch QMS 403 D Aelos mass 

spectrometer and a Bruker Invenio S FTIR spectrometer with an external gas cell. Before each 

measurement, the empty Al2O3 sample pan was heated to 1000 °C to remove any remaining 

impurities. Measurements were performed with at least 10 mg of sample and prior to TGA 

analysis, samples were dried at 40 °C in vacuum overnight to remove surface adsorbed water. 

ATR-FTIR. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy 

was performed using a Bruker Tensor 27 or Bruker Vertex 70v spectrometer. Absorbance of 

the sample was measured from 4000 to 650 cm-1 with a resolution of 1 cm-1. The samples were 

directly placed as a powder on the ATR unit for measurements. 

SEM. Scanning electron microscopy (SEM) was performed on a JEOL JSM-6700F SEM. 

Samples were coated with a 5 nm thick layer of gold (Cressington 108auto) prior to analysis. 

XRD. X-ray powder diffraction measurements (XRD) were performed on a STOE Stadi P 

diffractometer in transmission using Cu-Kα radiation (λ = 1.54060 Å, Generator: 40 kV, 30 mA) 

and a curved Ge (111) monochromator. Sample powders were fixed between X-ray amorphous 

foils for measurement. 

AFM and C-AFM. Atomic force microscopy (AFM) and conductive AFM (C-AFM) was 

performed using a Park Systems NX 10 microscope in a glovebox in N2 atmosphere. All 

measurements were performed using a CDT-FMR 10M_T conductive cantilever.  

For sample preparation, a Si wafer (1x1 cm, Ted Pella) was coated with a 30 nm Au layer using 

a Cressington 108auto coater. Then, the wafer was coated with the sample dispersion (usually 

the ACC samples were obtained as dispersion in acetone after synthesis, see section 3.3.4) using 

a spin coater. Dependent on the concentration of particles, the spin coating process was repeated 

several times to deposit an appropriate number of particles. The Si wafer was then placed on 

the C-AFM sample holder disk and fixed with silver conductive paint to ensure good 

conductivity between the Au layer and the AFM holder (see Figure S3.7a in section 3.6.4). Prior 

to C-AFM analysis, the samples were stored in the glovebox lock in vacuum overnight to 

remove surface adsorbed water. 

In AFM experiments, non-contact mode (NCM) was used to find suitable spots for C-AFM 

analysis. Then, C-AFM measurements were performed in spectroscopy mode using a sample 

bias from -1 to 1 V, while the cantilever was lifted between the measurement points. A set point 

value (pressing force for measurement) of 3 V and settling time of 500 ms was used. The 

detailed steps for evaluation of experimental data are described in section 3.6.4. 



64 Chapter 3 - Anti-Scaling Mechanisms Unveiled  

 
 

MAS NMR. Solid-state magic angle spinning nuclear magnetic resonance spectroscopy (MAS 

NMR) experiments were performed on a 400 MHz (9.4 T) Bruker Avance III 400 WB solid-

state NMR spectrometer equipped with a Bruker 4 mm MAS HX probe (probe model: 4 mm 

PH MAS DVT 400W1 BL4 N - P / H CGR probe with gradient) at Larmor frequencies of 

400.13 and 100.62 MHz for 1H and 13C, respectively. The spectra were acquired at 10 kHz 

spinning frequency and the sample temperature was maintained at 293 K using a Bruker VT 

unit (BCU-Xtreme). The nitrogen gas temperature was set to 263 K and the flow rate to 

670 L/hr. Chemical shifts were referenced to TMS using adamantane as an indirect reference – 

the field was adjusted such that the 13C low-field signal is observed at 38.48 ppm. 1H-13C cross 

polarization (CP) experiments on PAsp50 and ACC were done using a 90° 1H pulse of 3 µs 

corresponding to a nutation frequency of 83.3 kHz. The contact time was 4 ms with an RF 

power of 75 W (48 kHz) on the 13C channel and an optimized ramped power of 85 W (~70 kHz) 

on the 1H channel. A heteronuclear decoupling with small phase incremental alternation with 

64 steps (SPINAL-64) was used for proton decoupling during the acquisition. A recycle delay 

of 3 s was used for PAsp50/ PAsp50_ACC, and a recycle delay of 4 s was used for PAsp50_Ca.  

 

3.3.6 Synthesis of reference samples for C-AFM measurements 

Synthesis of gold nanoparticles. Au nanoparticles were synthesized according to the protocol 

by Huang et. al.194, using a synthesis time of 6 h and were used as a conductive reference 

material for C-AFM investigations. After synthesis, the particles were washed several times 

with water to remove excess of CTAB from the particles. The particles showed an average size 

of 20 nm according to TEM (data not shown). 

Synthesis of vaterite nanoparticles. Vaterite nanoparticles were synthesized according to the 

protocol by Tremel et. al.195 and used as nonconductive mineral reference material for C-AFM 

investigations. 

2.5 mmol of calcium chloride dihydrate (Sigma-Aldrich, ACS grade, >99%) were dissolved in 

25 mL of ethylene glycol (>99%, Carl Roth) by ultrasonication (Elmasonic P, 80 kHz, 80% 

power, 40 °C, sweep mode) for 30 min. Then, a dispersion of 5 mmol sodium bicarbonate 

(Sigma-Aldrich, ACS grade, >99.7%) in ethylene glycol was added under stirring and the 

resulting dispersion was treated 30 min by ultrasonication (80 kHz, 90% power, 40 °C, sweep 

mode). The particles were isolated by centrifugation for 30 min at 7000 g and washed twice 

with Milli-Q water and once with ethanol (99.95%, VWR No. 20820.293). The product was 

stored in ethanol. ATR-FTIR characterization of the dried particles conformed to pure vaterite 

(data not shown). 

 

3.3.7 Calculation of free ion products 

For evaluation of the calibration of the Ca-ISE, ln(afree(Ca2+)) was plotted against U(Ca2+). Then, 

the relevant potential regime for each measurement (e.g. from -50 to -10 mV) was fitted linearly. 
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The experimentally measured potential can then be used to calculate the calcium activity 

according to the Nernst equation, as described elsewhere:120 

 �'())�Ca��� = exp �2���	 − ��Ca������ � 

 

 

(3.1) 
 

In the following calculations, solutions were treated ideally, which is an acceptable assumption 

for the investigated concentration range, as demonstrated before.120 To calculate the free ion 

product (corresponding to the ion activity product (IAP) if solutions are treated ideally), the 

concentration of free Ca2+ (determined from the Ca-ISE) was multiplied with the concentration 

of free carbonate ions.19 The free carbonate concentration was calculated using a 1:1 binding 

ratio of calcium and carbonate according the following equation 

 &'())�HIJ�K� = 1%!�!"# D�!�!"#�carb� − ;�"  ) �Ca��� − �'())�Ca���<E 
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(3.2) 

 

where ntotal(carb) describes the total amount of carbonate species in the system (10 mM for 

standard experiments). Dilution effects during the experiments, e.g. during adjustment of initial 

pH value of the solution, were considered for the calculations. 

 

3.3.8 Calculation of microscopic binding parameters of PNC association 

Microscopic binding parameters of the multiple binding model used to describe PNC equilibria 

were calculated as demonstrated in the original work of Gebauer et. al.19 Thereby, the 

microscopic number of calcium ions that bind a carbonate ion, x, and the microscopic binding 

equilibrium constant, K, are determined. For each measurement the nfree(CO3
2-), nbound(Ca2+) 

and cfree(Ca2+) data from the titration was fitted linearly in the prenucleation regime. The linear 

fits of nbound(Ca2+) and cfree(Ca2+) were forced to intersect y = 0. This is necessary, because the 

electrode has a nonlinear behavior close to cfree(Ca2+) = 0, which causes unrealistic values in 

this region, which in turn will result in a large error during the reciprocal plotting of the data in 

following steps of the evaluation procedure (eq. 3.3). The binding parameters x and K can then 

be calculated using a linear fit of the following equation: 

 1 + � �'())�COJ�K������ �Ca���� = 1Y 1Y- 1&'())�Ca��� 

 

 

(3.3) 
 

This procedure was repeated for each titration measurement and at least 3 independent titration 

experiments were evaluated. In case of experiments with polymers, the same method can be 

used, as the polymer concentrations used were very low (10 mg/L), and the error caused by 

calcium adsorption by the carboxyl groups of the polymer (Langmuir binding isotherm)121 is 

within the experimental error of the experiment. 
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3.4 Results and Discussion 

As discussed in detail in section 3.6.1 in the supplementary information (SI), the investigation 

of poly(aspartic acid) (PAsp50) and poly(glutamic acid) (PGlu50) in additive-controlled 

calcium carbonate formation using a previously established potentiometric titration procedure98 

reveals distinct effects. The arguably most interesting one is the strong inhibition of nucleation. 

This effect can be quantified using the so-called “scale factor” that describes the relative 

increase in calcium added until nucleation takes place compared to the additive-free reference 

experiment. Comparison of the pH-dependence of the scale factor for the polymers (Figure 3.1a) 

shows a stronger inhibition in presence of PAsp50 compared to PGlu50 at all investigated pH 

values, and in general, a strong pH-dependence of the scale factors is observed. While at pH 

10.2, roughly 3 times stronger inhibition is detected for PAsp50 than in the reference, the scale 

factor even exceeds a factor of 10 at pH 9.0. 

 

3.4.1 Polymers facilitate bicarbonate binding in mineral precursors 

In search of mechanistic explanations for this strong inhibition and its pH-dependence, the pH 

titration data was quantitatively evaluated (Figure S3.14), in addition to the usually considered 

calcium ion selective electrode data. Interestingly, the prenucleation slope of the NaOH volume 

added to keep the pH value constant reflects the trend in scale factors, with the reference 

experiment showing the highest slope, followed by experiments in presence of PGlu50 and 

PAsp50 (Figure 3.1b and Figure S3.14b). From the NaOH addition, the removal of carbonate 

species from the buffer equilibrium upon addition of calcium due to ion association can be 

calculated. In polymer-free experiments, carbonate ions and calcium ions are bound in PNCs, 

resulting in the formal removal of carbonate ions from the buffer equilibrium (HCO3
- ⇌ H+ + 

CO3
2-) and release of H+ ions that are then neutralized by automatic NaOH addition. In previous 

polymer-free experiments, calcium and carbonate ions are essentially bound at a 1:1 binding 

ratio in the prenucleation regime above pH 9.0.19, 34 Indeed, also here, if the amount of bound 

CO3
2- (calculated from NaOH addition and buffer equilibria) is compared to the amount of 

bound Ca2+ (calculated from the Ca-ISE), the same values are obtained, confirming a 1:1 

binding ratio for polymer-free reference experiments (Figure 3.1c). However, for experiments 

with polymers, NaOH addition is significantly lower than in the reference titration, while the 

amount of bound Ca2+ is affected less. The difference between bound carbonate calculated from 

NaOH addition and calcium binding (Figure 3.1c) can be explained by simultaneous binding of 

bicarbonate species in the prenucleation regime, while there is still Ca2+-CO3
2- association: 

Simultaneous binding of bicarbonate and carbonate ions causes some carbonate ions to be 

“invisible” to the NaOH addition, due to the properties of the buffer equilibrium. In fact, it can 

be shown that at the specific pH value considered here, the removal of 2.33 bicarbonate ions 

“masks” the binding of 1 carbonate ion, allowing the quantification of the amount of 
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bicarbonate binding from the recorded NaOH addition. The detailed calculations and reasoning 

for bicarbonate binding are discussed in section 3.6.3 in the SI.  

 

 

Figure 3.1 Potentiometric titration experiments in presence of polymer additives. a) pH-
dependence of the scale factor (crystallization time relative to reference) for experiments containing 
10 mg/L PAsp50 (red) and PGlu50 (blue). b) Amount of NaOH added in titration experiments at pH 9.0 
containing 10 mg/L polymer. The dotted lines visualize the slope of added NaOH in the prenucleation 
regime close to nucleation. In experiments with polymer, the NaOH addition rate was significantly lower 
(see inset for easier comparison of slopes). c) Development of molar amount of bound CO3

2- per added 
Ca2+ in the prenucleation regime for experiments containing 0.1 g/L (PAsp50 and PGlu50) or 0.01 g/L 
(PAA) polymer at pH 9.8. Values are calculated from the Ca-ISE (green) by assuming a 1:1 Ca2+:CO3

2- 
binding ratio and from the NaOH addition (black) by calculating the amount of bound CO3

2- from 
changes in buffer equilibria. d) From the values shown in (c), the proportion of bicarbonate binding 
relative to the total amount of bound carbonate species (CO3

2- + HCO3
-) can be calculated (black). Error 

bars represent ± one standard deviation. The scale factors for each experiment are also shown (orange 
bars). The detailed calculations are described in section 3.6.3 in the SI. 

 

The quantitative evaluation (Figure 3.1d, black data points) reveals considerable bicarbonate 

binding, amounting to around 15% relative to all carbonate species in the prenucleation regime 

for PAsp50 and around 25% for PAA. Remarkably, the order of the extent of bicarbonate 

binding (Ref → PGlu50 → PAsp50 → PAA, Figure 3.1d, black data points) corresponds to that 

observed in the scale factors (Figure 3.1d, orange bars). Indeed, the presence and relevance of 
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bicarbonate binding in a CaCO3 dense liquid phase (DLP) was reported previously,31, 196 

however, the extent of bicarbonate binding reported therein could not be assessed. Here, 

bicarbonate binding upon the formation of a DLP, and its stabilization are in agreement with 

the stronger inhibition observed with decreasing pH values (Figure 3.1a) — lower pH 

corresponds to a higher fraction of bicarbonate present in solution. The bicarbonate binding 

seems to be facilitated by the polymer, having a stabilizing effect on the DLP. A potential 

explanation for this is the introduction of H+ ions into the calcium carbonate DLP, thereby 

formally lowering local pH values and preventing the formation of solids, especially crystals. 

Here, calcium deficiency (relative to all carbonate species) within the DLP may hamper 

reaching the 1:1 stoichiometric composition required for the formation of crystalline calcium 

carbonates. How exactly the polymer can facilitate bicarbonate binding cannot be derived from 

this data, but it is likely to take place during coalescence and growth of the DLP droplets11, 35 

(see SI section 3.6.2 for a more in-depth discussion). 

 

3.4.2 Ex situ characterization of polymer-stabilized ACC 

To gain further insights into the polymer-stabilized DLP, samples were isolated by quenching 

the titration at pH 9.8 shortly before reaching the maximum in free ion products by pouring the 

reaction solution into a large excess of ethanol.46 The quenching procedure causes rapid 

dehydration of the DLP, yielding the respective polymer-stabilized ACC sample 

(PAsp50_ACC), while the large excess of ethanol also prevents crystallization of the ACC. As 

shown in earlier studies,46 quenching before the nucleation event leads to ACC nanoparticles 

with several tens of nm in size (see also Figure S3.10). The isolated sample was then 

characterized to explore, whether the bicarbonate binding detected in titration experiments can 

also be observed in the isolated solid ACC samples. Thermogravimetric analysis (TGA) of the 

ACC sample allows determining the contents of polymer and calcium carbonate, as the organic 

and inorganic compounds exhibit distinct decomposition characteristics. While ACC 

decarbonization takes place between 600-800 °C, the polymer shows a sharp (exothermic) 

decomposition at 300-400 °C, as visible from the pure ACC and PAsp50 reference TGA 

measurements (Figure S3.16). The PAsp50-stabilized ACC sample presents the characteristic 

ACC decarbonization at high temperature, as well as the sharp exothermic feature due to 

polymer decomposition (Figure 3.2a). The incorporation of significant amounts of polymer in 

the ACC sample is confirmed by ATR-FTIR investigations, as polymer vibrational bands are 

clearly visible in the PAsp50_ACC sample (Figure 3.2c). However, TGA also reveals a 

significant exothermic decomposition process occurring prior to polymer decomposition 

(Figure 3.2a, grey area). Analyzing the gases released during this decomposition process with 

mass spectrometry (TGA-MS) reveals H2O and CO2 release (Figure S3.17). This is expected 

for temperature-induced decomposition of bicarbonate ions, as the respective carbonate salt is 

formed upon release of H2O and CO2 (e.g., 2 NaHCO3 → Na2CO3 + H2O↑ + CO2↑). 
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Figure 3.2 Characterization of isolated polymer-stabilized ACC. Characterization of isolated 
polymer-stabilized ACC. The sample was isolated from a titration experiment using 0.1 g/L PAsp50 at 
pH 9.8 by quenching the solution in ethanol (see section 3.3.4 in the SI). a) TGA (red) and DSC (blue) 
analysis. The exothermic decomposition of the bicarbonate species is highlighted in grey. b) Normalized 
QMID for TGA-MS measurement on the PAsp50_ACC sample using 13C enriched carbonates in the 
titrations. Due to the natural abundance carbonate distribution in the polymer, released gases from 
polymer (12CO2; m/z = 44, black) and from mineral (13CO2; m/z = 45, red) can be distinguished, showing 
significant amounts of mineral decomposition below 300 °C (highlighted in grey). c) ATR-FTIR spectra 
of polymer-stabilized ACC sample, showing significant amounts of polymer incorporation. Pure ACC 
and PAsp50 calcium salt (PAsp50_Ca) are shown as reference (detailed FTIR spectra are shown in 
Figure S3.23). d) 1H-13C CP MAS NMR measurement, showing that almost no bicarbonate is detected 
(13C: δ 161 ppm).197 e) TGA-IR analysis of the 13C carbonate enriched PAsp50_ACC sample confirms 
the strong 13CO2 release from (bi)carbonate species at around 300 °C. 
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TGA-MS also indicates that polymer decomposition takes place, at least to some extent, at this 

temperature (Figure S3.17b), possibly triggering the decomposition of the bicarbonate species. 

On the other hand, polymer decomposition occurs in a similar temperature range and also 

results in the release of CO2 and H2O. Indeed, PAsp50 calcium salt shows vastly different 

decomposition characteristics when compared to PAsp50 sodium salt (Figure S3.17 and Figure 

S3.24), revealing additional decomposition stages, due to subsequent formation and 

decomposition of CaCO3.198 To elucidate, whether the observed process is due to mineral or 

polymer decomposition, 13C enriched carbonates were employed in the synthesis of the 

polymer-stabilized ACC, allowing us to distinguish the CO2 release arising from polymer 

decomposition (12CO2 release) from the decomposition of mineral (bi)carbonate species (13CO2 

release). TGA-MS of the labeled sample clearly reveals a strong release of 13CO2 prior to 

polymer decomposition (Figure 3.2b, grey area), indicating that significant (bi)carbonate 

decomposition takes place at this temperature. We also detect 12CO2 in this temperature region, 

showing that some polymer decomposition takes place simultaneously, confirming the TGA-

MS results discussed above (Figure S3.17b). The release of 12CO2 at higher temperatures is then 

caused by decomposition of polymer carboxylate groups that are bound to Ca2+ in the ACC 

sample, forming CaCO3 as an intermediate upon their decomposition (Figure S3.17d).198 

Additional TGA-IR characterization of the decomposition gases confirms the strong release of 
13CO2 around 300 °C (Figure 3.2e). The 13CO2 release in this temperature range was only 

detected for the polymer-stabilized ACC sample synthesized by titration, and neither pure 13C 

enriched ACC, pure polymer, nor a mixture of independently isolated polymer and 13C enriched 

ACC did exhibit this characteristic release (Figure S3.18). Summarizing, the TGA-MS-IR study 

confirms the presence of bicarbonate species in the polymer-stabilized ACC sample. 

Importantly, the weight loss that can be assigned to the decomposition of bicarbonate species 

(~13% weight loss, corresponding to roughly 27% of bicarbonate present in the ACC, see 

Figure S3.18e) agrees with the amount detected in the pre-nucleation stage and bound in the 

the DLP in the titration experiments (Figure 3.1d). This suggests that bicarbonate bound within 

the DLP is indeed quantitatively transferred to solid ACC in the above-described quenching 

procedure. The exothermic decomposition of the bicarbonate species in polymer-stabilized 

ACC (Figure 3.2a) differs fundamentally from that of NaHCO3, which exhibits endothermic 

decomposition (Figure S3.16d). In addition, no sodium-containing phase was detected in the 

XRD spectra of the product isolated after TGA (Figure S3.15), further confirming that no 

considerable NaHCO3 coprecipitation took place upon the quenching and isolation of the ACC. 

It is possible that some sodium ions are incorporated within the ACC, e.g., for local charge 

balancing upon bicarbonate binding in the ACC and its precursors, however, if any, the amount 

should be low since we could not detect any sodium salts in the ACC (Figure S3.15). 

MAS NMR experiments were performed to characterize the polymer-stabilized ACCs, 

especially in order to explore whether bicarbonate ions are a structural constituent of the 

mineral.34 In 1H-13C CP MAS NMR studies, two polymer peaks arising from the carboxyl 
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carbons (Cγ) are visible in the carbonate region of the spectrum (Figure 3.2d). Thereby, one 

species corresponds to free carboxyl groups and the other to carboxyl groups bound to Ca2+ 

(Figure S3.25). Surprisingly, only a very small amount of bicarbonate ions can be detected (13C, 

161 ppm, Figure 3.2d, arrow), again confirming that no NaHCO3 coprecipitation took place. 

At first glance, the MAS NMR results seem to contradict the titration and TGA-MS-IR results, 

as only minor amounts of bicarbonate species are detected. A possible explanation for this 

seeming discrepancy is that protons possess significant mobility within the ACC, thus giving 

rise to 13C chemical shifts distinct from established bicarbonate incorporation and potentially 

being more similar to carbonate chemical shifts. Distinct proton mobilities would also explain 

the regularly observed apparent inefficiency of MAS CP experiments in case of the polymer-

stabilized ACCs (data not shown), which might explain the lower amount of bicarbonate 13C 

detected by MAS NMR as calculated from titration and visible in TGA-MS-IR. However, a 

detailed NMR-spectroscopic exploration of this hypothesis is beyond scope of the present study.  

 

3.4.3 Conductivity of polymer-stabilized ACC. 

We decided to explore the mobility of protons in polymer-stabilized ACC by means of electrical 

conductivity measurements, as this phenomenon would render these amorphous minerals 

proton conductors, at least if mobility is not restricted within short-range ionic environments. 

Established methods to measure (single) particle conductivity usually include connecting the 

particles to electrodes.199-201 However, the available methods are either not suitable for small 

sizes of particles (in our case, below 100 nm particle size) or only one particle can be measured 

at a time, resulting in poor statistics. We therefore developed a straightforward method for the 

qualitative assessment of conductivities of individual particles based on conductive atomic 

force microscopy (C-AFM). The method utilizes measurements in C-AFM spectroscopy mode, 

i.e., recording an I/V diagram, on individual particles. Thereby, it is important to record the 

distance of the tip to the substrate during the spectroscopy measurement to confirm that the tip 

is indeed in contact with a particle. The slope of the I/V diagram can then be compared to 

reference samples (conductive and non-conductive particles), to gain qualitative information on 

conductivity. The method allows measurements of a large number of particles starting from a 

size of a few nm. A detailed description of the method and data evaluation is provided in section 

3.6.4 in the supplementary information. To validate the method, gold nanoparticles (as 

conductive reference particles) and vaterite nanoparticles (as non-conductive reference particles) 

were synthesized and investigated, showing that the difference in conductivity can reliably be 

determined above a distance of ca. 20 nm (Figure S3.19). The C-AFM experiments were 

performed in a glovebox in water-free atmosphere and samples were dried in vacuum prior to 

measurement to eliminate potential effects of surface-adsorbed water on the measured 

conductivities. 
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Figure 3.3 Measurement of conductivity of ACC particles using C-AFM. a) AFM amplitude map 
recorded in non-contact mode (NCM) during the investigation of a polymer-stabilized ACC sample 
(PAsp50_ACC). Individual ACC nanoparticles are visible. b) Results of C-AFM spectroscopy 
measurements of polymer-stabilized ACC of the area as shown in (a). The slope of the I/V diagram 
close to the origin is shown versus the Z-height of the respective measurement point. The grey part 
shows the standard deviation of 100 measurements on the gold wafer and is a measure for the highest 
conductivity that can be measured using this approach. c) NCM amplitude map for a different area of 
the same polymer-stabilized ACC sample showing a large structure of several µm in diameter and 
d) corresponding C-AFM results, showing good conductivity across a measurement distance of several 
100 nm (more details are shown in Figure S3.22). e) NCM amplitude map for a polymer-free ACC 
sample and f) corresponding C-AFM results, showing good conductivity up to a Z-height of 100 nm 
(more details are shown in Figure S3.21). 

 

Measurement of individual, sub-100 nm polymer-stabilized ACC particles showed indeed 

conductivity for a measuring height below 10 nm (Figure 3.3a and b), while above 10 nm, the 

conductivity (i.e., slope of the I/V diagram) gradually decreases to 0. This is because the 

increasing Z-height is caused by several particles lying on top of each other rather than particles 

with increasing size, as visible by the AFM height images (Figure S3.20), and obviously poor 

conductivity across grain boundaries. Due to limitations of the C-AFM measurements for 

Z-heights below 20 nm owing to leaking voltage, we thus cannot provide unambiguous 

evidence for conductivity of individual ACC particles at this point (see also Figure S3.21 and 

related discussions). However, we also detected larger structures in polymer-stabilized ACC 

samples (Figure 3.3c and d). These structures can be considered as dried residues of larger 

polymer-stabilized DLP species that had putatively formed in solution due to aggregation and 

partial coalescence of nm-sized ACC precursors before quenching. These structures have a 
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smooth surface and are different from loosely aggregated individual particles, appearing as a 

continuous phase. All of these structures exhibit electrical conductivity across length scales that 

are orders of magnitude larger than single ACC particles (Figure 3.3d), with the largest distance 

being almost 1 µm (Figure S3.22). Together with the above-discussed titration, TGA-MS-IR, 

and MAS NMR results, we attribute this electrical conductivity to originate from proton ionic 

conductivity, while the protons are introduced via bicarbonate binding in the initially formed 

DLP during the synthesis. ACC synthesized in absence of polymer exhibits the same behavior; 

loose agglomerates of particles are not conductive (Figure S3.21h and i), while larger, 

continuous structures are (Figure 3.3e and f). This indicates that also polymer-free ACC is 

formed via a bicarbonate rich dense liquid phase, albeit the total bicarbonate content is 

significantly lower than in polymer-stabilized ACC.34 

 

3.5 Conclusions 

Polycarboxylate additives strongly facilitate the binding of bicarbonate ions in an initially 

formed DLP, and corresponding protons are transferred to solid amorphous mineral precursors 

alongside additional carbonate ions upon their isolation. This effect seems to play a crucial role 

in additive-controlled mineralization. In light of the present results, the notions of the PNC 

pathway,11 previously established for additive-free systems, can be extended for 

polycarboxylate-controlled scenarios, where interactions between polymers and bicarbonate 

ions play a central role at each step along the crystallization pathway (Figure 3.4). While our 

study does not provide a direct explanation for a mechanism how low amounts of 

polycarboxylates may facilitate considerable bicarbonate binding, several key insights have 

been obtained here. On the one hand, the binding of bicarbonate ions in the late prenucleation 

stage, in which aggregation and growth of DLP droplets occurs, effectively leads to the 

incorporation of protons and additional carbonate ions into the calcium carbonate phase, which 

thus becomes a calcium ion-deficient precursor. Upon transformation of the precursor to 

crystalline minerals, these protons must be excluded, posing a significant barrier for phase 

transformation. Due to their high mobility even in solid amorphous particles, protons may thus 

very effectively “poison” the growth of nascent crystalline domains: Release of protons upon 

crystallization can lower pH values near the crystalline nucleus, thereby dissolving the crystals. 

While further research is necessary to elucidate the process of bicarbonate release upon 

crystallization further, the sole detection of the presence of considerable amounts of protons 

within the DLP and solid ACC can explain the pronounced inhibiting effect of the polymers 

even for distinctly substoichiometric additive concentrations: The effect of polymers is 

essentially “leveraged” through bicarbonate ions. Considering biomineralization, such effects 

can be of even larger importance, as it takes place in seawaters at lower pH values than explored 

herein, and thereby at higher relative bicarbonate contents. 
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We believe that the crucial role of bicarbonate ions has not been discovered before due to the 

high mobility of the protons even in the solid state, which is putatively associated with structural 

water in the ACC. Due to this H+ mobility, no “classical” bicarbonate ions are present in the 

mineral, making them hard to detect, especially via NMR techniques when chemical shifts of 

the distinct environments become too similar. In any case, the proton mobility gives rise to ion 

conductivity within ACC that can be observed as electrical conductivity in C-AFM, even across 

several 100 nm. Reference experiments on vaterite particles clearly show that the phenomenon 

is real. ACC therefore is a mineral ion conductor, which can potentially be used in 

electrochemical devices. Proton ion conducting materials are used as electrolytes,202 proton 

exchange membranes,203 for example in fuel cells, or touch panels,204 illustrating the 

tremendous potential of this class of green materials. In future investigations, the potential use 

of ACC-based mineral proton conductors should thus be explored further. 

 

 

Figure 3.4 Prenucleation cluster pathway in presence of additives, underscoring the importance 

of bicarbonate ions in each step of the crystallization pathway. All results are in line with previously 
published results regarding mineral formation via the prenucleation cluster (PNC) pathway (Figure 
1.1).11 Ions: In the investigated carbonate buffer solutions, bicarbonate ions are the dominant carbonate 
species across the investigated pH range (pH 9.0 to 10.2; pKa = 10.33).19 Polycarboxylates can interact 
with the system by binding Ca2+ ions.121 PNCs: In equilibrium with ions are prenucleation clusters, while 
bicarbonate ions can act as chain terminators for the growth of PNCs of DOLLOP structural form.20 
While, no effect of the polymers on PNC equilibria could be resolved in our titration experiments, at 
least for the investigated range of concentrations, the polymers could already facilitate bicarbonate 
binding in the clusters at this stage. DLP: Upon crossing the binodal limit for liquid-liquid phase 
separation (LLPS), the bicarbonate-terminated PNCs transform to nm size droplets of a dense liquid 
phase (DLP). The DLP is therefore initially rich in bicarbonate.31, 34 In our experiments, there is no big 
difference in nucleation inhibition if the polymer is added before or after the LLPS (see section 3.6.2), 
suggesting that the key interaction for inhibition takes place at a later stage. This is in line with results 
showing that poly(aspartic acid) does not change the locus of the binodal limit.22 DLP aggregation: In 
absence of additive, the DLP droplets aggregate to minimize their surface area by forming larger DLP 
droplets.24 Polymers interact strongly with the growing DLP droplets, adsorbing on the droplets and 
stabilizing the growing phase. In the same step, bicarbonate is incorporated into the growing droplets, 
resulting in the differences of NaOH addition in the prenucleation regime and the strong influence of 
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the pH level (bicarbonate concentration) on the inhibition efficiency. A higher amount of bicarbonate 
binding corresponds to a kinetically more stable DLP. There is likely partial diffusion of bicarbonate 
and polymer into the (initially polymer-free) DLP droplets, as no structural differences are visible in 
SEM, forming a continuous polymer-stabilized liquid phase. This “inter-linking” of DLP droplets that 
are tens of nm in size by polymer strands also explains the often detected “granular” structure of minerals 
formed from polymer-stabilized structures.205-206 ACC: Upon dehydration, the polymer-stabilized liquid 
phase transforms into solid amorphous calcium carbonates. The polymer-stabilized ACC exhibits a 
higher kinetic stability than the polymer-free ACCs. In addition, bicarbonate ions and polymer 
molecules are detected in the dried ACCs. The high amount of bicarbonate ions and polymer in the 
ACCs possibly explains their stability, as the protons (and polymer) have to be excluded to achieve the 
proper stoichiometry for crstallizing CaCO3. Crystalline CaCO3: While polymer-free ACCs mainly 
transform into crystalline CaCO3 via dissolution-reprecipitation pathways, the polymer-stabilized 
DLP/ACC can also transform via pseudomorphic transformation, thereby forming structures with 
altered shapes and non-equilibrium morphologies.35, 154 As mentioned earlier, the stoichiometric 
“mismatch” between the precursor and crystalline CaCO3 is one reason for the increased kinetic stability 
of polymer-stabilized mineral precursors. 
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3.6 Supplementary Information 

3.6.1 Discussion on basic titration experiments and polymer effects 

In potentiometric titration experiments, dilute CaCl2 solution is slowly dosed into a stirred 

solution of carbonate buffer and polymer, while the pH is kept constant by automatic addition 

of NaOH. During the process, parameters are recorded in situ using potentiometric electrodes, 

allowing to gain insights into the entire mineralization process, starting from the undersaturated 

solution up to the final crystalline particles. In addition, mineral samples can be isolated at 

distinct stages in the pathway and analyzed using ex situ techniques, such as Fourier-transform 

infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). Using this approach 

and well-defined polycarboxylate additives, i.e., polymers with small polydispersities and 

comparable chain lengths (see also Table 2.1), the effect of polymers on the distinct stages 

along the CaCO3 formation pathway can be systematically investigated. 

 

 

Figure S3.1 Exemplary titration curves of potentiometric titration experiments in presence of 

polymer additives.  The development of free ion product during titration experiments without additive 
(black) and in presence of 10 mg/L PAsp50 (red) and PGlu50 (blue) is shown. Experiments were 
performed by dosing 20 mM CaCl2 solution into 50 mL of 10 mM carbonate buffer at pH 9.4. The dotted 
line represents the solubility product of ACC formed after nucleation in the reference experiment. The 
curves are exemplary shown for pH 9.4, for full set of experiments see Figure S3.11. 

 

As described in section 1.3 in the introduction, in titration experiments, the development of free 

calcium concentration is recorded by a calcium ion selective electrode (ISE) during addition of 

CaCl2 solution into a polymer/carbonate solution. Then, the data recorded with additives in the 

carbonate buffer solution is compared to a polymer-free reference experiment, allowing the 
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identification of different types of interactions (Figure 1.2b). Analyzing the titration curves in 

this regard for poly(aspartic acid) and poly(glutamic acid) with a polymerization degree of 50 

(PAsp50 and PGlu50) (Figure S3.1), it is evident that no calcium binding (type I) can be 

detected, due to the low additive concentrations used in the experiments (10 mg/L). However, 

although concentrations are very low, a strong inhibition of nucleation is detected (type III), 

with PAsp50 showing a stronger inhibition compared to PGlu50, as reported before.87, 90, 98 

Interestingly, no effect on PNC equilibria could be detected (type II), at least for the investigated 

concentrations, showing that the strong nucleation inhibition likely cannot be explained by 

(de)stabilization of PNCs or effects on PNC equilibria. After the maximum in the curves, the 

polymers also show a different behavior, with a phase of higher solubility product formed in 

presence of PGlu50 (type V), while in case of PAsp50, a product is formed with similar 

solubility as in the reference experiments, which, according to the solubility product, 

corresponds to amorphous calcium carbonate (ACC) formed at the respective pH value.19, 22 

Although there is no effect on the solubility product of the initially formed phase detected, in 

case of PAsp50 the free calcium concentration increases again before additional drops are 

detected. This indicates that the particle growth is inhibited after nucleation, presumably by 

adsorption of PAsp50 on the formed particles.98 To investigate the species present at distinct 

points in the titration experiment, samples were isolated along the titration curve and 

characterized using FTIR spectroscopy (Figure S3.9) and SEM (Figure S3.10). Prior to the 

maximum in the titration curves, ACC particles are present with a size of less than 100 nm. The 

ACC particles then transform to crystalline CaCO3 upon drop in calcium potential. In additive-

free systems, this takes place by a dissolution-recrystallization process.154 In all experiments, 

the first detected crystalline phase is detected at the maximum in the titration curve in the form 

of spherical vaterite particles (several 100s of nm in size). Without additives, these particles 

then transform to larger hexagonal vaterite crystals, which in turn (slowly) transform into the 

thermodynamically stable CaCO3 polymorph calcite. In case of experiments with polymers, 

this transformation to calcite is not detected and the small spherical vaterite particles are 

stabilized, presumably by adsorption of the polymer onto the particles, as seen in the PAsp50 

titration curves. In case of PGlu50, on the plateau with higher solubility after the maximum, 

there are small nanoparticles visible that can be identified as ACC according to FTIR (Figure 

S3.9f), showing the stabilizing effect of PGlu50 on ACC. This is reminiscent of 

biomineralization, as glutamic acid rich peptides are often associated with ACC, while peptides 

rich in aspartic acid are upregulated during formation of crystalline CaCO3.56 It is intriguing 

that PGlu50 shows a strong stabilizing effect on ACCs that remain stable even in presence of 

crystalline particles, while the nucleation inhibition, and therefore stabilization of liquid 

precursor and amorphous intermediate species in the prenucleation stage, is much stronger for 

PAsp50. Titration experiments at different pH values (Figure S3.11) reveal that at all 

investigated pH values the previously described trends are visible, with PAsp50 showing 

stronger crystallization inhibition, while PGlu50 possesses a stronger post-nucleation ACC 
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stabilization. Interestingly, this kinetic stabilization of ACC particles is stronger at higher pH 

values, visible by the plateau with higher solubility being present for a longer time. Even for 

PAsp50, at high pH (pH 10.2, see Figure S3.11d) a plateau becomes visible while at lower pH 

values (pH 9.0, see Figure S3.11a), the plateau for PGlu50 has almost disappeared. This effect 

could be caused by a dependence of stabilizing efficacy on ACC proto-structure.46 Experiments 

performed with poly(acrylic acid) (PAA), reveal the same type of interactions, while they show 

the strongest inhibition of all investigated polymers (Figure S3.12). Although our further results 

focus on elucidating effects for PAsp50 and PGlu50 due to their relevance in biomineralization, 

we argue that the essential conclusions will be valid for PAA as well due to the similarity in the 

titration experiments. 

As visible in Figure S3.1, the most interesting effect is the strong nucleation inhibition of the 

polymers (“scale factor”) that also shows a strong pH-dependence (Figure 3.1a in section 3.4.1). 

It needs to be mentioned that there is also an increase in nucleation time in absence of additives 

if the pH value is lowered, as less carbonate is present in the carbonate-bicarbonate buffer 

equilibrium at a low pH values (4.4% CO3
2- at pH 9.0 compared to 42.5% CO3

2- at pH 10.2)19 

and more calcium needs to be added to reach a critical supersaturation. However, scale factors 

are reported relative to the reference experiment at the same pH value, and a clearly over-

proportional increase in inhibition efficiency is detected for low pH values. The strong scale 

inhibition by polymers was previously attributed to the (colloidal) stabilization of liquid 

precursor phases, visible by the growth of precursor droplets.101, 126 Indeed, this effect is also 

visible in our experiments, with the solution getting turbid before the maximum of free ion 

product is reached, indicating the formation of precursor droplets of a size detectable by the 

optrode (Figure S3.13). In fact, more elaborate titration experiments indicate that the main 

interaction of the polymers takes place with the dense liquid precursor (DLP) droplets by a 

complex interplay of surface adsorption and incorporation of the polymer into the bulk of the 

DLP (see discussions in section 3.6.2). Again, the early decrease in transmission is stronger at 

lower pH values (Figure S3.13), indicating that the increasing efficiency of scale inhibition at 

lower pH values is linked to the stabilization of the dense liquid precursor phase, and that 

elucidating the mechanism of this stabilization is key to understanding the extraordinary 

crystallization inhibition properties of polycarboxylates.  
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3.6.2 Advanced titration experiments 

As described in section 3.6.1, the polymers interact strongly with the liquid mineral precursor 

droplets and stabilize them until they are large enough to be detectable by the optrode. Different 

types of interactions with the liquid precursor phase are possible, as the liquid phase goes 

through several stages along the PNC pathway.11 It has recently been demonstrated that PNCs 

determine the characteristics of liquid-liquid phase separation (LLPS).18 The droplets of the 

dense liquid mineral phase (DLP) directly result from the PNCs upon densification and 

reduction of dynamics, resulting in the formation of an interface. The initially formed nm-sized 

droplets then coalesce into larger liquid droplets that can reach several tens to hundreds of nm 

in size, with this process being driven by reduction of interfacial surface area. In the later stages 

of the crystallization pathway, the DLP droplets then dehydrate, densify, and solidify to 

amorphous mineral intermediates. The additives can potentially interact at all these stages, i.e., 

influence the structure (and stability) of the DLP by interaction with PNCs even before LLPS 

takes place, interact with the DLP droplets formed directly after LLPS, i.e., when they are still 

a few nm in size, or interact with already larger dense liquid droplets at the later stages. 

Furthermore, these interactions could take place on the surface of the droplets by adsorption of 

the polymer or in the bulk of the droplets. 

To gain insights into this process, titration experiments were performed in which the polymer 

was added to a polymer-free system shortly before nucleation, i.e., shortly before the drop of 

calcium potential (Figure S3.2a). In this “late addition” experiment, the polymer is introduced 

into the system after LLPS has taken place22 and already large DLP droplets are present. 

Considering this information, a drastic reduction of the inhibition efficiency would be expected, 

if the main interactions of the polymer take place at earlier stages along the mineralization 

pathway, i.e., interaction with PNCs or the DLP shortly after LLPS, as these species have 

already continued to grow to form larger species and are no longer present in their original state. 

The resulting curves show essentially the same behavior as titration experiments with the 

polymer being present from the beginning (Figure S3.2b vs. Figure S3.11b, scale factor 

comparison is shown in Figure S3.2f), with the same, if not even slightly pronounced, inhibition 

efficiency (Figure S3.2c). This shows that the main interaction responsible for the inhibition 

efficiency is likely not with PNCs or small liquid droplets, but rather with larger dense liquid 

droplets. As discussed for regular titration curves, no effects on PNCs are visible for the 

investigated polymer concentrations, as no differences in the prenucleation slopes are detected, 

which is in line with these results. This also fits to earlier results that showed that polymers do 

not affect the binodal limit for LLPS.22 The interactions with these large liquid droplets (10s to 

100s of nm in size) could take place via bulk interaction or on the surface of the droplets.93  
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Figure S3.2 Modified titration experiments. a) Illustration of the principle of “late addition” 
experiments. From previous studies the locus of the liquid-liquid binodal can be determined, 
corresponding to the IAP of the formed ACC.18, 22 The polymer can be added at a significantly later 
stage, after the binodal has been crossed. The polymer is added by injecting 0.25 mL of a concentrated 
polymer solution (2 g/L) with an Eppendorf pipette to the stirred, polymer-free carbonate solution 
(reference experiment). After mixing with the reaction solution, the polymer concentration is the same 
as in a regular experiment (10 mg/L), allowing the comparison of the experiments. b) Free ion product 
during “late addition” experiments at pH 9.4, showing essentially the same trend as for regular 
experiments, at which the polymers are present from the beginning (Figure S3.11b). c) Corresponding 
transmission signal measured by the optrode for late addition experiments (solid lines) and regular 
experiments (dotted lines). While PGlu50 shows essentially the same behavior in both experiments, an 
inhibition increase in the case of PAsp50 late-addition experiments is detected. d) In a different type of 
experiment, the addition speed of the CaCl2 solution is changed, allowing to probe further into the 
binodal to access more hydrated ACCs.18 The experiments with 10x CaCl2 addition speed (0.1 mL/min) 
and e) 100x CaCl2 addition speed (1 mL/min) show significant differences in the titration curves 
compared to regular experiments. f) Comparison of scale factors at pH 9.4 for regular experiments, late 
addition experiments and fast Ca2+ addition rate experiments (PAsp50 – red; PGlu50 – blue). 
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The decrease in transmission signal prior to the formation of crystalline particles in case of 

experiments with polymer, but not in absence of polymer (Figure S3.13) shows that the DLP 

droplets grow during the further evolution of the experiment, i.e., coalescence takes place. The 

stabilizing effect of the polymer therefore does not stop coalescence of the initially formed DLP, 

but rather stabilizes the larger droplets after coalescence. In the larger liquid phase formed from 

coalescence, the polymer is likely present in the bulk, as a strong type V interaction is observed 

for polymers, i.e., the solubility product after the titration is higher than for the reference 

experiments. This type V interaction is especially pronounced for PGlu50 but also for PAsp50 

at high pH values (Figure S3.11), indicating that indeed the (bulk) structure of the formed 

products is different. ATR-FTIR suggests that this phase with higher solubility is ACC (Figure 

S3.9f), and the higher solubility product compared to ACCs formed in polymer-free 

experiments could be caused by a higher water content,18 the incorporation of bicarbonate34 or 

incorporation of polymer itself in the ACC structure. 

To further support the notion of a “bulk interaction” motif of the polymers, titration experiments 

with faster CaCl2 addition speeds were performed (Figure S3.2d and e), as a higher addition 

speed allows to reach further into the binodal before demixing takes place, therefore allowing 

to access less stable DLP droplets with higher water content.18 These “fast calcium addition” 

experiments reveal a big effect on the scale factor (Figure S3.2f), with a 10x addition rate 

resulting in a strong stabilization by PAsp50 and 100x addition resulting in a destabilization 

compared to the regular addition experiment. Also at higher addition rates, a shoulder is formed 

for experiments with PAsp50 (Figure S3.2e). Interestingly, the data for PGlu50 shows almost 

no effect of the addition speed on the scale factor, but the type V interaction after the maximum 

seems to disappear. These strong effects of PAsp50 could be caused by changes in the size of 

the DLP droplets, affecting the efficacy of adsorption of polymer and stabilization of the formed 

aggregates. Alternatively, the structural differences of the DLP (more water content for faster 

addition rates) might hint towards a significant bulk interaction with the DLP, and the higher 

water content could lead to a favorable diffusion of PAsp50 into the DLP. The reduced scale 

factor at 100x addition rate might be caused by changes in the DLP structure upon approaching 

the spinodal limit, potentially causing unfavorable interactions or there is too little time for 

polymer adsorption to properly equilibrate.  
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3.6.3 Determination of bicarbonate binding 

To calculate the amount of bound bicarbonate in the prenucleation regime, the amount of bound 

CO3
2- determined from the Ca-ISE (by calculating Ca2+ binding and assuming a 1:1 binding 

ratio of bound CO3
2- and bound Ca2+) is compared with the amount of CO3

2- binding “visible” 

to the pH electrode due to changes in the buffer equilibrium (Figure S3.3). Essentially, if 

bicarbonate binding takes place in addition to carbonate binding, the buffer equilibrium is 

shifted less and the change in pH value upon calcium addition/(bi)carbonate binding is reduced. 

Quantitative evaluation of these effects allows determining the amount of bicarbonate binding 

in the prenucleation regime. 

 

 

Figure S3.3 Strategy to determine bicarbonate binding. Molar amounts of bound species are shown 
and whether they can be determined directly from experimental measurements (green) or accessed from 
calculations (blue). In titration experiments, the amount of bound calcium can be determined directly 
from the measured calcium potentials from the Ca-ISE. Assuming a 1:1 binding ratio of CO3

2- and Ca2+ 
(refer following text for justification of this assumption), the amount of bound CO3

2- can be calculated 
from the amount of bound Ca2+ (1). Upon binding of CO3

2-, the carbonate is removed from the buffer 
equilibrium (HCO3

- ⇌ H+ + CO3
2-), resulting in the release of H+ that are compensated by automatic 

addition of NaOH. Therefore, from the amount of added NaOH in the titration, the removal of CO3
2- 

from the equilibrium can be quantified. As described in the results section 3.4.1 (see Figure 3.1c), there 
is a significant difference (Δbound) between this calculated value and the binding determined from calcium 
binding (2). The explanation for this difference is simultaneous binding of HCO3

-, causing a reduced H+ 
release if CO3

2- is removed from the equilibrium upon binding to calcium. Quantitative evaluation shows 
that 2.33 mol HCO3

- have to be bound to make 1 mol CO3
2- “invisible” to the pH electrode. Using this 

value, the real binding speciation can be calculated (3). 

 

 



 3.6 Supplementary Information 83 

 
 

Determination of bound carbonate via bound Ca2+ 

Due to the difference in activity coefficients of HCO3
- and CO3

2- involved in the calculations, 

it has to be worked with actual concentrations, i.e., the solutions cannot be treated as ideal 

solutions. The free calcium concentration is accessible from the Ca-ISE, if the calibration is 

performed in ionic strength adjusted solutions.120 The starting ionic strength of the regular 

experiments with 10 mM carbonate buffer at pH 9.8 was calculated using the Davies equation. 

The determined ionic strength of the solution is 14.5 mM, with the value only changing little 

during the first few hours of the experiments. 

The ionic strength adjusted calibration of the Ca-ISE was carried out by dosing 20 mM CaCl2 

solution with 0.01 mL/min into 20 mL of 14.5 mM NaCl solution (see section 3.3.2). This way, 

the ion activity coefficient for Ca2+ ions was experimentally determined as y(Ca2+) = 0.63 in the 

first 2 hours of each experiment, which is in good agreement with values determined in similar 

conditions.24, 120 The free calcium concentration can then be calculated from the ion activities 

measured by the Ca-ISE according to: 

 &'())�Ca��� = �'())�Ca���&	��Ca���  

 

 

(S3.1) 
 

According to earlier experiments,19 a 1:1 binding ratio of calcium and carbonate in the 

prenucleation regime was determined for additive-free systems within experimental accuracy, 

while no bicarbonate association was detected. This can be explained by the 2 orders of 

magnitude smaller binding constant of Ca-HCO3
+ (20 M-1) compared to Ca-CO3

0 (1700 M-1).34 

The calcium-bicarbonate association only becomes relevant at pH values below pH 9.0 due to 

the low amount of carbonate present in the buffer equilibrium in this pH range. Our experiments 

are performed at pH 9.8 and using the ion association constants, a value 4.1% ± 4.4% of 

bicarbonate binding to calcium can be calculated, which is within the experimental accuracy of 

a 1:1 binding ratio determined via NaOH addition in earlier experiments19 (see Figure 3.1e and f, 

reference experiments). Therefore, in our experiments, assuming a 1:1 binding ratio of calcium 

and carbonate in the prenucleation regime for additive-free systems is justified. The amount of 

bound carbonate according to the Ca-ISE can simply be calculated according to 

 ����� ,[\]�COJ�K� = ����� �Ca��� = �!�!"#�Ca��� − �'())�Ca��� 
 

(S3.2) 
 

with ntotal(Ca2+) being accessible via the known values of calcium concentration and addition 

rate and nfree(Ca2+) being accessible from the detected concentrations by the Ca-ISE and the 

total volume of the solution. Dilution effects of the addition of CaCl2 and NaOH solutions need 

to be considered for the evaluations. 

These calculations are straight forward for additive-free systems, however, in presence of 

polymer additives, the binding of Ca2+ to carboxyl groups needs to be considered, as this will 
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affect the 1:1 binding assumption. One possibility is the determination and subtraction of the 

binding isotherm,121 however due to potential coupled equilibria of free Ca2+ ions that are 

binding to carbonate and polymer at the same time, it is very difficult to isolate the two binding 

processes. Therefore, only the later stages of the titration experiment are considered, at which 

the initial (Langmuir) binding of Ca2+ to the carboxyl groups is not relevant (Figure S3.4). In 

addition, only the slope of the titration curve was considered, thereby eliminating the effect 

from Ca2+ binding to carboxyl groups on the total amount of bound Ca2+ species.  

 

 
Figure S3.4 Relevant regime in titration experiments to determine bicarbonate binding. In the 
beginning of the experiments, Ca2+ is bound in PNCs as well as to the polymer carboxyl groups. The 
binding to the polymer groups cannot be unambiguously isolated in the calculations, therefore the 
beginning of the titration (area highlighted in blue) was not considered for evaluation. In the later stages 
of the experiment, crystallization takes place (highlighted in gray). Therefore, only the late part of the 
prenucleation regime (highlighted in red) was considered for binding evaluation. Calculations were 
performed using the slope of NaOH addition and Ca2+ binding, respectively. 

 

Determination of “visible” bound carbonate via NaOH addition 

It is possible to determine the amount of bound CO3
2- from the addition of NaOH in pH constant 

experiments, as the carbonate buffer equilibrium is shifted upon removal of carbonate ions. 

However, the quantitative evaluation of NaOH data is quite challenging, as already small 

changes in the environment, e.g., caused by CO2 in-diffusion into the NaOH solution, can 

introduce a large error into the measurements. Indeed, while determinations using NaOH 

addition rates have been performed before,19 there have also been reports claiming that 

determinations using amounts of added NaOH are not sufficiently accurate to quantitatively 

determine binding speciations.24 In the following, a strategy for quantitative evaluation of 

experiments involving NaOH addition is presented. The strategy involves evaluation of the 

NaOH addition from calibration experiments (dosing CaCl2 into water) and polymer-free 

reference experiments (dosing CaCl2 into carbonate buffer) to extract parameters to correct 
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experiments performed in presence of polymers. In the first step, the slope of added NaOH in 

calibration experiments (Figure S3.5a, black curve) was subtracted from the NaOH addition for 

reference experiments (Figure S3.5a, red curve). This way, the amount of NaOH added to 

neutralize the added CaCl2 solution is subtracted, leaving only NaOH addition due to changes 

in carbonate buffer equilibrium.  

 

 
Figure S3.5 Strategy for determinations using NaOH addition. a) From a polymer-free reference 
experiment (red), the slope of the calcium calibration experiment (black) is subtracted to yield b) a 
corrected reference curve (blue). This curve can be multiplied by a “correction factor” to adjust the 
postnucleation slope to the theoretical value. c) From this corrected curve (green), the prenucleation 
slope (red slope) can be evaluated to determine prenucleation binding characteristics.  

 

From the resulting data after subtraction (Figure S3.5b), the postnucleation slope (molar amount 

added NaOH per added molar amount of CaCl2) can be evaluated. In the postnucleation regime 

for reference experiments, all added calcium is binding to carbonate (particle growth) and 1:1 

binding takes place. Therefore, the determined slope can be corrected by multiplying the whole 

curve with a “correction factor”, so the post-nucleation slope equals the theoretical value of 

0.7 mol NaOH added per mol bound CO3
2- (see next paragraph for calculation). This 

“correction factor” is accounting for all effects that lead to a “nonideal” behavior of the NaOH 

detection in our experiments, for example: 

- neutralization of CO2 present in the experiment, e.g. due to in-diffusion 

- measurement error in preparation of NaOH solution 

- temperature differences 

- changes in ionic strength 

Using this “internal” calibration for calculations involving NaOH addition, we can improve the 

data quality significantly. From the corrected NaOH additions (Figure S3.5c) we can now 

determine the slope of added NaOH in the prenucleation regime and calculate the amount of 

bound CO3
2- that is “visible” to the pH electrode.  

For experiments with polymer, due to interactions of the polymer with the formed CaCO3 

particles in the postnucleation regime, it is not possible to determine the “internal” correction 
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factor from the postnucleation slope of the same experiment. Therefore, the slope factor from 

at least 6 reference experiments was averaged and used for correction of the polymer 

experiments. All conditions (especially the used NaOH solutions) were kept constant during 

performance of reference and polymer experiments. As described earlier, only the middle part 

of the titration curves was used for evaluation (Figure S3.4), and the same part of the curves 

was used as for the determinations from the Ca-ISE. As result, a slope (added amount of NaOH 

per added amount of CaCl2) in the prenucleation regime is obtained that can be converted to 

the amount of (apparently) bound carbonate, as described in the following paragraph. 

 

Determination of amount of bound bicarbonate 

As shown in Figure S3.3, for polymer experiments the values of CO3
2- binding determined by 

the Ca-ISE and determined via the NaOH addition are different. This difference Δbound can be 

calculated according to: 

 Δ���� = ����� ,[\]�COJ�K� − ����� ,^"_S�COJ�K� (S3.3) 
 

The Δbound can be used to calculate the amount of bicarbonate binding in the system. Therefore, 

it needs to be determined, how much H+ is released upon shift in equilibrium, if one CO3
2- ion 

is removed from the buffer equilibrium and how much H+ is consumed, if one HCO3
- is removed 

from the equilibrium. The removal of one carbonate ion (in terms of total concentrations) from 

the buffer equilibrium causes the relative ratio of carbonate and bicarbonate to change, i.e., a 

perturbation is caused (Figure S3.6a). As the pH is held constant, the equilibrium readjusts so 

the activity ratio stays constant. Note that the ratio is in terms of activities and can be calculated 

using the Henderson-Hasselbalch equation (determination of the activity ratio) and the Davies 

equation (determination of actual activities).  

 

 

Figure S3.6 Changes in carbonate buffer equilibria. a) 1 mM carbonate is removed from a 10 mM 
carbonate buffer at pH 9.8. The equilibrium readjusts resulting in the release of 0.7 H+. b) 1 mM 
bicarbonate is removed from a 10 mM carbonate buffer at pH 9.8. The equilibrium readjusts resulting 
in the consumption of 0.3 H+. 
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It is evident that 0.7 mM bicarbonate transform to 0.7 mM carbonate and 0.7 mM H+, if 1 mM 

carbonate is removed from the buffer equilibrium (Figure S3.6a). In the same way, it can be 

calculated that the removal of 1 mM bicarbonate results in the consumption of 0.3 mM H+ 

(Figure S3.6b). 

Therefore, 0.7 mM/0.3 mM = 2.33 times more protons are generated for the binding of one 

carbonate than are consumed during the binding of one bicarbonate ion. This means that it is 

necessary to bind 2.33 bicarbonate ions to make the binding of one carbonate ion “invisible” to 

the pH electrode. From this relation, we can use Δbound to determine the bicarbonate binding 

according to  

 ����� �HCOJK� = 2.33Δ����  
 

(S3.4) 

with nbound(HCO3
-) describing the bound bicarbonate ions in the system in the prenucleation 

regime. In this way, the relative amount of bound bicarbonate from the total amount of bound 

species can be calculated according to 

 ����� �HCOJK� = 2.33Δ���� 3.33Δ���� + ����� ,^"_S�COJ�K� 

 

(S3.5) 

As only the slopes of the titration data are evaluated, the quantities stated in eq. (S3.5) are 

usually per added amount of Ca2+.  
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3.6.4 Determination of single particle conductivity using C-AFM  

Experimental strategy 

To measure particle conductivity by C-AFM, the sample (usually stored as dispersion in acetone) 

was spincoated on a gold coated Si wafer that was then placed on the AFM holder and fixed 

using Ag conductive paint (Figure S3.7a), as described in experimental section 3.3.5. 

In most works, nanoelectrodes are used to determine singly particle conductivity, with the 

particles being firmly connected to the electrodes.199-201 In C-AFM however, the particles are 

not connected to the substrate and several difficulties can arise during conductivity 

measurement. For example, it was observed that during recording of a “conductivity map” in 

contact mode, the particles were pushed to the side by the AFM tip instead of being measured. 

We therefore decided to use non-contact mode (NCM) to look for interesting sample details 

and perform the conductivity measurements in the “spectroscopy mode”, i.e., the tip is moved 

to the desired spot and then approached to press on the particle, followed by recording a 

current/voltage (I/V) diagram of this point. Using this strategy, the main difficulty is the 

apparent blindness during the measurement, as there is a time difference between recoding the 

NCM AFM image and the measurement of the I/V diagram. It is therefore difficult to know, if 

a certain sample detail was actually hit by the AFM tip. This is especially challenging as we are 

interested in recording very small (<100 nm) particles. Combined with the particles lying loose 

on the wafer, the following problems could occur: 

- The tip pushes the particle aside and the substrate is measured instead. 

- The stage has a slow drift and until the spectroscopy measurement is started the particle 

has moved to a different position, causing it to not be measured. 

- The particle is measured but sticks to the tip after measurement (tip poisoning), thereby 

introducing an error in the following measurements. 

- The tip is hitting the particle but during the measurement the particle is lost, e.g. 

electrostatic interactions cause the particle change position or the strong current causes 

damage or decomposition of the particle. 

To solve these issues, we have recorded the Z-height of the tip during the whole spectroscopy 

measurement. In this way, it can be tracked whether a particle is hit and if the particle undergoes 

changes during the measurement. In the following, as example is presented to explain this 

process. First, a NCM image to select an interesting sample detail is recorded (exemplary shown 

in Figure S3.7b). Then, spectroscopy measurement is performed on points across the image 

(usually a 20 x 20 grid is selected, Figure S3.7c). On every point, an I/V diagram is recorded 

while the Z-height of the tip is recorded in parallel. If the measurement was successful, there is 

no change in Z-height during measurement (Figure S3.7d). However, as already visible in the 

NCM height image (Figure S3.7b), the structure shown as example is prone to moving. This is 

also visible during the spectroscopy measurement, as the Z-height decreases around 10 nm 
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during the measurement of a different point (Figure S3.7e). We would therefore regard the 

second measurement (Figure S3.7e) as invalid. In addition, as many points on the 

wafer/substrate are measured, the actual height of the sample detail can be calculated by the 

Z-height-difference between measurements on the wafer and on the sample detail. Usually we 

are interested in smaller particles than those shown in Figure S3.7, therefore before and after a 

measurement on a particle the wafer is measured, allowing us to check for changes of the wafer 

conductivity to exclude potential tip poisoning. 

 

Figure S3.7 Experimental determination of particle conductivity using C-AFM. a) Picture of the 
prepared sample on the AFM sample holder. b) Non-contact mode (NCM) height image of an 
agglomeration of gold nanoparticles. From the steps in the image it is already evident that the particle 
moved during recording of the NCM image. c) NCM amplitude image with 20 x 20 grid for I/V 
spectroscopy measurements. Two points are highlighted, whose spectroscopy results are exemplary 
shown. d) Example for a I/V measurement (top) for a conductive particle. The maximum current was 
limited to ±100 µA. During the whole voltage screening, the Z-height (bottom) did not change, showing 
that no movement of the particle took place. e) I/V (top) and Z-height/V (bottom) diagrams for a point 
at which particle movement was detected. At the end of the measurement, the Z-height is 10 nm lower 
than at the beginning. 
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Evaluation of C-AFM data 

In the following, evaluation of the data of C-AFM measurements is demonstrated for a sample 

of ACC nanoparticles. In the first step, AFM is performed in NCM to select a proper position 

for the C-AFM measurement, i.e., significant amounts of sample are present in the mapped 

region. After a detailed NCM map is recorded, the measurement mode is changed to C-AFM 

spectroscopy mode, and the spots for measuring the I/V diagrams are selected. Usually, a 

20 x 20 grid is chosen for analysis (Figure S3.8a) and 3 measurements across the grid are 

performed. After the data is recorded, the Z-height measured at the beginning and end of each 

measurement is analyzed, allowing to determine the “baseline” of Z-height of the 

wafer/substrate. Then, the spots at which a particle was hit, visible by an increase in Z-height, 

can be identified (Figure S3.8b). The method allows to look at particles, or more precisely: 

Z-height offsets, down to an order of a few nm. Due to uneven surface of the wafer and the 

limited resolution of the AFM, the experimental Z-height measurement uncertainty is in the 

range of 2 nm. Therefore, data points with a Z-height difference of at least 2 nm relative to the 

wafer are selected for further analysis (Figure S3.8c, marked points) while it is paid attention 

that the end Z-height is similar to the starting Z-height, i.e., that there was no movement of the 

particle during the measurement. Usually, the selected data points correspond well to the 

features visible in the NCM image (Figure S3.8d), however, in some cases, there can be 

differences due to a small drift in the position of the wafer during the several hours of 

measurement time (e.g., point 84 in Figure S3.8d: no particle is detected in NCM image, but 

spectroscopy measurement clearly shows an Z-height offset). In the last step, the I/V diagrams 

of the selected points are analyzed and the slope close to the origin of the graph (-0.2 V to 0.2 V) 

is determined. A higher slope of current vs. applied bias corresponds to a higher conductivity 

(Figure S3.8e). For the final plots, this slope is plotted vs. the Z-height (relative to the level of 

the wafer) for each data point. In addition, points on the Au-coated substrate can be evaluated 

as a reference for the maximum detectably conductivity in the experiments. 

As references, we performed measurements on conductive (Au) and non-conductive (vaterite) 

nanoparticles (Figure S3.19), confirming that it is possible to determine conductivity of 

nanoparticles down to a size of 20 nm by this method. Below 20 nm, the conductivity seems to 

increase for all samples, probably due to leaking voltage, demonstrating the limits for this 

method (Figure S3.21c and Figure S3.22a). However, above a Z-height difference of 20 nm, 

the method can reliably qualitatively determine the conductivity of nanoparticles. Due to the 

large amounts of data points analyzed in each measurement, the method has great potential to 

analyze conductivity of nanoparticles with better statistics compared to other available methods. 
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Figure S3.8 Evaluation of C-AFM measurements. a) Non-contact mode (NCM) height map for a 
spin coated sample of ACC particles. Overlayed on the height map the 20 x 20 grid is shown, indicating 
the points at which C-AFM spectroscopy measurements were performed. The region highlighted in 
yellow (point 40 to 120) was used to demonstrate data evaluation. b) Starting Z-height of the I/V 
measurements for each data point. The area highlighted in black corresponds to the area highlighted in 
(a). The larger particles visible in the top part of the height map in (a) are also visible by the large 
Z-height starting from data point 250. c) Zoom in the region from point 40 to 120. Data points with a 
difference larger than 2 nm from the measurements on the wafer (yellow area at a Z-height of ~ 136 nm) 
were used for further analysis, provided the Z-height did not change during measurement. The labeled 
points were selected for further analysis. d) Illustration of the correspondence of selected data points on 
the grid (bottom, yellow highlighted) to the position on the AFM height image (top, yellow highlighted). 
Not all particles visible in the NCM image were hit during measurement, e.g. point 81, resulting in less 
points selected for evaluation as visible in the height map. In addition, not every selected point 
corresponds to a visible particle in the height image, e.g. point 84, showing that the wafer might have 
shifted between acquisition of the NCM image and C-AFM spectra. e) I/V diagrams for a particle 
showing (1) good, (2) moderate and (3) no conductivity. The slope of the diagram was used for 
qualitative comparison of samples.  
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3.6.5 Supplementary figures 

 

Figure S3.9 Isolation of samples at different stages in the titration. Titration experiments were 
performed at pH 9.4, using polymer concentrations of 10 mg/L. a) Reference titration curve. Arrows 
indicate points, at which samples were isolated (see experimental section 3.3.3). The last isolation (Ref: 
point 4; PAsp50/PGlu50: point 6) was performed 16 h after the nucleation point, corresponding to the 
addition of additional 400 µmol Ca2+. b) ATR-FTIR spectra for the isolated samples. The asterisks 
indicate a small contribution from PTFE that was rubbed off from the PTFE stir bar. c) Magnification 
of the FTIR spectra in the range from 650 to 1000 cm-1. The v2 carbonate vibration can be used to 
distinguish crystalline (sharp band at 874 cm-1) from amorphous CaCO3 (broad band at 863 cm-1). The 
crystalline polymorphs can further be distinguished by the vibrational bands at 712 cm-1 (calcite) and 
744 cm-1 (vaterite).46 The same analysis was performed for d-f) PGlu50 and g-i) PAsp50. For all samples, 
in the prenucleation regime, i.e., prior to the maximum in free ion product, ACC is present that 
transforms to vaterite upon drop in the free ion product. An interesting feature is the shoulder in the 
experiments with PGlu50 (point 3 and 4 in d). IR characterization shows a visible shoulder from ACC 
for this sample (arrow in f), confirming that significant amounts of amorphous mineral are present at 
this point. This shoulder has disappeared at point 5, in correspondence with a drop in free ion product 
in the titration (d), therefore, the phase with high solubility in titration experiments can be attributed to 
a (polymer-stabilized) amorphous phase.  



 3.6 Supplementary Information 93 

 
 

 

Figure S3.10 SEM investigations of isolated samples from titration experiments. Samples were 
isolated as shown in Figure S3.9. In the beginning of the titration experiments, ACC nanoparticles are 
visible that transform to spherical vaterite particles upon crystallization. For the samples isolated 16 h 
after nucleation, larger crystalline structures are visible, with drastic changes of particle morphology 
visible in presence of polymers. For PGlu50, small nanoparticles are also visible after nucleation (P3-P5), 
likely corresponding to the stabilized ACC phase detected by ATR-FTIR (Figure S3.9f, arrow). 



94 Chapter 3 - Anti-Scaling Mechanisms Unveiled  

 
 

 

Figure S3.11 Titration experiments performed at different pH values. Experiments were 
performed by slowly dosing 20 mM CaCl2 into a solution of 10 mM carbonate buffer and 10 mg/L 
polycarboxylate additive (PAsp50 - red; PGlu50 - blue). In addition, the reference experiment in absence 
of polymer (black) is shown. The experiments showed a good repeatability across the investigated pH 
values of a) pH 9.0 b) pH 9.4 c) pH 9.8 and d) pH 10.2. The dotted line indicates the solubility product 
of the ACC phase formed at each pH (pH 9.0/9.4: proto-calcite ACC; pH 9.8/10.2: proto-vaterite 
ACC).19 Details for titration experiments are described in section 3.3.2.  
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Figure S3.12 Titration experiments with PAA. Experiments were performed by slowly dosing 
20 mM CaCl2 into a solution of 10 mM carbonate buffer and 10 mg/L poly(acrylic acid) (PAA, orange). 
The reference experiment in absence of polymer (black) is shown as well. The experiments showed a 
good repeatability across the investigated pH values of a) pH 9.4 b) pH 9.8 and c) pH 10.2. The dotted 
line indicates the solubility product of the ACC phase formed at each pH (pH 9.0/9.4: proto-calcite ACC; 
pH 9.8/10.2: proto-vaterite ACC).19 The experiments showed the same trends as for PAsp50 and PGlu50 
(Figure S3.11), with increasing inhibition at decreasing pH values and the stabilization of a phase with 
higher solubility at high pH values. d) Quantitative evaluation of scale factors shows a stronger 
inhibition compared to PAsp50/PGlu50 (shown in Figure 3.1a). At pH 9.0, no drop was detected in the 
titration experiments. Details for titration experiments are described in section 3.3.2.
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Figure S3.13 Additional data for titration experiments. Titration experiments for the polymer-free reference, PGlu50 and PAsp50 (10 mg/L polymer 
concentrations) are shown at a-c) pH 9.0, d-f) pH 9.4, g-i) pH 9.8 and j-l) pH 10.2. Experiments showed good repeatability (shown in Figure S3.11). In addition to 
free ion product (black), the development of transmission of the solution detected by the optrode (red) and the amount of added NaOH to keep the pH constant 
(blue) is shown. For polymer experiments at lower pH values, a difference between drop in transmission (red arrow) and maximum in free ion product (black arrow) 
is visible, indicating the stabilization of liquid precursor phases by the polymers.101  
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Figure S3.14 Quantitative evaluation of titration experiments. Titration experiments without 
additive (grey), 10 mg/L PAsp50 (red) and 10 mg/L PGlu50 (blue) were evaluated. Numerous 
parameters were compared to look for parameters that correspond to the strong polymer- and pH-
dependence of nucleation inhibition (Figure 3.1a). a) The slope of molar amount of added NaOH per 
amount of added CaCl2 for the postnucleation regime is shown. For reference experiments, only particle 
growth is expected at this stage, so similar values are expected across the pH range, i.e., the same amount 
of carbonate is removed from the buffer equilibrium per amount of Ca2+ added. b) Slope of molar 
amount of added NaOH per amount of added CaCl2 for the prenucleation regime. Although evaluations 
of NaOH addition rates are challenging (see section 3.6.3) and low polymer concentrations of 10 mg/L 
were used, at three of four pH values (except pH 9.4) a trend in the slopes is visible. Thereby, the 
reference experiments usually show the highest slope, followed by PGlu50 and then PAsp50, 
corresponding to the same trend as detected for scale factors (Ref → PGlu50 → PAsp50). A lower slope 
of NaOH addition seems to correspond to a higher scale factor, which is especially evident at pH 9.0, at 
which the PAsp50 shows a high scale factor (Figure 3.1a) and a much lower slope in NaOH addition 
compared to the reference experiment (Figure 3.1b). The evaluation of microscopic binding parameters 
for PNC formation (see section 3.3.8) showed that the c) x (microscopic number of calcium ions that 
bind a carbonate ion) as well as d) K (microscopic binding equilibrium constant) did not depend on the 
polymer type or showed no clear effect correlating the binding inhibition. Additional parameters were 
quantitatively investigated, e.g., slope of free ion product in the prenucleation regime (not shown), but 
no effect directly corresponded to the trend of nucleation inhibition. Therefore, the NaOH addition in 
the prenucleation regime was the focus of further studies.  
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Figure S3.15 Investigation of the sodium content in polymer-stabilized ACC. After TGA analysis 
(oxidative atmosphere, heating to 1000 °C), the residue was investigated using XRD. No reflexes of 
sodium oxides were visible, while CaO and Ca(OH)2 were detected as main components.207-208 
According to this data, the presence of sodium salts in the ACC sample, i.e., coprecipitated Na2CO3 or 
NaHCO3, is unlikely. Asterixis correspond to reflexes that could not be assigned.  
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Figure S3.16 TGA and DSC analysis of selected samples. As reference for the polymer-stabilized 
ACC sample (PAsp50_ACC), pure ACC, pure polymer, and sodium (bi)carbonates were investigated 
using TGA (black lines) and DSC analysis (blue lines). For measurements, oxidative atmosphere (Ar:O2 
80:20 v/v) was used. a) Pure ACC shows initial water loss (<200 °C), followed by exothermic ACC 
crystallization (~320 °C) and final decarbonization (600-750 °C) to form CaO (CaCO3 → CaO + CO2↑). 
b) Pure PAsp50 shows a similar water loss at the beginning (<200 °C) followed by strong exothermic 
polymer decomposition (300-360 °C). As the purchased PAsp50 is a (partial) sodium salt, there is still 
mass from sodium oxide left at the end of the measurements. c) Na2CO3 shows no weight loss in the 
initial stages of the experiment. At ~900 °C, the melting point is reached, visible by an endothermic 
signal in DSC. Finally (>900 °C), decomposition takes place (Na2CO3 → Na2O + CO2↑). d) NaHCO3 
shows an endothermic decomposition at ~180 °C, releasing CO2 and H2O (2 NaHCO3 → Na2CO3 + 
H2O↑ + CO2↑).209 As Na2CO3 is formed in this step, the curves then follow the Na2CO3 decomposition 
characteristics (as shown in c).  
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Figure S3.17 TGA-MS analysis of polymer-stabilized ACC and reference samples. The gases 
released upon decomposition in TGA are analyzed by mass spectrometry. As references for the polymer-
stabilized ACC (PAsp50_ACC, red), the TGA-MS data for pure ACC (ACC, black), pure polymer 
(PAsp50, blue) and polymer calcium salt (PAsp50_Ca, orange) are shown. The PAsp50_Ca sample was 
synthesized as reference closer resembling the polymer in the mineral phase, i.e., with Ca2+ bound to 
polymer carboxyl groups, as the purchased PAsp50 is a (partial) sodium salt (synthesis of the samples 
is described in section 3.3.4). The curves for m/z with significant amounts of gases detected are shown. 
a) Results for m/z = 18 (release of H2O). In addition to the initial release of surface adsorbed and loosely 
bound water (<200 °C), polymer decomposition (360 °C, dotted line) also results in the release of H2O. 
Interestingly, there is a significant broadening for PAsp50_Ca compared to the PAsp50 (sodium salt). 
The sharp polymer decomposition is also visible in PAsp50_ACC, however, in case of PAsp50_ACC, 
a significant release of water is detected prior to the polymer decomposition (250-350 °C, highlighted 
in grey). As water is released during the decomposition of bicarbonate species (see Figure S3.16d), this 
fits to the presence of bicarbonate in the stabilized ACC. b) Results for m/z = 27 (release of HCN or 
H2C=CH).210 The released gases are an indication for polymer decomposition, with nitrogen of HCN 
arising from the polymer backbone (amide bonds). The sharp polymer decomposition (dotted line) is 
again visible in all samples, however in PAsp50_ACC, there is significant polymer decomposition 
detected before the sharp peak (250-350 °C, highlighted in grey). The width and temperature range of 
this decomposition corresponds well to the detected H2O release (as shown in a). This indicates that the 
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decomposition of the (polymer-stabilized) bicarbonate species in the ACC structure is triggered by 
polymer decomposition and/or vice versa. c) Results for m/z = 30 (release of NO, H2CO, C2H6 or 
HC=NH2). In this case, a strong difference between PAsp50 and PAsp50_Ca is detected, while in 
PAsp50_ACC, features from both samples can be recognized (dotted lines). This shows that in the 
polymer-stabilized ACC sample, aspartic acid segments similar to PAsp50_Ca, i.e., with Ca2+ bound to 
the carboxyl group, and segments similar to PAsp50, i.e., carboxyl groups not bound to Ca2+, are present. 
In addition, a composition prior to the sharp polymer decomposition is detected (highlighted in grey), 
confirming the partial destabilization of the polymer by presence of (bi)carbonate species. d) Results 
for m/z = 44 (release of CO2). At temperatures of 650-750 °C, CaCO3 decomposition takes place 
(CaCO3 → CaO + CO2↑), as visible for the pure ACC sample. PAsp50 is showing the familiar sharp 
decomposition peak, while for PAsp50_Ca, several stages of CO2 release are detected. Especially 
interesting is the CO2 release above 600 °C for PAsp50_Ca, showing that decomposition of COO-Ca 
groups proceeds via the formation of CaCO3 as an intermediate.198 The slight temperature difference for 
the CaCO3 decomposition between the samples can be explained by the limited high-temperature 
accuracy of the TGA device. For PAsp50_ACC, an overlap of all characteristic signals in reference 
samples can be detected (dotted lines). In addition, a strong CO2 release is detected prior to polymer 
decomposition at 250-350 °C (highlighted in grey) that we attribute to the decomposition of bicarbonate 
species in the ACC. Although the strong release of H2O and CO2 in this region fits to the decomposition 
of bicarbonate species, presence of bicarbonate cannot be unambiguously confirmed from this data. As 
discussed earlier, a strong interaction of PAsp50 with calcium (and carbonate species) is detected (as 
visible in b), so the polymer decomposition characteristics could be changed, resulting in the early 
release of CO2 and H2O. Therefore, additional TGA-IR characterization on 13C enriched samples was 
performed (Figure S3.18).  
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Figure S3.18 TGA-IR analysis of polymer-stabilized ACC and reference samples. In addition to 
mass spectrometry (Figure S3.17), the released gases were analyzed with FTIR spectroscopy to further 
investigate the structure of the polymer-stabilized ACC sample. Especially the characteristics of the 
strong CO2 release for PAsp50_ACC at around 250-350 °C (Figure S3.17) is of interest, as we propose 
that this is caused by the bicarbonate species in the sample. Therefore, 13C enriched carbonates (99% 
13C) were used in the titration experiments, effectively labelling all mineral carbonate species. 
Simultaneously, regular PAsp50, i.e., possessing natural abundance of 13C (99% 12C), was used. In this 
way, the CO2 species released during sample decomposition can be distinguished by FTIR spectroscopy, 
allowing us to determine at which temperatures polymer decomposition (release of mainly 12CO2, 
ν ~ 2275-2400 cm-1) and decomposition of mineral carbonate species (release of mainly 13CO2, 
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ν ~ 2200-2325 cm-1) take place. Herein, the depicted plots show a “top view” on the 3D TGA IR data 
(3D data of PAsp50_ACC is shown Figure 3.2c) for the relevant range of wavenumbers for CO2 
detection. a) Pure PAsp50 polymer shows strong release of 12CO2 upon its decomposition at around 
300 °C while for b) PAsp50_Ca the 12CO2 release is broader and also takes place at higher temperatures 
due to the strong interactions of the polymer with Ca2+ and formation of CaCO3 as an intermediate (as 
described in Figure S3.17d). A small release of 13CO2 is detected as well, as there is still 1% 13C (natural 
abundance) present in the polymer. In addition, release of CO species (ν ~ 2000-2200 cm-1) is detected 
above 600 °C, however this shall not further be discussed here. c) Pure 13C enriched ACC shows the 
characteristic CaCO3 decomposition and 13CO2 release starting from 600 °C. In this case, a small amount 
of 12CO2 is detected, as the (bi)carbonates used for preparation of the sample are “only” 99% 13C enriched. 
d) A sample was prepared by mixing the previously discussed samples of pure 13C enriched ACC and 
pure PAsp50 (50:50 w/w), which can be used as a reference of a mineral sample with significant amounts 
of polymer present in the sample. At 300 °C, only 12CO2 is released from the polymer decomposition 
and starting from 600 °C, both 12CO2 and 13CO2 are released. Thereby, 12CO2 arises from the CaCO3 
intermediate formed upon decomposition of the polymer,198 while 13CO2 is released from the CaCO3 
species formed from ACC crystallization. e) The polymer-stabilized ACC sample synthesized in 
titration shows a striking difference compared to the simple mixture of ACC and polymer. This time, 
starting at 250 °C, the main release is 13CO2 (dotted box), showing that indeed the decomposition of 
mineral, i.e., (bi)carbonate species, is taking place at this temperature. This also excludes other side 
reactions that might be responsible for the weight loss in this temperature range, such as formation and 
decomposition of Ca-polymer coacervate type species, Ca-ethanolate species formed during quenching 
of the sample in ethanol or weight losses due to (calcium)hydroxide coprecipitation and decomposition, 
as all these compounds do not involve the release of 13CO2 upon decomposition.211 Also, simple 
(co)precipitation of NaHCO3 can be excluded due to the exothermic decomposition characteristics of 
this bicarbonate species (see Figure 3.2a, in contrast to the endothermic decomposition of NaHCO3 as 
shown in Figure S3.16d). In addition, no NaHCO3 was detected in MAS NMR (Figure 3.2d), and no 
sodium oxides were detected in XRD analysis of the precipitate formed after TGA (Figure S3.15).  
The difference of PAsp50_ACC (e) and the simple mixture of ACC and PAsp50 (d) confirms that 
bicarbonate is incorporated into the ACC in the titration experiments during formation of calcium 
carbonate, while this process is facilitated by PAsp50. The weight loss from this bicarbonate species is 
13.7% (Figure S3.24b), and assuming decomposition of bicarbonate species according to: 2 HCO3

- 
(122 u ↔ 100%) → CO3

2- + H2O↑ + CO2↑ (60 u + 18 u↑ + 44 u↑ ↔ 49% + 15%↑ + 36%↑) one can see 
that twice the amount of bicarbonate is present in the sample compared to the detected weight loss due 
to release of H2O and CO2. According to this calculation, 2∙13.7% = 27% bicarbonate is present in the 
sample. As visible in the TGA-MS data, likely some PAsp50 decomposition is taking place in this 
temperature range as well (Figure S3.17b), potentially triggering or being triggered by bicarbonate 
decomposition, so the actual amount of bicarbonate in the sample is (slightly) less than 27%. In any case, 
the significant amount of bicarbonate detected in PAsp50_ACC roughly fits to the values of bicarbonate 
binding predicted by titration experiments (Figure 3.1d).   
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Figure S3.19 C-AFM investigation of reference samples. Determination of particle conductivity 
was carried out as described in section 3.6.4. For method validation, conductive and non-conductive 
nanoparticles were investigated (synthesis see section 3.3.6). a) Non-contact mode (NCM) amplitude 
map of a measurement of Au nanoparticles and b) amplitude map overlayed with the 20 x 20 grid of 
points measured in spectroscopy mode. In yellow, the data points considered for evaluation are 
highlighted. c) Plot of measured slope of the I/V diagram for each selected data point in dependence of 
the starting Z-height of the spectroscopy measurement. The area highlighted in gray corresponds to the 
average value determined for measurements on the Au substrate (standard deviation of at least 30 
evaluated points), indicating the maximum conductivity that can be determined. It is evident that Au 
particles show good conductivity (similar to the Au substrate) over the whole range of measured Z-
heights. d-f) Corresponding measurements on vaterite nanoparticles as reference for non-conductive 
CaCO3 nanoparticles. The results show that the particles possess a lower conductivity compared to the 
wafer, however still a non-zero slope is detected for particles smaller than 40 nm. This might be due to 
leakage current across the extremely small Z-heights. Therefore, attention needs to be paid for evaluating 
particles with Z-height below 40 nm.  
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Figure S3.20 AFM height map of polymer-stabilized ACC particles. The image was recorded in 
non-contact mode (NCM) and shows the same area used for C-AFM investigations (discussed in Figure 
3.3a,b and Figure S3.22a-c). a) AFM height map, showing individual ACC particles and agglomeration 
of particles. b) 3D visualization of the area, using isotropic axis scaling. Due to the gel-like properties 
of (polymer-stabilized) ACC, the particles spread on the substrate upon precipitation and drying, 
resulting in an oblate structure.154 Therefore, although the individual particles show a size of 20-50 nm 
in top view (a), they possess a height of significantly less than 20 nm.  
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Figure S3.21 C-AFM investigation of polymer-free ACC particles. The conductivity of ACC 
nanoparticles (prepared according to section 3.3.4) was determined. a) NCM amplitude map of a 
measurement of ACC nanoparticles distributed on the substrate. The particles on the wafer show a 
diameter of 20-50 nm. b) Amplitude map overlayed with the grid of points measured in spectroscopy 
mode. In yellow, the data points considered for evaluation are highlighted. c) Plot of measured slope of 
the I/V diagram for each selected data point in dependence of the starting Z-height of the spectroscopy 
measurement. The area highlighted in gray corresponds to the average value determined for 
measurements on the Au substrate (standard deviation of at least 30 evaluated points), indicating the 
maximum conductivity that can be determined. Interestingly, although the particles show a diameter of 
20-50 nm, the Z-height detected during measurement was less than 5 nm for most measurements, 
showing that the particles are deformed when precipitated on a wafer due to their gel-like properties, as 
detected for similarly prepared samples before (see also Figure S3.20).154 This is also evident by the 
anisotropic, elongated shape of the particles due to the forces present during spin-coating the particles. 
In addition, it is possible that the AFM tip is penetrating into the particles when approaching for C-AFM 
spectroscopy measurements. Due to the high voltage applied (up to 2 V) we cannot exclude leaking 
voltage at Z-heights below 20 nm, especially considering the results for non-conductive vaterite 
reference nanoparticles (Figure S3.19f). We therefore decide not to comment on measurements with 
Z-heights below 20 nm. d-f) Corresponding measurements for a different area of the ACC sample, this 
time showing presence of larger particles. Interestingly, the pure ACC structures show good 
conductivity across all measured points, similar to the conductive Au reference sample (Figure S3.19c). 
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g-i) Corresponding measurements for another area on the sample, showing the presence of even lager 
structures, with Z-heights above 100 nm. This time, the conductivity rapidly decreases for increasing 
Z-heights, and already at 20 nm, there is no conductivity detected. This is in contrast to the 
measurements discussed before (in d-f). In fact, for all investigated areas of the sample, one of the two 
different trends was visible. Either high conductivity up to a Z-height of 100 nm or rapid decrease to 0 
within a Z-height of 20 nm. We attribute this to different types of ACC structures present. If only a loose 
aggregation of nanoparticles is present, there is no conductivity detected, as several nanoparticles are 
present between the AFM tip and the substrate and conductivity on the surface of the particles is very 
low, especially if the particles are not in proper contact. That the particles are in loose contact is also 
visible from the “glitches” in the amplitude map (g), indicating movement of particles during NCM 
measurement. The other case is the presence of large, continuous ACC structures. These could be either 
formed by dehydration of a large-scale liquid mineral phase, as detected for polymer-free ACCs 
before,154 or by the fusion of liquid-like (viscoelastic) ACC particles.37 In either case, a continuous ACC 
structure will have much better contact with the wafer and no grain boundaries across the structure, 
resulting in better conductivities.  
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Figure S3.22 C-AFM investigation of polymer-stabilized ACC particles. The conductivity of the 
PAsp50-stabilized ACC particles (PAsp50_ACC, prepared according to section 3.3.4) was determined. 
a) NCM amplitude map of a measurement of PAsp50_ACC nanoparticles distributed on the wafer. 
b) Amplitude map overlayed with the grid of points measured in spectroscopy mode. In yellow, the data 
points considered for evaluation are highlighted. c) Plot of measured slope of the I/V diagram for each 
selected data point in dependence of the starting Z-height of the spectroscopy measurement. The area 
highlighted in gray corresponds to the average value determined for measurements on the Au substrate 
(standard deviation of at least 30 evaluated points), indicating the maximum conductivity that can be 
determined. As discussed in Figure S3.21, below 20 nm leakage current likely plays a role, so it cannot 
be commented on the conductivity of individual PAsp50_ACC nanoparticles. d-f) Corresponding 
measurements for a large ACC structure. These structures are the remaining of the µm size polymer-
stabilized liquid precursor droplets that were causing the decrease in transmission in the titration 
experiments (see Figure S3.13). Surprisingly, these structures survived the quenching procedure. The 
ACC shows good conductivity for Z-heights over 300 nm. g-i) Corresponding measurements for an even 
larger PAsp50_ACC structures showing good conductivity across a Z-height of almost 1 µm, 
demonstrating that PAsp50_ACC shows conductivity on a scale well beyond nm range. 
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Figure S3.23 ATR-FTIR characterization of polymer and ACC samples. For all samples, the IR 
spectra of non-13C enriched samples are shown. a-d) Individual IR spectra for each sample. 
e) Characteristic vibrations from PAsp50/PAsp50_Ca are visible in the spectra of the polymer-stabilized 
ACC sample (PAsp50_ACC). f) The calcium carbonate samples are amorphous, as visible be the broad 
vibrational band at around 863 cm-1. The slight difference between the PAsp50_ACC sample (865 cm-1) 
and the pure ACC samples (862 cm-1) results from different ACC proto-structures.46 Thereby, the 
prepared (disordered) ACC shows similar spectrum to proto-calcitic ACC.212   
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Figure S3.24 TGA characterization of polymer and ACC samples. All measurements were 
performed in oxidative atmosphere (Ar:O2 80:20 v/v) and all samples were dried at 40 °C in vacuum 
prior to measurement to remove surface adsorbed water. a-d) Individual TGA thermograms for each 
sample. No significant differences in the thermograms for natural abundance and 13C enriched samples 
were detected. e) Overlay of all thermograms of samples, showing the high amount of bicarbonate and 
polymer present in PAsp50_ACC (in comparison to pure ACC), which fits to FTIR analysis (Figure 
S3.23e). 
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Figure S3.25 1H-13C CP MAS NMR measurements of polymer and ACC samples. The spectra 
for a) PAsp50_ACC, b) PAsp50 and c) PAsp50_Ca are shown. d) Overview of the carbonate region of 
all samples. All spectra were recorded using 10 kHz spinning frequency. The detailed acquisition and 
processing parameters for 1H-13C CP MAS NMR measurements are described in section 3.3.5. It is 
evident that several carboxylate species are detected for PAsp50 and PAsp50_Ca samples, indicating 
the effect of calcium binding on the shielding of the respective carbons. In PAsp50_ACC, several 
polymer carboxylate species were detected, indicating the presence of carboxylate groups with different 
chemical environments. The carbonate chemical shift in PAsp50_ACC (169.5 ppm) fits to the reported 
shift of pvACC,46 which is expected as sample isolation (see section 3.3.4) was performed at pH 9.8, 
which was used to synthesize pvACC in earlier studies.46 Due to the instability and rapid crystallization 
of (polymer-free) ACC in MAS NMR studies, no spectrum was obtained for pure ACC. No strong 
bicarbonate peak (161-164 ppm) was detected in PAsp50_ACC. 
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4.1 Abstract 

Materials synthesis via liquid-like mineral precursors has been studied since their discovery 

almost 25 years ago, because their properties offer several advantages, e.g., the ability to 

infiltrate small pores, the production of non-equilibrium crystal morphologies or mimicking 

textures from biomaterials, resulting in a vast range of possible applications. However, the 

potential of liquid-like precursors has never been fully tapped, and they received limited 

attention in the materials chemistry community, largely due to the lack of efficient and scalable 

synthesis protocols. Herein, we present the “scalable controlled synthesis and utilization of 

liquid-like precursors for technological applications” (SCULPT) method, allowing isolation of 

the precursor phase on a gram scale, and we demonstrate its advantage in the synthesis of 

crystalline calcium carbonate materials and respective applications. The effects of different 

organic and inorganic additives, such as magnesium ions and concrete superplasticizers, on the 

stability of the precursor phase and mineralization allow optimizing the process for specific 

demands. The presented method is easily scalable and therefore allows synthesizing and 

utilizing the precursor on large scales. Thus, it can be employed for mineral formation during 

restoration and conservation applications but can also open up pathways toward calcium 

carbonate-based, CO2-neutral cements. 

 

4.2 Introduction 

In the last decades, the effects of global climate change have become evident, e.g., by an 

increasing rate of large-scale forest fires and droughts. There is consensus that climate change 

is mainly caused by anthropogenic emissions of greenhouse gases, while CO2 is considered to 

be the main contributor to global warming.213 In recent years, finding approaches to reduce 

anthropogenic CO2 emissions has therefore been a key strategy in fighting climate change.214 

Besides the energy production and transportation sectors, industry is one of the main sources 

of global CO2 emissions.213, 215 Especially the cement manufacturing process has a significant 

contribution,216 with some estimates attributing up to 5% of global CO2 emissions to cement 

production.217 Portland cement is one of the main components of concrete, the most widely 

used material on the planet, and improving cement sustainability is therefore a possible key 

towards reducing global CO2 emissions.218 One strategy is utilizing alternative materials to 

produce cements, such as calcium carbonate-based cements, especially when combined with 

carbon capture and storage (CCS) technologies.219-221 In comparison to other alternatives, 

calcium carbonate cements can be produced without decarbonization, thereby eliminating the 

main source of CO2 during the cement manufacturing process.222 Common methods for the 

synthesis of calcium carbonate cements are based on mixing solid amorphous calcium 

carbonates (ACC) with crystalline ones. Due to the lack of crystallization control during the 

cementation process, however, the resulting cements are microporous, show poor mechanical 
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properties219 and due to the difficulty in stabilizing the amorphous phase, are difficult to 

synthesize on an industrial scale.223  

One promising solution to overcome these limitations of carbonate-based cementitious 

materials is, in our opinion, the polymer-induced liquid-precursor (PILP) process, an alternative 

crystallization pathway discovered by Laurie Gower in the late 1990s.27-28 A PILP phase is 

essentially a polymer-stabilized, highly hydrated amorphous mineral precursor phase that, due 

to the high water content, possesses a viscoelastic (often also referred to as “liquid-like”) 

consistency. This viscoelastic consistency can be used to “mold” crystal structures via a so-

called colloid assembly and transformation (CAT) process.11, 35, 105 In this process, the liquid-

like mineral droplets (colloids) can coalesce, thereby forming non-equilibrium structures, 

followed by a pseudomorphic amorphous-to-crystalline transformation, yielding crystalline 

minerals. In addition, the liquid-like properties allow the mineral precursor to infiltrate small 

cracks and pores, which is useful not only for the synthesis of biomimetic materials,35, 224 but 

also for stone restoration and conservation applications, where infiltration and penetration of 

cracks and pores is favorable.225 In the following, we will use the term “liquid-like precursor” 

to describe the highly-hydrated polymer-stabilized viscoelastic amorphous mineral precursor 

phase. 

For essentially any commercially viable and practical application, easy, cheap, and large-scale 

synthesis of the liquid-like precursor phase is required. Until today, the synthesis is mostly 

based upon so-called gas diffusion techniques, where CO2 is released by a carbonate source, 

commonly ammonium carbonate, followed by diffusion of CO2 and NH3 into a solution of 

calcium ions and small amounts of polycarboxylates, usually poly(aspartic acid) or poly(acrylic 

acid).28, 226 After sufficient in-diffusion of CO2, the mineral precursor precipitates in the form 

of micron sized droplets, yielding a few mg of product after several hours of reaction time.108 

Another possibility is the slow mixing of dilute solutions containing calcium ions with 

polycarboxylate and (bi)carbonate. In this case, it will also take several weeks to yield product 

even on a mg scale.206 The dilemma of either synthesis strategy is that it is impossible to simply 

increase the concentrations of the solutions, as this would result in immediate precipitation of 

crystalline calcium carbonate (if Ca2+ and CO3
2- concentrations are too high relative to the 

polymer concentration)105 or of Ca-polymer coacervates (if Ca2+ and polymer concentrations 

are too high relative to the carbonate concentration).168 Even if close attention is paid to avoid 

the precipitation of Ca-polymer coacervate phases, there is the risk of forming solid and 

unreactive ACC-polymer composite materials if the concentrations used are too high.157, 193, 227 

These composite materials do not possess liquid-like properties and also do not transform into 

the crystalline minerals due to their high polymer contents. It is thus evident that the previously 

used synthesis methods are of highly limited practical use, as only small amounts of minerals 

can be synthesized. Also, the reaction times for liquid precursor production via available 

synthesis methods take days (gas diffusion) or weeks (mixing of dilute solutions), rendering the 
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isolation of the precursor species prior to crystallization challenging. This has further hindered 

the utilization of liquid-like mineral phases in technological applications.206, 228 Due to the 

above-mentioned limitations of the available synthesis methods, the full potential of liquid-like 

mineral precursors in material synthesis has remained largely untapped in the past 25 years 

since their discovery. 

We present an approach to synthesize liquid-like mineral precursors that uses highly 

concentrated starting solutions, thereby overcoming the limitations of previously known 

synthesis methods. We named the process “scalable controlled synthesis and utilization of 

liquid-like precursors for technological applications” (SCULPT). The SCULPT method allows 

scalable production of liquid-like mineral precursor, e.g. using an automated titration essay,98 

which can then be isolated and used for material synthesis based on the CAT process. In 

SCULPT, the concentrations of all species in the reaction solution can be precisely controlled 

by tuning starting concentrations and addition speeds. In this way, precipitation of side products, 

such as crystalline CaCO3, Ca2+-polymer coacervate or ACC-polymer composite material is 

prevented, and a concentrated dispersion of the liquid-like mineral precursor is obtained. The 

product can be isolated by centrifugation and applied to different substrates followed by 

controlled transformation of the precursor to yield the respective crystalline minerals. 

Additional additives, such as superplasticizers or metal ions, can be added during the synthesis 

to further tune the stability and properties of the precursor phase. The method yields several 

grams of liquid-like mineral precursor within a few hours, with the product then being stable 

against crystallization for several hours, allowing for the utilization of the unique viscoelastic 

properties of the precursor for different applications. Not only does this allow, for the first time, 

isolating the liquid-like precursor phase prior to crystallization, but also working with the 

precursor phase in application-relevant amounts as well as testing its performance in material 

synthesis, e.g., in the formation of “molded” crystalline minerals and mineral coatings. 

Additional advantages of SCULPT are the easy in situ investigation and quantification of 

experimental conditions using potentiometric electrodes, such as pH value and free ion 

concentrations, and quantifying the effect of additives on the stability of the precursor phase. 

In our view, SCULPT significantly extends the toolbox of mineral synthesis approaches and 

will help overcoming practical problems in mineral synthesis, from built heritage conservation 

to CO2-fixating cementitious materials.  

 

4.3 Experimental Section 

4.3.1 Materials 

All solutions were prepared using Millipore water. Solutions of CaCl2 and MgCl2 were prepared 

by dissolution of CaCl2 dihydrate (Sigma-Aldrich, ACS grade, >99%) and MgCl2 hexahydrate 

(Sigma-Aldrich, ACS grade, >99%). NaOH solutions were prepared from NaOH stock solution 

(1.0 M, Carl Roth). Sodium carbonate solution was prepared by dissolution of Na2CO3 (Sigma-
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Aldrich, ACS grade, 99.95 - 100.05%). Poly(acrylic acid) (PAA) solution was prepared by 

dissolution of PAA partial sodium salt (Aldrich, M = 5,000 g/mol and M = 100,000 g/mol). 

Superplasticizers (FLUP® PCE-375 by Backstein; Pantarhit® RC550 and Pantarhit®(FM) by 

Ha-Be Betonchemie), gypsum (MEYCO moulding gypsum) and calcite crystals (optical calcite, 

Janine & Marc Köpke GbR) were purchased from commercial suppliers. 

 

4.3.2 Synthesis of mineral precursor 

A commercial automated titration setup (Metrohm Titrando) controlled by a computer software 

(Metrohm tiamo) was used for performance of titration experiments. A titration device 

(905 Titrando) is controlling four dosing devices (800 Dosino) for the controlled addition of 

solutions of CaCl2, NaOH, Na2CO3 and PAA, respectively. The calcium potential was 

monitored using a calcium ion selective electrode (Metrohm, No. 6.0508.110) and the pH was 

measured using a pH electrode (Metrohm, No. 6.0256.100). In addition, the transmission of the 

solution was measured with an optrode (Metrohm, No. 6.1115.000) using a wavelength of 

660 nm. The pH electrode was used as a reference electrode for the calcium electrode. The 

solution was stirred using an overhead stirrer (Metrohm, No. 2.802.0020). Calibration of the 

pH electrode was carried out at least twice a week using pH buffers from Mettler Toledo with 

pH 4.01 (No. 51302069), 7.00 (No. 51302047) and 9.21 (No. 51302070). The calcium ISE was 

calibrated by dosing 20 mM CaCl2 solution with 0.01 mL/min into 50 mL Millipore water at 

the same pH value as the experiment. 

In the following, the procedure for a standard precursor synthesis experiment is presented. The 

detailed conditions for all experiments discussed in this work are summarized in Table S4.1. 

Solutions of Na2CO3 (0.75 M), CaCl2/MgCl2 (0.5 M/0.025 M) and PAA (10 g/L) were added 

with rates of 0.1 mL/min into 50 mL of PAA solution (1 g/L) at pH 10.65. Prior to each 

experiment, the pH of this PAA starting solution was adjusted to pH 10.65 using 1 M NaOH. 

The experiments were performed in a sealed beaker under N2 shower to prevent in-diffusion of 

CO2. During the experiment, the pH value was kept constant by automatic addition of 0.5 M 

NaOH, and the maximum possible stirring speed of the overhead stirrer (without introducing 

air bubbles) was used. The experiments were carried out for 5.5 h (33 mL of each solution 

added), before the vessel was full and the product was isolated. After each titration experiment, 

the beaker and electrodes were washed two times using acetic acid (10%, prepared by 

dissolution of glacial acetic acid) to remove traces of mineral precipitate from the vessel, 

electrodes, and dosing tips. Afterwards, the equipment was rinsed several times with Millipore 

water and dried using dust-free tissue paper. 
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4.3.3 Isolation of mineral precursor 

The mineral precursor was isolated by immediate centrifugation (15 min at 7000 g) after the 

titration was stopped. After discarding the mother solution, a gel-like, white precipitate was 

obtained that became a viscous liquid when it was stirred with a spatula. From one titration 

experiment, 10-15 g of concentrated mineral precursor dispersion were obtained. The product 

can directly be applied or be treated with an ultrasonic spear (Bandelin Sonopuls UW3100) for 

2 min (at 20% power) to further reduce viscosity of the dispersion before application. 

 

4.3.4 Mineralization experiments 

To produce mineral layers, 0.3 to 0.5 mL of the precursor dispersion were placed on a calcite 

single crystal wafer (5x5 mm). The wafers were stored in a closed petri dish to prevent 

evaporation of the solution. After the desired reaction time (usually 3 h, check Table S4.2 for 

specific reaction times), the wafers were removed from the chamber, washed with Millipore 

water (to remove non-fused droplets) and dried on air for 1 d. 

To produce mineral coatings on seed crystals, small calcite crystals (roughly 0.1 to 2 mm in 

size) were added directly to 5 mL of precursor dispersion in the centrifuge tube. The centrifuge 

tube was closed to prevent the dispersion from drying. After the desired reaction time, the 

particles were washed with water in an ultrasonic bath, the solution decantated and the crystals 

isolated by filtration, followed by drying on air for 1 d. 

To produce mineral molds, 3-5 mL of the precursor dispersion were added on a regular German 

50 ct coin. The coin was placed in a vessel with fitting diameter so that a layer of 0.5 to 1 cm 

of precursor dispersion was covering the coin. The vessel was covered with parafilm to prevent 

evaporation and left standing for 24 h. Then, the parafilm was removed and the dispersion 

slowly dried on air for 3 d. In some cases, the mineral mold separated from the coin in the 

drying step, while in other cases the mineral was removed from the coin using a spatula. 

 

4.3.5 Material characterization 

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra were recorded 

using a BRUKER Tensor 27 or Vertex 70v spectrometer. Scanning electron microscopy (SEM) 

and energy dispersive X-ray spectroscopy (EDX) was performed using a JEOL JSM-6610 SEM, 

while HR-SEM analysis (Figure S4.6d,e and Figure S4.10) was performed using a JEOL JSM-

6700F SEM. Samples were coated with a 5 to 10 nm thick layer of gold (Cressington 108auto) 

prior to SEM analysis. Light microscopy images were recorded using a Keyence VHX-600 

Digital Microscope equipped with a VHZ100UR Zoom Lens. Thermogravimetric analysis 

(TGA) was performed on a Netzsch STA 409 LUXX in O2 atmosphere with a heating rate of 

5 K/min. Atomic force microscopy was carried out on a Park Systems NX 10 microscope 

equipped with a PPP-NHCR cantilever in non-contact mode.  
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4.4 Results and Discussion 

4.4.1 SCULPT 

SCULPT is based on an automated titration setup to simultaneously mix concentrated solutions 

of CaCl2, Na2CO3, poly(acrylic acid) (PAA) and NaOH (Figure 4.1a) in a specific and 

controlled manner. The special procedure allows using much higher concentrations than 

previously, avoiding any side reactions, and was optimized as shown in Figure S4.1. Thereby, 

all reactants are separated at the beginning of the experiment and are mixed directly in the 

reaction vessel in appropriate ratios, which prevents the precipitation of side products. In 

addition, the use of potentiometric electrodes allows the in situ detection of parameters such as 

pH value and calcium activities.  

 

 
Figure 4.1 Synthesis of liquid-like mineral precursor. a) Scheme of the automated titration setup 
for SCULPT. Concentrated solutions of CaCl2 (0.5 M), Na2CO3 (0.75 M) and PAA (10 g/L) are added 
at a constant rate (0.1 mL/min) into dilute PAA solution (1 g/L) under vigorous stirring, while the pH is 
kept constant at pH 10.65 by automatic addition of NaOH (0.5 M). Parameters such as pH, Ca2+ activity 
and transmission of the solution are recorded by potentiometric electrodes. b) Visual changes during the 
addition of the solutions. After 1 h, a visibly turbid dispersion is formed and after 6 h, when the reaction 
vessel is filled up, the dispersion is highly turbid. c) Data recorded by potentiometric electrodes during 
the addition of the solutions. The transmission of the solution/dispersion (red), Ca2+ activity (black) and 
volume of added NaOH solution so as to maintain a constant pH value (blue) are shown. After 6 h 
(point 1), the beaker is filled up and the addition of the solutions is stopped. The reaction can be further 
tracked, and crystallization is evident by a decrease in Ca2+ activity and an increase in NaOH addition 
(point 2). d) After the addition is finished (point 1 in c), the product can be isolated by centrifugation, 
resulting in several grams of a highly viscous dispersion of dense liquid precursor. e) ATR-FTIR 

spectroscopy of the dried product. The broad 2 vibration at 863 cm-1 confirms the formation of ACC.78 
The detailed conditions for the experiments are listed in Table S4.1. 
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In this way, properties of the formed mineral phases, such as the solubility product, can be 

quantified. Furthermore, it is possible to determine the point of crystallization of the precursor 

phase, allowing to estimate its kinetic stability. The ratios of added Ca2+, CO3
2- and PAA are 

similar to previous liquid-like precursor syntheses,28 however, SCULPT allows using up to 3 

orders of magnitude higher concentrations. Solutions are added under vigorous stirring at rather 

slow rates (0.1 mL/min), preventing the formation of concentration gradients. After 6 hours of 

reaction time the reaction vessel is filled up (Figure 4.1b) and the synthesis is complete. During 

the addition of the solutions, the calcium ion selective electrode (ISE) allows determining the 

activity of calcium ions in the solution, which, after phase separation, is governed by the 

solubility product of the most soluble solid phase present in the system. Indeed, phase 

separation occurs upon the drop in the calcium activity after reaching a maximum in the very 

beginning of the SCULPT experiment. The formed phase is characterized by a comparatively 

high calcium activity and is stable for several hours (Figure 4.1c, black curve), however, 

without reaching a constant value, i.e., establishment of a solubility threshold. From 

quantitative evaluation of the measured calcium potential, the equilibrium ion activity product 

of the liquid-liquid coexistence in the mother solution can be estimated (Figure S4.2), revealing 

much higher values than reported for solubilities of crystalline or (solid) amorphous calcium 

carbonates.19, 229 This is expected for an amorphous liquid-like precursor.18 Upon crystallization 

of the amorphous precursor, a drop in the calcium potential is visible due to the formation of 

the more stable solid phase, even though quantitative data suggests that small amounts of the 

most soluble form of solid ACC persist (Figure S4.2).19 The crystallization point is also 

detectable via an increase in the NaOH addition rate, required to maintain a constant pH, due 

to the larger amount of carbonate ions bound from the buffer equilibrium upon crystallization 

(Figure S4.1). During the addition of the solutions in the SCULPT method, no sudden increase 

of NaOH addition occurs, corroborating that the precursor is amorphous (Figure 4.1c, blue 

curve). The amorphous character of the precursor was further confirmed by isolating species 

along the titration followed by characterization using ATR-FTIR spectroscopy (Figure S4.3), 

which clearly showed the difference to previously reported ACC-PAA composite materials 

(“mineral plastics”).157 In parallel to the addition of the reactant solutions, the turbidity of the 

solution was measured and showed a rapid decrease during the first 3 hours of the experiment 

(Figure 4.1c, red curve) due to the formation of a visibly turbid dispersion (Figure 4.1b). This 

is caused by the formation and growth of mineral precursor droplets of several µm in size, 

according to light microscopy (Figure S4.4). After the reaction vessel is filled up (roughly after 

6 h, Point 1 in Figure 4.1c), the resulting product can be isolated by centrifugation to obtain a 

highly concentrated dispersion of precursor droplets, possessing a gel-like consistency (Figure 

4.1d). Interestingly, the product appears to be highly viscous directly after centrifugation but 

liquefies after manipulation with a spatula (Figure S4.16). In total, 10-15 g of product can be 

isolated from one experiment on lab scale (using a 150 mL beaker). After liquefying, the 

product can be applied to substrates or filled in templates to produce minerals, as demonstrated 
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below. If the product is dried in vacuum directly after centrifugation, amorphous calcium 

carbonate is obtained, as evident from the IR spectrum of the dried residue (Figure 4.1e). No 

polymer bands are visible in the IR spectrum, showing that the main product of the reaction is 

no Ca-PAA coacervate, but calcium carbonate mineral. The formation of Ca-PAA coacervates 

is a valid concern when high concentrations of Ca2+ and PAA are used,95 and we indeed observe 

coacervate formation if no carbonate sources are used in the experiment. However, these Ca-

PAA precipitates are vastly different from the liquid-like precursors formed in SCULPT (Figure 

S4.5). Similarly, the formation of ACC-PAA composite materials as side products is of concern. 

If the concentrations of the polymer are significantly increased, we indeed observe the 

formation of a transparent ACC-polymer composite material with similar properties as other 

ACC inorganic-organic composites (Figure S4.6).157, 193, 227 However, these materials do not 

transform into crystalline calcium carbonates, even if suspended in water for extended periods 

of time, and shall therefore not be discussed further. To conclude, at properly selected 

experimental conditions, SCULPT yields a concentrated dispersion of liquid-like precursor 

droplets on a gram scale, which can be used to synthesize crystalline minerals, as shown below. 

 

4.4.2 Effect of additives 

A key advantage of SCULPT is the quantification of the stability of the liquid-like precursor 

phase, i.e., monitoring the time required until crystallization occurs. This is important as the 

precursor loses its liquid-like properties in the subsequent stages of mineralization when 

dehydration and crystallization take place. Therefore, there is a limited time for application in 

which the viscoelastic properties of the precursor phase can be exploited. To estimate this time 

for a given system, SCULPT can be used, but without isolating the product. In this case, except 

for the addition of NaOH to keep the pH value constant, no further solutions are added, while 

stirring is continued and parameters are continuously recorded by the electrodes (Figure 4.1c). 

The crystallization of the precursor phase is then evident by a drop in the Ca2+ activity and an 

increase in the NaOH addition (Figure 4.1c, point 2, see also Figure S4.3). This strategy is 

especially useful to investigate the effect of altered conditions, e.g., changes in the 

concentrations of added solutions, or the effects of additives on the stability of the precursor 

phase.98 At standard SCULPT reaction conditions (Figure 4.1), the precursor dispersion was 

stable for 2-3 h after the addition was stopped (Figure 4.1c, time between point 1 and 2). This 

stability is too low for most practical purposes, as only a few hours are available to apply the 

product until crystallization occurs and the advantageous liquid-like properties are lost. To 

solve this issue, additives can be used to increase the kinetic stability of the system. It is known 

that Mg2+ ions can stabilize ACC, especially if combined with polycarboxylates.52, 91, 224 

Therefore, MgCl2 was added to the CaCl2 solution, and the resulting effect on the stability of 

the precursor phase was explored, as well as changes in PAA concentration (Figure 4.2a).  
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Figure 4.2 Effects of additives on the stability of mineral precursor. a) Titration curves for 
different ratios of Mg2+ and PAA concentrations in the added solutions. The reference conditions are 
shown in Figure 4.1c, using 10 g/L PAA with M = 5,000 g/mol in the added solution. Conditions for the 
shown curves are as follows: Reference + Mg: addition of 25 mM Mg2+ (5 mol-%) to the Ca2+ solution; 
higher c(PAA): 12.5 mM Mg2+ / 20 g/L PAA; higher M(PAA): 25 mM Mg2+ / 10 g/L PAA with 
M = 100,000 g/mol; higher c(Mg): 50 mM Mg2+ / 5 g/L PAA; higher c(Mg) + M(PAA): 50 mM Mg2+ / 
5 g/L PAA with M = 100,000 g/mol. b) Titration curves for experiments with additional plasticizer in 
the starting solution. The initial concentration of plasticizer was 4 g/L in all experiments. In all 
experiments, dosing of solutions was stopped at 5.5 h (arrow), and data was recorded until crystallization 
took place. Detailed conditions for titrations are shown in Table S4.1. 

 

It is evident that changes in the Mg2+ concentration have a larger effect than changes in the 

concentration of the polymer; with increasing Mg2+ concentration, we observe a strong increase 

in the kinetic stability of the precursor. Already the addition of 25 mM MgCl2 to the CaCl2 

solution (corresponding to 5 mol-% Mg2+ relative to the amount of Ca2+) was sufficient to 

increase the precursor stability from 2 h to 7 h, with 2 mol-% Mg2+ being incorporated in the 

mineral after crystallization (Table S4.2). Interestingly, this value is close to the Mg2+ content 

found in biominerals, such as sea urchin spines.230 Using PAA with higher molecular weight 

(M = 100,000 g/mol) also results in a strong stabilization. However, the viscosity of the product 

also increased drastically, and usually no liquification of the gel-like product (as shown in 

Figure S4.16) was observed, hence compromising the liquid-like character. Therefore, although 

the stability of the precursor phase was lower, PAA with shorter chain length (M = 5,000 g/mol) 

was used for further experiments. TGA analysis of the isolated, crystallized products shows that 

roughly 2-5 wt-% of the polymer is present in the product (Table S4.2). This reveals that in 

terms of practical applicability, changing conditions and using additives affects not only the 

kinetic stability of the precursor phase, but the properties of the product during application and 

crystallization must be considered as well. Indeed, as already mentioned, the maximum kinetic 

stability can be reached when concentrations of polymer are drastically increased, up to the 

point where no more crystallization takes place due to formation of ACC-PAA composite 

materials (Figure S4.6). For the synthesis of liquid-like mineral precursor, it is however 
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favorable to reduce the polymer content as much as possible, as polymers and other organic 

impurities can only be incorporated into crystalline CaCO3 to a limited extend and will be 

excluded during the crystallization of the precursor phase (Figure S4.7).37, 231 Exclusion of the 

polymer from the growing crystalline phase will result in the enrichment of the surrounding 

solution in polymer, which in turn will affect the efficiency of precursor fusion and 

crystallization. 

Another difficulty in materials synthesis from liquid precursor is the formation of cracks during 

drying and crystallization of the precursor phase (Figure S4.6) due to the high amount of water 

present in the product. Therefore, as in the case of cement pastes, superplasticizer was added to 

the initial solution to reduce the water content while preserving workability of the product.232 

Several commercial plasticizers based on poly(carboxylate ether) or lignosulfonates were 

investigated with respect to their stabilizing efficiency and effect on the water content in the 

product (Figure 4.2b). Addition of PCE plasticizers showed little effect on the stability of the 

precursor phase, while Pantarhit caused a slight stabilization. However, the addition of PCE 

based plasticizer (concentration of 4 g/L in the initial solution) resulted in a reduction of the 

water content to 45% if multiple centrifugation steps were performed, which represents a 

significant improvement compared to plasticizer free products that usually contain up to 80% 

water after centrifugation, independent of the number of centrifugation steps (Table S4.2). 

Therefore, in addition to using 5 mol-% Mg2+, PCE based plasticizer was added to the titration 

experiments to synthesize an optimized precursor phase. 

 

4.4.3 Material synthesis from liquid-like mineral precursor 

Using the optimized reaction conditions, the application and material synthesis aspect was 

investigated. Again, it should be underscored that the SCULPT product is a highly concentrated 

dispersion of µm-sized amorphous mineral droplets in a salt-rich mother solution. As described 

earlier, the product can be directly dried to yield (solid) ACC, given that the time for drying is 

quicker than the time for crystallization of the precursor. However, starting from this ACC 

product, no large-scale minerals can be obtained due to the change in density from ACC 

(ρ = 1.62 g/cm3) to calcite (ρ = 2.75 g/cm3),233 resulting in crack formation during 

transformation of ACC. Therefore, an advantageous strategy is to let the assembly and 

crystallization of the precursor droplets happen directly in the solution (Figure S4.9). Thereby, 

the droplets sediment and coalesce due to their liquid-like properties, resulting in the formation 

of larger mineral structures. In the same step, crystallization can take place yielding mineral 

structures without the problem of crack formation, as only small parts of the mineral crystallize 

at a time and potential ion-by-ion growth can fill interstitial spaces, similar to a recently reported 

growth mechanism for coral skeleton formation.234 In addition, once crystallization has started, 

the growing crystalline structure can function as a substrate for further crystal growth, while 
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polymer and plasticizer, which are not fully incorporated into the crystal (Figure S4.7), are 

directly excluded and released into the mother solution at each step of crystallization. This way, 

formation of “pockets” of released additives are prevented and the formation of a solid mineral 

structure is possible. This strategy of crystallization in solution is in principle similar to the 

“conventional” gas diffusion-based synthesis of mineral using liquid-like precursors according 

to the colloid assembly and transformation process.35 Contrary to gas diffusion, however, in our 

experiments all droplets are present from the beginning, instead of being formed slowly during 

the gas diffusion process. While this is a much faster protocol for mineralization, one needs to 

pay attention to the stability of the droplets. If no coalescence takes place, the droplets will 

eventually dehydrate and crystallize in their dispersed state, losing their liquid-like properties. 

The following sedimentation will then lead to lose aggregates of crystalline CaCO3 particles, 

which is evident by the difference in surface morphologies of mineral structures for increasing 

reaction times (Figure S4.8). So as to obtain smooth mineral structures, the reaction has to be 

stopped before crystallization of the dispersed precursor droplets takes place. As described 

earlier, it is possible to estimate the stability of the precursor from the titration experiments, 

with the precursor usually being stable for several hours (Figure 4.2). After the desired reaction 

time, the remaining solution can be discarded and the product washed and dried, yielding the 

crystalline mineral (Figure S4.9). Using this strategy, we demonstrate several possibilities for 

material synthesis from liquid-like precursors in the following. 

One possibility is to use the precursor to synthesize mineral coatings on calcite crystals. The 

mineralization on top of existing mineral structures is relevant for applications in restoration 

and conservation, e.g. in the restoration of marble structures. Small calcite crystals of several 

hundred µm in size were added to the precursor dispersions and mineralized. An even coating 

formed by the mineralized layer was visible in light microscopy (Figure 4.3a). SEM 

investigation of the surface shows that the layer was indeed formed by coalescence of precursor 

droplets, as still some semi-spherical features of individual droplets are visible (Figure 4.3b), 

while only minor cracks from drying occur on the surface. The observed mineral coatings look 

very similar to coatings formed by liquid-like precursors reported earlier,206 which shows that 

our synthesis strategy can indeed produce results up to literature standard, with the ability to 

produce several orders of magnitude more of the precursor phase, in terms of quantity, 

rendering it practically usable in the first place. In several instances, SEM investigations of the 

dried specimens showed smooth structures formed by coalescence of the once liquid-like 

droplets (Figure S4.10), which are similar to recently reported structures occurring in 

biomineralization involving liquid-like precursors.85 Occasionally, solid mineral structures 

without involvement of seed crystals were observed (Figure S4.11).  

 



 4.4 Results and Discussion 125 

 
 
 

 

Figure 4.3 Application and material synthesis using liquid-like precursor. Calcite seed crystal 
covered with a layer mineralized from liquid SCULPT precursor. In the small inset, an uncovered calcite 
crystal is shown. Scale bars are 500 µm. b) SEM micrograph of a coating on a seed crystal formed by 
fusion of liquid-like precursor droplets. Scale bar is 10 µm. c) Cross section of a solid mineral layer 
formed on a calcite wafer. The layer shows even fusion of particles and a smooth surface. Scale bar 
5 µm. d) Calcite mineral stamp of a coin with visible embossing. e) Light microscopy image of the 
surface of the coin after removing the molded mineral. Characteristic steps from the manufacturing 
process of the coin (yellow arrow) and scratches on the surface of the coin (black arrows) are highlighted. 
Scale bar is 250 µm. f) SEM micrograph of the mineral stamp, showing that the structures in from the 
coin shown in (e) are well reproduced. Scale bar 200 µm. g) Comparison of AFM line scans across a 
scratch on the coin and the corresponding imprint of the mineral mold. The yellow area highlights the 
resolution of a sample detail of a height of 80 nm. Raw data of the AFM scans is shown in Figure S4.15. 
h) ATR-FTIR spectrum of the mineral mold. The characteristic vibrations at 870 cm-1 and 712 cm-1 
show the formation of calcite. Detailed conditions are summarized in Table S4.2. 

 

In addition to seed crystals, we also used calcite wafers (5 x 5 mm in size) as template for the 

formation of mineral coatings. In these experiments, the coatings deposited on the calcite 

templates usually showed a thickness of several µm, based on the use of 0.5 mL of precursor 
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dispersion that was placed on top of the substrate (Figure 4.3c and Figure S4.8). The 

mineralized layers were strongly attached to the seed crystal, and it was not possible to remove 

the layers from the substrate once deposited. In fact, treatment of the coated wafers using 

ultrasonication resulted in the substrate being damaged, while the mineralized layer remained 

attached (Figure S4.12). These results demonstrate promising characteristics in using the 

precursor dispersion for mineral conservation and restoration applications, for which a strong 

adhesion of the mineralized layers is favorable. 

The main advantage of using liquid-like precursors in the synthesis of minerals is their ability 

to infiltrate small pores or matrices, thereby enabling the production of structures that are 

inaccessible by conventional mineralization procedures. For example, commercial products for 

restauration of minerals are based on dispersions of calcium hydroxide particles of several 

hundreds of nm in size in ethanol.235-236 It is easy to see that these conventional mineralization 

solutions based on (solid) particles are limited in their infiltration efficiency as soon as the 

dimensions of the template reach the dimensions of the particles, while a liquid, or liquid-like, 

precursor can easily “flow” into fine cracks. If we think of this “molding” of crystalline 

structures, the possible resolution and details should be much higher using a liquid-like 

precursor compared to (solid) particle-based approaches, which also will only produce an 

agglomeration of particles instead of an extended solid mineral structure. To demonstrate the 

use of liquid-like mineral precursors in these types of applications we placed the dispersion on 

a coin to test the efficacy of the precursor to infiltrate into the stamping and cracks on the surface 

of the coin. By letting the precursor droplets coalesce and crystallize, a “molded” mineral 

reflecting the features on the surface of the coin can be produced. In this way, molded minerals 

on a length scale of cm were produced (Figure 4.3d). Comparison of features embossed in the 

coin, e.g. 1 mm sized stars (Figure 4.3e), with the produced mineral mold (Figure 4.3f) showed 

that the structure was well reproduced. In addition, details such as characteristic steps arising 

from the manufacturing process of the coin (Figure 4.3e and f, yellow arrows and Figure S4.13) 

and even smaller scratches on the surface of the coin (Figure 4.3e and f, black arrows) were 

visible in the molded mineral material. The produced mineral stamp has a much higher 

resolution than achieved by the conventional mineral molding process using gypsum, which is 

limited to a scale of several tens of µm (Figure S4.14). To estimate the resolution of our mineral 

cast, atomic force microscopy (AFM) was used to compare a scratch on the coin with its 

counterpart on the molded mineral (Figure S4.15). Comparison of line scans across the scratch 

(Figure 4.3g) showed that features of less than 100 nm were resolved. Again, it needs to be 

mentioned that the investigated “molded” minerals are crystalline calcium carbonate, as 

revealed by the ATR-FTIR spectrum (Figure 4.3h). The manufacturing of crystalline minerals 

with the presented resolution visualizes the potential of material synthesis from liquid-like 

precursor phases, e.g., regarding nanofabrication of minerals or new classes of mineral molding 

formulations with resolutions close to that of PDMS stamps.237 
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4.5 Conclusions 

We have demonstrated a scalable experimental method to synthesize a liquid-like mineral 

precursor phase. The synthesis strategy solves the previously existing limitations of the 

available synthesis methods for liquid mineral precursors. Using the presented method, already 

on lab scale several grams of precursor phase can be synthesized within several hours, and 

SCULPT can be transferred to industrial scales in a straightforward manner. The titration-based 

method was also used to estimate the stability of the precursor and tune its stability by adding 

magnesium ions, while the workability of the product was improved by using superplasticizer. 

The liquid-like properties of the precursors synthesized using SCULPT can be used for material 

synthesis of different kinds of mineral materials with distinct applications, e.g. the following 

minerals that were observed in this study: 

i. Crystalline, solid CaCO3 materials, having applications in restoration 

formulations,238 and potential for use in calcium carbonate-based cements221  

ii. “Molded” CaCO3 minerals, having applications as high-resolution mineral molding 

formulation or for the synthesis of biomimetic materials35, 105, 239 

iii. Crystalline CaCO3 coatings with (or without) hierarchical ordering, having 

applications in soil-stabilization,206 films for biomedical materials,240 or coatings for 

oil-water separation241 

iv. Polymer-ACC composite materials, having applications as sustainable “mineral” 

plastics,157 protective packaging,242 or glassy functional materials227  

v. Polymer-stabilized ACC materials or coatings, having applications as precursor for 

single crystals,37, 43 precursor for inorganic monoliths243 or precursor for thin CaCO3 

films244 

vi. Spherical Calcite particles with narrow size distribution, having applications as filler 

or reinforcing materials245 or drug delivery materials246 

Our work enables the use of liquid-like precursor phases for material synthesis on application-

relevant scales, possessing relevance for use in stone restauration, production of mineral molds, 

mineral coatings, as well as showing promise to produce mineral materials for construction 

chemistry, e.g. towards the development and improvement of calcium carbonate based, CO2-

fixating concretes.  
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4.6 Supplementary Information 

4.6.1 Supplementary figures 

 

 

Figure S4.1 Development of the SCULPT method for liquid-like mineral precursors. The method 
is based on potentiometric co-titration.101 a) In a standard experiment, solutions of CaCl2 and Na2CO3 
are dosed into Millipore water at a constant pH value. The pH value is held constant by the automatic 
addition of NaOH solution. During the titration, the free Ca2+ potential is recorded using a calcium ion 
selective electrode, and the measured potentials can be converted to Ca2+ activities by electrode 
calibration.120 The results show a typical LaMer type titration curve,19 with the Ca2+ activity (black curve) 
increasing until critical supersaturation is reached (at 0.2 h) and the Ca2+ activity then dropping to a level 
corresponding to the solubility product of the formed mineral. Upon the drop in Ca2+ activity, i.e., 
formation of crystalline CaCO3, a decrease in transmission of the solution (red curve) is detected due to 
particle formation. In addition, an increase in NaOH addition (blue curve, arrow) is detected due to the 
rapid removal of carbonate ions from the buffer equilibrium upon crystallization (HCO3

- ⇌ CO3
2- + H+) 

and resulting release of protons that are then neutralized. b) If PAA is continuously added during the 
titration, a drastic change in the curves is visible. PAA and other polycarboxylate additives are known 
to have a strong effect on calcium carbonate formation, especially towards stabilizing liquid precursor 
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phases.98, 126 In the titration, an inhibiting effect is detected, with the crystallization now taking place at 
0.8 h, again visible from the increase in NaOH addition (arrow). Due to the inhibiting effect of PAA on 
the crystallization, the maximum Ca2+ activity is also increased, and more Ca2+ can be added before 
crystallization takes place. The step-like behavior after crystallization can be explained by additive 
adsorption on the growing particles.98 c) If the concentration of PAA is further increased by adding PAA 
to the starting solution, the system is stable for even longer, with the crystallization now taking place 
after 2.5 h (arrow). Interestingly, although the time until crystallization is increased, the maximum of 
Ca2+ activity decreases significantly, indicating that more Ca2+ is bound in precursor structures. In 
addition, after the maximum of Ca2+ activity is reached, there is no sudden drop, but a regime at which 
Ca2+ activity stays at a high value. In this region, a decrease in transmission is also visible (red area), 
taking place before the formation of crystalline CaCO3 which is indicated by an increase in NaOH 
addition (black arrow). We attribute the effects to the formation and growth of amorphous precursor 
droplets that grow to a size that can be detected by the optrode. The significant decrease in Ca2+ activity 
(compared to the titration in b) shows that a significant amount of Ca2+ is bound in these precursor 
species. The presented conditions can in principle be described as SCULPT, however further 
optimization can be performed to increase the amount of precursor formed. d) Further increasing the 
PAA concentration allows to further the growth of precursor droplets, i.e., SCULPT. The previously 
described trends are now more pronounced, with Ca2+ activity reaching a maximum, but after the 
maximum there is a long regime before crystallization takes place (at 13 h, black arrow). In addition, 
the maximum and average Ca2+ activity is even lower compared to the previous measurements, 
indicating that an even higher amount of Ca2+ is bound in precursors prior to crystallization. The decrease 
in transmission, i.e., the formation and growth of precursor droplets, is also much more pronounced, 
with growth now taking place for several hours. The presented method therefore allows the 
straightforward and effective stabilization of precursor species, with high amounts of calcium (and 
carbonate) ions bound in these structures. Detailed conditions for all experiments are summarized in 
Table S4.1. 
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Figure S4.2 Evolution of the calcium carbonate ion activity product (IAP) during a typical 

SCULPT precursor synthesis experiment. The conditions for the experiment are shown in Table S4.1. 
In the titration experiment, solutions of CaCl2/MgCl2, Na2CO3 and PAA are added for 5.5 h into a dilute 
PAA solution until the reaction vessel is filled up (regime I). Then, the liquid precursor can be isolated 
by centrifugation, but here, the addition was stopped without isolation, and further data were recorded 
by the electrodes. The precursor dispersion is stable for a certain time (regime II) and eventually 
crystallizes (regime III), indicated by a drop in the Ca2+ activity, as described in Figure S4.1. 
Determination of IAPs in the present system is difficult, as the polymer, which is present in very high 
concentrations, can affect measured calcium potentials (see also discussions in section 2.6.1).95, 121 In 
addition, from the data, it is not possible to directly determine the carbonate activity, so assumptions 
have to be made in order to estimate the IAP. The main assumption is 1:1 binding ratio of Ca2+:CO3

2- in 
precursor structures, as earlier determined in additive-free systems.19 This is indeed a rough assumption, 
as a part of the Ca2+ ions is bound by the poly(acrylic acid) and carbonate ions can be coordinated to 
Mg2+ ions. However, the amount of Ca2+ ions bound to PAA can be expected to be rather small compared 
to carbonate binding, as established in Figure S4.5. Based on these assumptions, the IAP in the mother 
solution during coexistence with the liquid precursor phase can be estimated to be on the order of 10-6, 
which is at least one order of magnitude higher than the solubility of (solid) amorphous calcium 
carbonate (ACC) reported by Brečević and Nielsen (IAP of 10-7, dotted line),229 which according to 
Avaro et. al. is the upper limit of ACC solubility.18 It was shown that less stable, more hydrated 
amorphous calcium carbonate species possess higher solubility products,18 which suggests that in the 
presented titration experiment indeed a highly hydrated phase, i.e., liquid precursor phase, is formed 
initially, which continuously ripens towards solidification, thereby altering its composition, in turn 
changing the measured equilibrium IAP of the mother solution. Upon crystallization (regime III), full 
dehydration of the precursor species takes place and calcite is formed (Figure S4.3). We would therefore 
expect the IAP to drop to the solubility product of calcite (10-9),19 however, a significantly higher 
solubility product is detected, close to that of solid ACC formed via spinodal decomposition. Since the 
solubility product is governed by the most soluble phase in the system, the detected high solubility is 
likely due to persistent non-crystallized ACC or Ca-PAA coacervates being present in the system in 
regime III (potentially in rather low amounts that are too small to be detected by ATR-FTIR).  
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Figure S4.3 Isolation of mineral species during a SCULPT synthesis experiment. Experimental 
conditions are shown in Table S4.1. a) Evolution of Ca2+ activity in the first 6000 s of the experiment 
and b) over the entire duration of the experiment. Solutions are added until the vessel is filled up 
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(regime I, until 20000 s), followed by a stop of addition and further recording of data by the electrodes. 
The precursor dispersion is stable for a certain time (regime II) until crystallization takes place (regime 
III, at 32000 s). Points of sample isolation are marked by arrows: Q1 (500 s); Q2 (2500 s); Q3 (5000 s); 
Q4 (10000 s); Q5 (20000 s); Q6 (30000 s); Q7 (40000 s); Q8 (60000 s); Q9 (80000 s). c) Photos of the 
reaction vessel shortly before the samples are isolated. As confirmed by the optrode measurement 
(Figure 4.1c), the transmission of the solution decreases rapidly after the start of the experiment due to 
the formation of the liquid precursor droplets. d) ATR-FTIR characterization of the sample isolated at 
the different stages. The samples were isolated by centrifugation followed by washing with EtOH to 
prevent crystallization of amorphous species (at Q1, it was not possible to isolate a sample). Up until 
point Q5, at which product isolation takes place in SCULPT experiments, the droplets are amorphous, 
as indicated by the broad ν2 vibration at 864 cm-1.18, 78 At point Q6, at which the drop in Ca2+ activity 
starts, transformation to crystalline CaCO3 takes place, visible by the ν2 vibrational band at 871 cm-1. 
The formed crystalline polymorph is calcite (ν4 vibration at around 714 cm-1). In none of the spectra, 
vibrations from PAA are visible (see Figure S4.5e), showing that the main product is mineral precursor 
phase, and only minor amounts of PAA (and Ca-PAA coacervates) are present. The absence of PAA 
vibrational bands further confirms the distinct difference of the product formed in our titrations with 
previously reported PAA-ACC composite materials, which show clearly visible PAA vibrational bands 
in ATR-FTIR spectroscopy.157 
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Figure S4.4 (Polarized) light microscopy investigations during different stages of a typical 

SCULPT synthesis experiment. Isolation of the samples is described in Figure S4.3 and experimental 
conditions are shown in Table S4.1. A few droplets of the reaction solutions (Figure S4.3c) were placed 
on a glass slide and investigated. When the solution turns turbid (Q2), particles/droplets with a size of 
several µm can be observed (arrows in Q2, Q3, Q4). At later stages, growth in particle size was detected. 
Polarized light microscopy (exemplary shown for Q6, Q8 and Q9; left image: parallel polarizers, right 
image: crossed polarizers) confirms results from ATR-FTIR (Figure S4.3d), with particles at Q6 still 
being largely amorphous and starting from Q7, crystalline particles being detected, as shown by the 
bright spots in polarized light microscopy images. Dark spots in the images (e.g. Q2, Q3, Q4) not marked 
by arrows can be attributed to measuring artefacts and impurities on the lenses of the light microscope. 
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Figure S4.5 Titration experiments to investigate formation of Ca-PAA coacervates. The conditions 
for the experiments are show in Table S4.1. a) A titration experiment without the addition of carbonate 
is shown, i.e., CaCl2 and PAA solutions are added at a constant rate at a constant pH value (pH 10.0) 
into dilute PAA solution. b) For comparison, a SCULPT precursor synthesis experiment and c) 
experiment of dosing calcium solution into water is shown. In contrast to the reference experiment of 
dosing calcium into water, in presence of PAA a drop in transmission is visible (a, red curve), caused 
by the precipitation of Ca-PAA species. Interestingly, the transmission increases again after a minimum 
is reached, as the precipitates quickly separate from the solution and stick to the glass walls and 
electrodes. This is also evident from the increase in transmission when the addition is stopped (a, arrow), 
and the remaining coacervate particles quickly separate from the solution, although the solution is 
continuously stirred. The Ca2+ activity (a, black curve), after an initial offset due to adsorption of Ca2+ 
by the carboxylate groups,98 increases as well during the course of the experiment, as the added calcium 
exceeds the adsorption capacity of the newly added PAA. These trends are different from the SCULPT 
liquid-like precursor synthesis experiments. The Ca2+ activity is significantly lower in the SCULPT 
experiment (b, black curve), as most of the calcium is bound in the calcium carbonate mineral precursor 
structures. In addition, NaOH addition is higher in the synthesis experiments (b, blue curve), as 
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carbonate ions are bound in the precursor structures, causing the release of H+ due to the shift in 
carbonate buffer equilibrium. d) Image of Ca-PAA coacervate sticking to the electrodes. The sticky 
precipitate is vastly different from the (non-sticky) gel-like precipitate obtained from mineral precursor 
synthesis experiments (Figure 4.1d and Figure S4.16). e) ATR-FTIR spectra of dried Ca-PAA 
coacervate isolated from titration (red) in comparison with pure PAA (black). The vibrational bands 
from PAA are visible in the spectrum of the Ca-PAA coacervate but are not detected in the regular 
mineral precursor synthesis experiments (Figure S4.3d). To conclude, it is evident that Ca-PAA 
coacervates show vastly different characteristics when compared to the product from SCULPT. The role 
of Ca-PAA coacervates is therefore negligible for this work. 
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Figure S4.6 Synthesis and characterization of ACC-PAA composite materials using the presented 

titration method. In essence, if PAA concentrations are significantly increased in the synthesis protocol, 
a solid, transparent ACC-PAA composite material is obtained instead of the polymer-stabilized liquid-
like mineral precursor phase. Conditions for the experiments are show in Table S4.2. Essentially, 4 times 
the polymer concentration of regular experiments was chosen to obtain the shown materials. a) Example 
image of dried droplets after the precursor dispersion was isolated from titration and placed drop-wise 
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on a glass slide. Cracks and volume reduction from the drying procedure are visible. Scale bar 1 cm. 
b, c) Light microscopy images of the transparent, plastic-like product. Scale bars 500 µm. d) SEM 
analysis of one particle. Scale bar 5 µm. e) SEM analysis at higher magnification, showing that the µm 
sized precursor droplets detected in the titration are no longer visible and fused to form a continuous 
structure. Scale bar 500 nm. Characterization of the product using f) ATR-FTIR confirms the amorphous 
character of the mineral components and g) TGA shows that roughly 10 wt-% of polymer is present in 
the sample, which is significantly higher than regular experiments for mineral precursor synthesis 
(Figure S4.7). The IR spectrum remained unchanged after storing the particles in water for 2 weeks, 
demonstrating the high stability of the ACC-PAA composite material. The inability of this material to 
crystallize illustrates the key difference of what we label as an ACC-PAA composite materials from the 
polymer-stabilized liquid-like mineral precursors that can be used for mineral material synthesis. As 
described in the results section, synthesis of (transparent) ACC-PAA composite materials or, in more 
general terms, ACC-organic composites have been described in literature before and shall not further be 
discussed here.157, 227, 247-248 
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Figure S4.7 TGA characterization of CaCO3 minerals. Thermogravimetric analysis (TGA) was 
carried out in oxidative atmosphere and conditions for sample synthesis are detailed in Table S4.2. 
Shown are the analyses of liquid-like mineral precursor dispersions directly dried after isolation, i.e., 
still in their amorphous state, (black) and the same sample after storing for 2 days in water, i.e., after 
crystallization, (blue). The initial weight loss (below 200 °C) can be attributed to loss of H2O, which 
stems from structural or surface adsorbed water in ACC249 or from water strongly bound by PAA that is 
present in the sample. The second step (300-500 °C) can be attributed to polymer decomposition and 
the final step (600-800 °C) arises from calcination, (CaCO3 → CaO + CO2↑). It is evident that in the 
crystalline sample less polymer is present compared to the amorphous sample. This shows that not all 
of the polymer is incorporated in the crystal structure and a significant fraction is excluded during 
crystallization. This excluded fraction of the polymer can further interact with other mineral phases in 
the system, which is also evident by the successive nucleation events in the titration curves (Figure 
S4.1b), as each nucleation event releases PAA that can then inhibit the next crystallization event. This 
observation poses a problem for material synthesis from liquid-like mineral precursors, as the expelled 
polymer can inhibit the crystallization of nearby mineral precursors, e.g. by affecting the local pH value 
or by adsorption on the droplets. It is therefore advantageous to use as little polymer as necessary for 
the mineral precursor synthesis to still guarantee the liquid-like properties of the minerals. Indeed, a 
compromise needs to be found between the kinetic stability of precursor phase (higher polymer content 
is advantageous), liquid-like properties of the precursor phase (higher polymer content is advantageous), 
and behavior of liquid-like precursor during crystallization and material synthesis (lower polymer 
content is advantageous).  
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Figure S4.8 SEM micrographs of mineral layers formed on calcite wafers. For the experiments, 
0.3 mL of precursor dispersion were placed on a calcite wafer (5 x 5 mm). a) If the precipitation is 
stopped before crystallization of the precursor droplets, in this case 3 h, a smooth layer of mineral has 
formed that b) is several µm in thickness. c) If the reaction is stopped after 6 h, partial crystallization of 
the droplets has started, and fusion is incomplete. Although the wafer was treated with ultrasonication 
after finishing the experiment, the surface is still rough and individual particles are visible. d) The 
thickness of the mineral layer has significantly increased to roughly 10 µm. e) Illustration of the 
transition from the calcite wafer (1) to fused zones (2) and partially fused zones (3). Scale bars are 10 µm 
(a to d) and 5 µm (e). Detailed conditions for all experiments are summarized in Table S4.2. 
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Figure S4.9 Illustration and discussion of different mineralization strategies using liquid-like 

mineral precursor.Three main synthesis strategies for formation of crystalline mineral are shown, 
starting from the highly concentrated dispersion of precursor droplets that was isolated by centrifugation. 
The straightforward method is the rapid drying of the solution, e.g., in vacuum or at increased 
temperatures (approach 1). The precursor droplets will fuse and form a “block” of amorphous mineral 
with a salt crust on top. The salt crust is formed due to the high salt/counterion concentrations still 
present in the mother solution of the precursor dispersion, originating from the highly concentrated 
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solutions added during SCULPT. The salt crust is water soluble and can be removed by washing with 
water, leading to the amorphous product. Due to the change in density (and resulting volume reduction) 
during transformation of amorphous to crystalline mineral it was not possible to transform the 
amorphous product into one “block” of crystalline mineral, and usually crack formation was observed 
(also see Figure S4.6a). As demonstrated in earlier studies, much more sophisticated conditions are 
necessary to synthesize crack-free (single) crystalline materials starting from (solid) amorphous 
precursors, e.g. patterning of crystals to release stress from volume reduction upon crystallization37 or 
well defined temperature profiles during crystallization.43 A better strategy for the synthesis of 
crystalline materials is therefore to not rapidly dry the dispersion but letting the droplets slowly sediment 
and crystallize (approach 2). Thereby, the droplets can still fuse, as long as they are in their liquid state. 
After fusion, crystallization can directly happen (especially if crystalline mineral is used as a template), 
thereby preventing crack formation. The crystalline layer can then grow by fusion and crystallization of 
individual particles, analogous to the gas diffusion-based PILP mineralization procedures.28, 106 However, 
in contrast to gas diffusion the droplets are not freshly generated but exist all from the beginning, and 
eventually crystallization of the droplets in the dispersion will take place. The product will therefore 
have a gradient ranging from fully fused zones (at which the droplets were still in their liquid state) up 
to non-fused particles (droplets have already crystallized in dispersion prior to fusion). It is possible to 
remove the “loose” particles by ultrasonication, however usually still a rough surface is obtained due to 
only partially fused droplets (see also Figure S4.8). If the goal is to obtain a completely solid mineral it 
is therefore necessary to stop the experiment before (partial) crystallization of the dispersed droplets 
takes place (approach 3). The experiment can be stopped based on the stability of precursor droplets in 
solution, which can be estimated from the titration experiment. After the predetermined time, the 
solution can be discarded, thereby also preventing formation of a salt crust. This approach was used for 
most crystallization experiments. b) Images of sedimentation and drying of precursor dispersion 
according to synthesis approach 2. c) SEM micrographs of a mineral piece with salt crust synthesized 
from liquid-like precursor by drying the dispersion (scale bar 50 µm) and d) higher magnification of a 
cross-section of the piece (scale bar 10 µm). It is evident that the salt layer (arrow 1) is clearly separated 
by the mineral (arrow 2), with a visible gap in between. The salt crust can be easily removed by washing 
with water. Regarding the mineral, fused zones (arrow 2) and partially fused zones (arrow 3) are visible. 
Non-fused particles are visible as well below the large structure (in c). Conditions for the experiment to 
produce the depicted mineral are show in Table S4.2 (Exp. No. 10).  
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Figure S4.10 SEM micrographs of dried structures formed in mineralization experiments with 

seed crystals. Residues of fused liquid precursors were observed during the experiments. a, b) On 
partially coated calcite seed crystals, areas are visible at which droplets are fused together, illustrating 
their liquid-like properties. c, d) Observation of smooth structures formed on the surface of an 
agglomerate of precursor particles. The structures are similar to residues of liquid precursors involved 
during formation of biominerals85 and nicely illustrate the liquid-like properties of the precursor-droplets. 
Scale bars are 10 µm (a,c) and 1 µm (b,d). Conditions for experiments are show in Table S4.2. 
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Figure S4.11 SEM micrographs of structures observed during material synthesis experiments 

from SCULPT precursors. a) Seed particle (right) covered with layer formed from fused precursor 
particles and a structure formed in absence of calcite seed (left) with a smooth surface. Scale bar 10 µm. 
b) EDX line scan across the structures (yellow arrow in a). Due to the use of Mg2+ in the synthesis of 
liquid-like mineral precursor (and the absence of Mg2+ in the calcite seed crystals) the Mg2+ content can 
be used to determine if structures were formed from the liquid precursor phase. EDX of the calcite 
crystal shows significant amounts of Mg2+, confirming the presence of a smooth layer formed by the 
precursor phase on the surface. The structure on the left shows a higher Mg2+:Ca2+ ratio, indicating that 
the structure has indeed formed from the precursor phase. c) Higher magnification of the surface of the 
structure formed without seed crystal and d) layer formed by precursor particles on a calcite seed crystal 
(scale bars 5 µm). The structure without seed particle shows the great use of liquid-like mineral 
precursor for synthesizing mineral materials with smooth morphologies and in absence of seed crystals. 
Experimental conditions are show in Table S4.2.  
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Figure S4.12 Investigation of calcite templates covered with a layer mineralized from the liquid-

like precursor. a) Polarized light microscopy image of mineralized layer on a calcite seed crystal. To 
remove loosely attached particles from the surface of the seed crystal (see Figure S4.9), the crystals were 
treated in an ultrasonic bath. Usually, this process resulted in a rather smooth mineral coating of the 
crystal (see also Figure 4.3a). However, if the time of ultrasonication was extended, parts of the layer 
separated from the crystal, showing the single crystalline seed particle (light areas). b) The same 
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observation was also made on a larger 5 x 5 mm calcite wafer, where the mineralized layer could be 
almost fully removed after extended treatment in the ultrasonic bath. Interestingly, the surface of the 
parts at which the layer was removed are rough and the smooth calcite crystal facet from the original 
template were only visible in a few spots. The separation of the mineralized layer from the seed crystal 
was therefore closer investigated using SEM. c) SEM micrograph of a cross section of a mineralized 
layer on a calcite template and d) higher resolution (area highlighted in c). It is evident that the separation 
actually takes place in the calcite template (1), and the mineralized layer (2) stays attached to the 
template. This also fits to the observation in light microscopy (a, b), as the original calcite seed/template 
is damaged after the layer is removed and parts from the template are “ripped out”. e, f) This effect was 
also visible in some samples without ultrasonic treatment, usually when higher concentrations of 
Mg2+/polymer were used for the synthesis of the precursor. Interestingly, the mineralized layer (2) 
showed linear ordering perpendicular to the surface of the template (1), which was reported in CaCO3 
mineralization before.206, 241 g, h) Indeed, upon close investigation of chips removed from the seed 
crystals this ordering was detected for a wide range of conditions. The ordered layer (2) is directly 
attached to the template (1) and usually areas without directional ordering (3) are observed as well. 
These results show that the mineralized layer is firmly attached to a crystalline mineral template. This 
is especially important in potential applications related to restoration, e.g. of marble, where a firm 
attachment of the deposited layer to the template is desired. Scale bars are c) 10 µm, d) 2 µm, e) 10 µm, 
f) 5 µm, g) 5 µm and h) 5 µm. Detailed experimental conditions are provided in Table S4.2. 
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Figure S4.13 Demonstration of use of precursor dispersion to produce mineral molds. a, c) Light 
microscopy image of embossed structures on a coin (a: date of manufacturing of the coin, c: horse that 
is part of the “Quadriga” on top of the Brandenburg Gate embossed on the back of a German 50 ct coin) 
used as template and b, d) SEM micrographs of corresponding crystalline mineral “molds” synthesized 
via the liquid precursor phase. Scale bars in SEM micrographs are 500 µm. The mineral castings could 
be manufactured on mm2 scale, and the embossing of the coin could be well reproduced. Even smaller 
features such as fine milling marks from the coin manufacturing process were well reproduced in the 
mineral casts (arrows in c, d). The cracks and damage visible in the mineral casts results from the 
removal of the mineral from the coin, as sometimes the mineral was sticking to the surface of the coin 
(also visible by the mineral residues left on the coin in a, c). Experimental conditions are shown in Table 
S4.2.  
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Figure S4.14 Manufacturing of a mineral cast of a German 50 ct coin using a commercial 

gypsum molding kit. a) Image of the gypsum cast. b) SEM image of a star in the gypsum cast and 
c, d) higher magnification of the surface structure of the cast. The gypsum crystals are clearly visible 
and lead to a rough surface of the cast. e) Comparison of calcium carbonate mineral cast produced from 
liquid-like precursor (left, see also Figure 4.3f) and gypsum mineral cast produced using a commercial 
gypsum molding kit (right). The same magnification is used to allow easy visual comparability. It is 
evident that a much higher resolution can be achieved using the liquid-like precursor-based molding 
procedure. While the possible resolution by the gypsum mold is limited to features on a scale of tens of 
µm, the resolution of the CaCO3 mold is orders of magnitude higher, with even small scratches being 
resolved. Scale bars are a) 0.5 cm, b) 500 µm, c) 200 µm, and d,e) 50 µm.  
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Figure S4.15 AFM investigations on mineral casts to investigate the resolution of the molding 

process. a) 3D atomic force microscopy (AFM) height scan and b) 2D height scan of a scratch on the 
surface of a 50 ct coin. c) 2D height scan of the corresponding feature on the mineral cast produced by 
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liquid-like precursor. d, e) Non-contact mode (NCM) amplitude scans of the areas are shown for better 
illustration of surface texture. The position of the performed line scans across the scratch/bump are 
indicated by red (coin) and green (mineral) lines. f) Raw data of AFM line scans across the scratch in 
the coin and g) across the bump in the mineral cast, respectively.  

 

 

Figure S4.16 Handling and characteristics of the liquid-like mineral precursor dispersion 

isolated by centrifugation from titration procedure. The precipitate is initially solid, but liquifies 
when stirred. The precursor phase can then easily be applied, e.g. using an Eppendorf pipette. The 
images shown are taken from a movie that will be available as online supplementary material to the 
publication of this chapter. 
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4.6.2 Supplementary tables 

 

Table S4.1 Experimental conditions for titration experiments. Exp. No.: Experimental Number; 
Fig.: Figure in which titration curves are shown; c: concentration; v: addition speed of solution; M: 
molecular weight; V0: starting volume in the titration beaker. If materials were synthesized from the 
titration, all samples were isolated after 20,000 s by centrifugation (15 min at 7000 g). The standard 
conditions, which were used for the vast majority of mineral materials are listed on top (green) 

Exp. 

No. 

Fig. of 

titration curve 
metal ion addition 

NaOH 

addition 

carbonate 

addition 
PAA addition 

PAA in 

starting 

solution 

V0 / 

mL 
pH 

plasticizer in 

starting solution 

0 (Standard 
Conditions) 

CaCl2: c = 0.5 M 
MgCl2: c = 0.025 M 
v = 0.1 mL/min 

c = 0.5 M c =0.75 M 
v = 0.1 mL/min 

M = 5 kDa; c = 10 g/L 
v = 0.1 mL/min 

M = 5 kDa 
c = 1 g/L 

50 10.65 PCE-375: 
c = 4 g/L 

1 Figure 4.1b; 
Figure 4.1c 

CaCl2: c = 0.5 M 
v = 0.1 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.1 mL/min 

M = 5 kDa; c = 10 g/L 
v = 0.1 mL/min 

M = 5 kDa 
c = 1 g/L 

50 10.65 - 

2 Figure 4.2a – 
Reference 
 

CaCl2: c = 0.5 M  
v = 0.1 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.1 mL/min 

M = 5 kDa; c = 10 g/L 
v = 0.1 mL/min 

M = 5 kDa 
c = 1 g/L 

50 10.65 PCE-375: 
c = 4 g/L 

3 Figure 4.2a - 
Reference+Mg 

CaCl2: c = 0.5 M 
MgCl2: c = 0.025 M 
v = 0.1 mL/min 

4 Figure 4.2a - 
higher c(Mg) 

CaCl2: c = 0.5 M 
MgCl2: c = 0.05 M 
v = 0.1 mL/min 

M = 5 kDa; c = 5 g/L 
v = 0.1 mL/min 

5 Figure 4.2a - 
higher c(PAA) 

CaCl2: c = 0.5 M 
MgCl2: c = 0.0125 M 
v = 0.1 mL/min 

M = 5 kDa; c = 20 g/L 
v = 0.1 mL/min 

6 Figure 4.2a - 
higher M(PAA) 

CaCl2: c = 0.5 M 
MgCl2: c = 0.025 M 
v = 0.1 mL/min 

M = 100 kDa; c = 10 g/L 
v = 0.1 mL/min 

7 Figure 4.2a - 
higher c(Mg) + 
M(PAA) 

CaCl2: c = 0.5 M 
MgCl2: c = 0.05 M 
v = 0.1 mL/min 

M = 100 kDa; c = 5 g/L 
v = 0.1 mL/min 

8 Figure 4.2b - 
Reference 

CaCl2: c = 0.5 M 
MgCl2: c = 0.025 M 
v = 0.1 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.1 mL/min 

M = 5 kDa; c = 10 g/L 
v = 0.1 mL/min 

M = 5 kDa 
c = 1 g/L 

50 10.65 - 

9 Figure 4.2b - 
PCE-375 

PCE-375: 
c = 4 g/L 

10 Figure 4.2b - 
Pantarhit 
RC550 

Pantarhit RC550: 
c = 4 g/L 

11 Figure 4.2b - 
Pantarhit 

Pantarhit: 
c = 4 g/L 

12 Figure S4.1a 
 

CaCl2: c = 0.5 M 
v = 0.01 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.02 mL/min 

- - 40 10.0 - 

13 Figure S4.1b CaCl2: c = 0.5 M 
v = 0.01 mL/min 

c = 0.5 M c = 0.5 M 
v = 0.01 mL/min 

M = 5 kDa; c = 1 g/L 
v = 0.01 mL/min 

- 40 10.0 - 

14 Figure S4.1c CaCl2: c = 0.5 M 
v = 0.01 mL/min 

c = 0.5 M c = 0.5 M 
v = 0.01 mL/min 

M = 5 kDa; c = 1 g/L 
v = 0.01 mL/min 

M = 5 kDa 
c = 0.5 g/L 

55 10.0 - 

15 Figure S4.1d 
 

CaCl2: c = 0.5 M 
v = 0.01 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.02 mL/min 

M = 5 kDa; c = 10 g/L 
v = 0.01 mL/min 

M = 5 kDa 
c = 1 g/L 

55 10.0 - 

16 Figure S4.2; 
Figure S4.3; 
Figure S4.4; 

CaCl2: c = 0.5 M 
MgCl2: c = 0.025 M 
v = 0.1 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.1 mL/min 

M = 5 kDa; c = 10 g/L 
v = 0.1 mL/min 

M = 5 kDa 
c = 1 g/L 

50 10.65 PCE-375: 
c = 4 g/L 

17 Figure S4.5a CaCl2: c = 0.5 M 
v = 0.02 mL/min 

c = 0.5 M - M = 5 kDa; c = 10 g/L 
v = 0.02 mL/min 

M = 5 kDa 
c = 1 g/L 

55 10.0 - 

18 Figure S4.5b CaCl2: c = 0.5 M 
v = 0.01 mL/min 

c =0.5 M c = 0.75 M 
v = 0.02 mL/min 

M = 5 kDa; c = 10 g/L 
v = 0.01 mL/min 

M = 5 kDa 
c = 1 g/L 

55 10.0 - 

19 Figure S4.5c 
 

CaCl2: c = 0.5 M 
v = 0.01 mL/min 

c = 0.5 M - - - 55 10.0 - 

20 
 

titration curves 
not shown 

CaCl2: c = 0.5 M 
MgCl2: c = 0.025 M 
v = 0.1 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.1 mL/min 

M = 5 kDa; c = 5 g/L 
v = 0.05 mL/min 

M = 5 kDa 
c = 1 g/L 

50 10.65 - 

21 titration curves 
not shown 

CaCl2: c = 0.5 M 
MgCl2: c = 0.025 M 
v = 0.1 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.1 mL/min 

M = 5 kDa; c = 5 g/L and 
M = 100 kDa; c = 5 g/L 
v = 0.1 mL/min 

M = 5 kDa 
c = 1 g/L 

50 10.65 PCE-375: 
c = 4 g/L 

22 titration curves 
not shown 

CaCl2: c = 0.5 M 
MgCl2: c = 0.025 M 
v = 0.1 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.1 mL/min 

M = 5 kDa; c = 10 g/L 
v = 0.1 mL/min 

M = 5 kDa 
c = 1 g/L 

50 10.65 PCE-375: 
c = 15.6 g/L 

23 
 

titration curves 
not shown 

CaCl2: c = 0.5 M 
v = 0.05 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.05 mL/min 

M = 2 kDa; c = 10 g/L 
v = 0.2 mL/min 

M = 5 kDa 
c = 1 g/L 

50 10.65 - 

24 
 

titration curves 
not shown 

CaCl2: c = 0.5 M 
v = 0.05 mL/min 

c = 0.5 M c = 0.75 M 
v = 0.05 mL/min 

M = 5 kDa; c = 10 g/L 
v = 0.2 mL/min 

M = 5 kDa 
c = 1 g/L 

50 10.65 - 
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Table S4.2 Experimental conditions for mineral material synthesis. Fig.: Figure in which materials 
based on the listed conditions are shown; Synthesis Exp. No.: conditions used for synthesis of precursor 
dispersion as described in Table S4.1; ultrasonication: detail of ultrasonic treatment of precursor 
dispersion directly after centrifugation; water content: water content of precursor dispersion; 
precipitation time: time until individual experiment was stopped and minerals were washed (different 
types of mineralization experiments are described in experimental section 4.3.4). In addition, for 
selected samples the organic content and the amount of Mg2+ ions (relative to Ca2+) in the final 
(crystalline) CaCO3 mineral are shown 

Fig. 

Synthesis 

Exp. No. 

(Table S4.1) 

ultra-

sonication 

water 

content / 

wt-% 

precipitation / 

crystallization 

time 

organic 

content (by 

TGA) / wt-% 

Mg2+ content in 

product (by ICP-

OES) / mol-% 

comments 

Figure 4.1d 
 

0 - 81 - - - - 

Figure 4.1e 1 - - 0 (directly dried 
in vacuum) 

- - - 

Figure 4.3a 
 

8 2 min, 20% 
power 

81 48 h (drying on 
air) 

- - Calcite seed crystals placed in 
precursor dispersion 

Figure 4.3b 
 

20 2 min, 20% 
power 

- 48 h 5 2 Calcite seed crystals placed in 
precursor dispersion 

Figure 4.3c 
 

21 2 min, 20% 
power 

- 6 h - - precursor dispersion was added 
on top of calcite wafer, 2 
layers were applied 

Figure 4.3d 
 

7 2 min, 20% 
power 

- 24 h in high 
humidity, then 
dried 3d on air 

- - precursor dispersion was added 
on top of coin 

Figure 4.3f-h 
 

6 2 min, 20% 
power 

- 24 h in high 
humidity, then 
dried 3d on air 

- - precursor dispersion was added 
on top of coin 

Figure S4.6b,c 
 

23 - - 0 (directly 
dried) 

- - Experiment to investigate 
ACC-PAA composite material 
formation 

Figure S4.6d-g 
 

24 - - 0 (directly 
dried) 

10 - Experiment to investigate 
ACC-PAA composite material 
formation 

Figure S4.7 
 

1 - - 0 (black) 6 - - 

24 h (blue) 3 

Figure S4.9b 
 

0 - - - - - Sample was directly placed in 
vessel after centrifugation and 
liquification 

Figure S4.9c,d 
 

20 2 min, 20% 
power 

- 48 h, sample 
was dried on air 

- -  

Figure S4.8a,b 
 

5 2 min, 20% 
power 

- 3 h - - precursor dispersion was added 
on top of calcite wafer 

Figure S4.8c,d 
 

5 2 min, 20% 
power 

- 6 h - - precursor dispersion was added 
on top of calcite wafer 

Figure S4.8e 
 

8 2 min, 20% 
power 

- 40 h, sample 
was completely 
dry at isolation 

- - precursor dispersion was added 
on top of calcite wafer 

Figure S4.10a,b 
 

22 2 min, 20% 
power 

- 7 d - - Calcite seed crystals placed in 
precursor dispersion, 2x 
centrifugation was performed 

Figure S4.10c,d 
 

8 2 min, 20% 
power 

- 7 d - - Calcite seed crystals placed in 
precursor dispersion 

Figure S4.11 
 

22 2 min, 20% 
power 

- 7 d - - Calcite seed crystals placed in 
precursor dispersion, 2x 
centrifugation was performed 

Figure S4.12a 
 

8 2 min, 20% 
power 

- 48 h (drying on 
air) 

- - Calcite seed crystals placed in 
precursor dispersion 

Figure S4.12b 0 2 min, 20% 
power 

- 48 h (drying on 
air) 

- - precursor dispersion was added 
on top of calcite wafer 

Figure S4.12c,d 
 

4 2 min, 20% 
power 

- 6 h - - precursor dispersion was added 
on top of calcite wafer 

Figure S4.12e,f 
 

7 2 min, 20% 
power 

- 4 d - - precursor dispersion was added 
on top of calcite wafer 

Figure S4.12g,h 
 

8 2 min, 20% 
power 

- 18 h - - precursor dispersion was added 
on top of calcite wafer 

Figure S4.13b,d 
Figure S4.15c-g 
 

21 2 min, 20% 
power 

- 24 h in high 
humidity, then 
dried 3d on air 

- - precursor dispersion was added 
on top of coin 

- 0 2 x, 2 min, 
20% power 

45 - - - 2x centrifugation was 
performed, water content was 
significantly reduced 

- 8 2 x, 2 min, 
20% power 

77 - - - In absence of PCE, the water 
content cannot be significantly 
reduced, even with multiple 
centrifugation steps 
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5.1 Abstract 

The ammonia diffusion method (ADM) is one of the most widely used strategies for the 

bioinspired synthesis of minerals. Herein, we present investigations of the mineralization 

mechanism using an advanced ADM to solve the limitations of conventional ADM. This allows 

us confirming the presence of liquid calcium carbonate precursor species in additive-free and 

polymer-stabilized gas diffusion systems, indicating that liquid-liquid phase separated species 

exhibit sufficient kinetic stability to be detected. Time-dependent experiments reveal the role 

of these precursor phases during the early stages of the crystallization process, demonstrating 

that liquid calcium carbonate mineral precursors play an important role in the precipitation 

pathway and must be generally considered for the interpretation of gas diffusion experiments, 

with and without additives. This discovery poses an important step in the understanding of how 

minerals are formed, highlighting that nonclassical mineralization processes must be considered 

for material synthesis. Last, but not least, the advanced ADM may be useful for the exploration 

of the formation mechanism of other minerals than calcium carbonate that are also of broad 

interest to the materials chemistry community. 

 

5.2 Introduction 

The gas diffusion-based synthesis methods are a useful tool to synthesize calcium carbonate 

and to investigate the effect of additives on the precipitation process, thereby providing new 

insights into biomineralization and biomimetic synthesis strategies. 6 In recent years, the most 

widely used diffusion-based method, the ammonia diffusion method (ADM),250-251 has been 

utilized to synthesize calcium carbonate minerals for addressing questions in various research 

fields. The investigation of nucleation and crystal growth processes,252-253 additive effects on 

the formation of calcium carbonate,58, 254-256 the synthesis and characterization of 

nanocomposites,257-263 investigations regarding changes in material properties of crystals,264 as 

well as syntheses of composite particles for potential use in cancer therapy265 have been carried 

out using ADM. In addition, ADM has been used to investigate and characterize polymer-

induced liquid-precursor (PILP) phases.28, 109 Liquid precursor phases are essentially 

amorphous minerals with such a high degree of hydration that they appear and behave as a 

liquid and feature a liquid-liquid phase boundary to the mother solution. The liquid precursor 

species can densify to gel-like or solid amorphous calcium carbonates upon the loss of water. 

PILP phases are useful for explaining the complex “molded” non-equilibrium mineral 

morphologies found in organisms such as sea-urchins and present a promising way to new 

materials, for example for potential uses in biomedical applications266-267 or as construction 

materials.206 Recent results indicate that PILP phases are rather polymer-stabilized than 

polymer-induced phases, as liquid-liquid binodal demixing and the formation of dense liquid 

phases have been detected in additive-free aqueous calcium carbonate systems.18, 22 This can be 

explained by nonclassical nucleation models. It was shown that the formation of liquid 
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intermediates in absence of additives is defined by soluble, thermodynamically stable 

prenucleation clusters (PNCs),19 where ion association is driven by the entropy gain of releasing 

hydration waters.18 If supersaturation is increased and the corresponding liquid-liquid binodal 

limit is exceeded, PNCs can become phase-separated nanodroplets due to decreased cluster 

dynamics upon increased calcium carbonate coordination numbers within the clusters. The 

formed nanodroplets can further aggregate to form larger, dense liquid precursor phases. It is 

still debated why certain additives can stabilize the liquid precursors. Current results indicate 

that additives, such as polycarboxylates or Mg2+ ions, favor the incorporation of water into the 

liquid and amorphous structures, preventing their dehydration toward formation of solid 

amorphous calcium carbonate (ACC).22, 103 An alternative explanation could be the favorable 

incorporation of bicarbonate into the liquid phase.31, 196 

As mentioned above, liquid-liquid phase separation (LLPS) was proven numerous times in case 

of calcium carbonate, with, but also without additives.22, 31-32, 268 However, liquid precursor 

phases received minor attention in the discussion of diffusion-based mineralization experiments 

so far, even if their liquid character is often useful for rationalizing results that are difficult to 

explain based on classical nucleation mechanisms.4 Due to their fast transformation into more 

stable phases, such as solid ACCs or (metastable) crystals, liquid precursors are difficult to 

detect. Experimental strategies for the investigation of liquid mineral phases include cryogenic 

TEM studies,23, 30, 268 NMR31 and THz spectroscopy.22 Another strategy is the investigation of 

the characteristics of solid amorphous phases that emerge from the dehydration of the initially 

liquid phases.269 This strategy is also employed in this work using ADM as method to synthesize 

calcium carbonate. Although ADM is not a new method and has been used for decades,270 it 

was previously not employed for investigating transient precursor phases without additives, as 

usually volumes of several mL are used, resulting in low concentrations of the transient species 

which complicates their isolation and investigation. In addition, the transient species rapidly 

transform before it is possible to isolate them in conventional ADM. Due to these limitations, 

so far, ADM has been mainly used to investigate more stable amorphous and crystalline 

minerals. In this work, we present several key advancements to solve these limitations of ADM. 

The experiments are performed in droplets, thereby reducing the time necessary to remove the 

liquid and dry the transient species, thereby reducing the likelihood of their transformation 

before they can be investigated. In addition, performing experiments on wafers allows the 

transfer and investigation of all species present in the reaction solution at a certain time in the 

experiment. Another advantage of the mineralization in droplets is their beneficial economy: 

only small amounts of, potentially expensive, additives are necessary. 

Our results confirm and visualize the occurrence, properties and kinetic stability of liquid 

calcium carbonate precursor species employing ADM, in presence and absence of additives, 

underlining their general importance for the interpretation of ADM-based experiments. 

Furthermore, other carbonate minerals can be synthesized using ADM,271-272 where the 
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mineralization mechanism and the potential occurrence of liquid intermediates can be studied 

using the experimental strategy presented herein in the future.  

 

5.3 Experimental section 

5.3.1 Gas diffusion mineralization experiments 

The experiments were carried out using 24 cell culture microwell plates. Each chamber was 

covered with a lid with a hole of 0.5 mm in diameter. Inside each chamber, a 5 x 5 mm Si-wafer 

(TED PELLA, Inc.) was placed, on which 20 µL of calcium chloride solution (prepared by 

dilution of 1 M stock solution, VWR AVS Titrinorm) was pipetted. Depending on the type of 

experiment, droplets with different CaCl2 concentrations (10 mM to 40 mM) and PAA 

concentrations (0 g/L to 1 g/L, Sigma-Aldrich, poly(acrylic acid) DDMAT terminated, 

M = 6800 g/mol) were used. For experiments longer than 2 h, a 5 x 5 mm glass wafer (cut from 

VWR microscope slides) was used as a substrate. Then, 0.5 g of freshly ground ammonium 

carbonate (Sigma-Aldrich, ≥30% NH3-basis) was placed inside a petri dish with a cap 

containing three holes (1 mm diameter) inside a desiccator (2.4 dm3 internal volume). The well-

plate with the CaCl2 solutions was placed on top of the porcelain plate in the desiccator and the 

desiccator was closed. Experiments ran from 30 min up to 24 h, as stated. Once the experiments 

were finished, the well plate was removed from the desiccator and the solution was immediately 

removed using filter paper. Removal of the solvent usually took no longer than 5 min. The 

wafers were dried on air overnight and characterized. Each experiment was performed at least 

twice to confirm reproducibility. All aqueous solutions were prepared using Milli-Q water that 

was degassed by bubbling nitrogen through the solution overnight. 

 

5.3.2 Characterizations 

Scanning electron microscopy (SEM) images of the dried wafers were recorded using a JEOL 

JSM-6610 SEM. The wafers were coated with gold (5-10 nm thick layer) prior to analysis. High 

resolution SEM images (Figure S5.2 and Figure S5.11b,c) were recorded using a JEOL JSM-

6700F SEM without coating the sample prior to analysis. Attenuated total reflectance Fourier-

transform infrared (ATR-FTIR) spectra were measured using a BRUKER Tensor 27 FTIR 

spectrometer. The wafers with the calcium carbonate precipitates were directly put on the ATR 

unit of the spectrometer. The respective wafer (Si or glass) was used as a background reference. 

Light microscopy was performed on a Keyence VHX-600 Digital Microscope equipped with a 

VHZ100UR Zoom Lens. 
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5.3.3 Carbonate-free reference experiments 

Carbonate free experiments were carried out as reference experiments. In regular experiments,58 

(NH4)2CO3 decomposes to CO2 and NH3 which then diffuse into the calcium chloride solutions 

raising the pH value. As raising the pH value will lead to deprotonation of PAA and possibly 

to the precipitation of coacervates,273-274 gas diffusion experiments with pure NH3 were carried 

out to simulate the increase of pH in the solution in absence of CO2. All solutions were prepared 

using Milli-Q water that was degassed by bubbling N2 through the solution overnight. All 

solutions were stored and handled under nitrogen atmosphere during the execution of the 

experiments. 

Glass wafers (5 x 5 mm) were placed on the bottom of a 200 mL round bottom flask that was 

flushed with N2 for 10 minutes. Then, with the N2 stream running, 20 µL of solutions containing 

CaCl2 (20 mM) and different concentrations of PAA (0 g/L to 1 g/L) were placed on the wafers 

using an Eppendorf pipette. Next to the wafers, 0.5 g of ammonium nitrate was placed inside a 

small dish and 0.5 mL of 1 M NaOH (1 M stock solution, Roth) was added to the NH4NO3. 

Then, the N2 stream was stopped and the flask closed. After the desired reaction time (1-5 h), 

the experiments were stopped, and the solutions were removed using a filter paper whilst still 

being under N2 atmosphere. The wafers were dried in vacuum overnight and characterized using 

SEM (Figure S5.1). No film was visible in any experiment, although for high polymer 

concentrations the solutions turned turbid. 

 

5.3.4 Manipulation of PAA-stabilized calcium carbonate films 

Experiments were carried out to try to manipulate and isolate the PAA-stabilized CaCO3 film. 

Therefore, 1 h experiments with 20 mM CaCl2 and 1.0 g/L PAA were carried out on glass 

wafers as described before. For these conditions, the film was visible by eye and manipulation 

of the film could be investigated using light microscopy (Figure S5.13 and Figure S5.14). 

 

5.4 Results and Discussion 

5.4.1 Characterization of polymer-stabilized precursor phases 

ADM makes use of CO2 diffusion into droplets of calcium chloride solution (Figure 5.1).58 

After the desired reaction time, the solvent is removed, thereby transferring all species formed 

near or on the inner surface of the droplet, where calcium carbonate supersaturation is the 

highest, but also any species from the bulk of the droplet onto the wafer. As no further washing 

is performed, characterization of the dried wafers by SEM allows the investigation of all species 

present at this moment in the experiment. First, the effect of the polycarboxylate poly(acrylic 

acid) (PAA) on the precipitation of calcium carbonate was investigated. The influence of key 
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parameters such as reaction time (1 h to 24 h), starting calcium chloride concentration (10 mM 

to 40 mM) and PAA concentration (0.01 to 1 g/L) was examined. Note that the formation of 

Ca-PAA coacervates and hydrogels is not relevant in the systems of this work (Figure S5.1). 

For all investigated PAA concentrations, one-hour experiments showed the formation of a 

macroscopic film on the surface of the droplet that was visible by eye (Figure 5.2a). ATR-FTIR 

characterization (Figure 5.2b) of the dried film on the wafer shows that the precipitates are 

predominately ACC, confirmed by the band at 861 cm-1. The dried film was further investigated 

using SEM (Figure 5.2c and d), showing thin films of several 100 µm in their lateral dimension.  

 

 

Figure 5.1 Schematic view of the droplet-based ammonia diffusion method. Experiments are 
performed in 20 µL CaCl2 droplets on silica wafers. After the reaction is finished, the solvent is quickly 
removed using a filter paper. The precipitates on the wafer are then dried and investigated. 

 

For high calcium and low PAA concentrations, particles were visible in addition to the film 

(Figure 5.2d), showing the limited stability of the films for lower additive/calcium ratios. The 

morphology of the dried film showed differences in the top surface and the bottom surface of 

the film (Figure S5.2). The formation of liquid mineral phases on the surface of the droplet was 

expected, as PAA is known to stabilize PILPs,106, 206 however, the extent and macroscopic 

visibility of the liquid phase was not anticipated. The PILP films broke apart or dissolved when 

they were manipulated (Figure S5.3 and Figure S5.13) or upon attempts to isolate the films in 

their liquid state (Figure S5.14). This is due to the liquid phase being only stable when in 

equilibrium with the mother phase. Liquid-liquid coexistence relies on the presence of two 

phases, so if the dense liquid is attempted to be isolated, it will fall apart.58 The film can only 

be isolated when quickly dried and transferred into the solid state. Nevertheless, the liquid 

properties are evident if the structures of dried liquid phases are closely examined (Figure S5.4). 
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Figure 5.2 Characterization of wafers after 1 h gas diffusion experiments with PAA. a) The film 
is visible by eye, here shown for a PAA concentration of 0.5 g/L. b) ATR-FTIR spectra show that the 
precipitates on the wafer are ACC, visible by the band at 861 cm-1, even for the highest additive 
concentration of 1 g/L. For comparison, spectra of pure ACC, pure PAA and the wafer are shown as 
well. Experimental conditions: 2 h gas diffusion experiment using 20 mM CaCl2 solution with 1 g/L 
PAA. c) SEM image of the dried film on the wafer using 10 mM CaCl2 and 0.01 g/L PAA and d) using 
40 mM CaCl2 and 0.01 mg/L PAA. 

 

Concentration dependent experiments confirmed the stabilizing effect of PAA on amorphous 

structures,103 as for polymer contents higher than 0.5 g/L no crystalline particles were visible in 

1 h experiments (Figure S5.5). Time dependent experiments were used to resolve the evolution 

of the PILP film (Figure S5.6), showing that with increasing PAA concentration, films were 

detectable for several hours. If reaction times were long enough, however, the structures 

eventually crystallized and formed calcite particles with different morphologies and 

superstructures (Figure S5.6). In several experiments, semi-spherical calcite particles were 

detected (Figure S5.7), indicating that growth of the particles occurred from the precursor film, 

which can act as a substrate for particle growth, into the solution, accompanied by the 

densification of the precursor toward the crystalline phase. When the experiments were stopped 

before the growth into spherical particles was completed, semi-spherical structures were visible. 

Also, ACC particles already precipitated on the wafer when the film was still present on the 

surface of the solution (Figure S5.15). This could be due to simultaneous formation of ACC in 

the volume of the droplet, which then precipitates, or due to the release of ACC particles from 

the film into the solution.  
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5.4.2 Liquid precursor phases in absence of additives 

The previously described conditions of gas diffusion-based CaCO3 synthesis in droplets 

apparently favor the formation of continuous liquid precursor films. As liquid phases are also 

expected to exist in the additive-free calcium carbonate system,18, 22 we investigated the 

crystallization without PAA using the same conditions. The PNC pathway allows the 

quantitative description of liquid-liquid phase separation (LLPS) in the aqueous calcium 

carbonate system.18 We applied this quantitative model to estimate the time required for LLPS 

in gas diffusion systems described here (see supplementary discussion in section 5.6.1). Recent 

studies showed that the liquid-liquid binodal limit is defined by the solubility threshold of proto-

structured ACCs.22 Therefore, in general, from the solubility product of this ACC19 and the 

known starting concentration of CaCl2, the amount of carbonate necessary to exceed the binodal 

limit was calculated. Then, from previously established effects of different parameters on gas 

diffusion experiments,251 the carbonate addition rate due to CO2 in-diffusion was calculated. 

For the given experiments the PNC model predicted that liquid-liquid phase-separation takes 

place on the timescale of 30 minutes, which was experimentally investigated.  

The 1 h additive-free experiments yielded many different structures and particles (Figure 5.3a 

and Figure S5.8). Most importantly and as predicted by the PNC model, also without polymeric 

additives films of several 100 µm in diameter with smooth surfaces at the edges were visible 

(Figure 5.3b). These films were not observed close to amorphous and crystalline particles 

(Figure 5.3a), which indicates that they served as the precursor phase to the denser amorphous 

and crystalline structures, and that the transformation took place by a dissolution-reprecipitation 

mechanism.38 The presence of calcium carbonate in the films was supported by EDX (Figure 

S5.9). The large size of these films implies that a considerable amount of the calcium carbonate 

in the system was present in the form of these liquid precursors. It must be emphasized that the 

structures visible in the SEM are dried, solid residues of the once heavily hydrated species,36 

formed on the surface of the droplet upon blotting and quick drying of the mother solution. The 

native state and the dynamics of these species could not be assessed due to their rapid 

transformation to more stable phases. However, the dried films allowed insights into the 

characteristics and transformation mechanisms of the precursor species. It was observed that 

the film covered crystalline particles like a cloth (Figure 5.3c), again visualizing the initially 

liquid- or gel-like properties of the detected phase. Time-dependent experiments showed the 

formation and evolution of the film (Figure 5.3d-f). After 30 minutes, films of several hundred 

µm in their lateral dimension were visible (Figure 5.3d). In some spots, the precursor phase 

already formed denser structures, resulting in holes in the film (Figure S5.10). In 1 h 

experiments, additional amorphous and crystalline structures were present (Figure 5.3e and 

Figure S5.8) whilst after two hours, only calcite particles were visible (Figure 5.3f). The 

transformation of the film into particles was recorded (Figure S5.11), indicating a densification 

of the film toward the formation of 50 to 150 nm sized particles. The amorphous particles then 
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dissolved and reprecipitated to form larger amorphous structures with a size of 10 to 50 µm 

(Figure S5.8). The film breaking apart to particles is a rather compelling proof for the liquid 

nature of the precursor structures based on thermodynamics of phase transformations.58 It 

would be thermodynamically impossible for a macroscopic, solid ACC film of 100 nm 

thickness to transform into smaller ACC nanoparticles, as this would correspond to anti-

Ostwald ripening. It is possible for liquids, however, as liquids can change their composition 

drastically and macroscopic dense liquid films are metastable with respect to ACC 

nanoparticles. 

 

 

Figure 5.3 SEM micrographs for 1 h additive-free gas diffusion experiments. a) Different 
structures are visible on the wafer. No films or smaller particles are visible around larger amorphous or 
crystalline structures, therefore, likely a dissolution-reprecipitation mechanism occurs. b) In many areas 
of the wafer, large films with smooth edges were detected. Closer to the center of the spherical structures, 
smaller particles are visible. c) Calcite and vaterite particles are covered by the film. d-f) Time-
dependent development of the precursor films in additive-free experiments using 10 mM CaCl2. The 
used concentrations are a) 10 mM b) 20 mM and c) 40 mM CaCl2. 

 

When the experimental conditions were changed, e.g., droplets with a larger volume were used, 

no large films were visible by eye in additive-stabilized systems. This indicates that droplet 

surface area, surface tension, diffusion barriers and used concentrations determine whether 

large precursor films are detectable or not, which might be the reason why this effect was not 

reported in the literature before. Even if no large films are detected, LLPS is still expected to 

take place in gas diffusion experiments, although the liquid species could occur in different 

forms, such as dispersed liquid (nano-)droplets (Figure 5.4).24, 151 
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Figure 5.4 The proposed mechanism of CaCO3 crystallization in diffusion-based experiments. 
The first phase separation in the system is LLPS forming a dense liquid mineral phase. This phase can 
appear as a film or droplets, depending on the experimental conditions. The liquid precursor phase then 
solidifies to ACC particles, which in turn dissolve to form larger amorphous structures or directly the 
crystalline polymorphs. In parallel to the processes shown, ACC particles could form in solution, or 
crystalline calcium carbonates on the surface of the wafer can occur (not shown in the scheme). Solid-
state transformations were also observed for dried ACC precipitates (Figure S5.12). 

 

5.5 Conclusions 

Our results confirm and visualize the dense liquid calcium carbonate precursor phase in the 

absence (and presence) of additives. This is possible due to the precursors exhibiting sufficient 

kinetic stability in gas diffusion-based syntheses to be detected. Thus, it is important to consider 

liquid precursor species for the discussion of diffusion-based experiments, even if no stabilizing 

additives are present. Liquid species and their interactions with additives open a new 

perspective on crystallization processes of minerals and beyond. Exploiting the liquid 

properties of mineral precursors can be used to synthesize new materials. In addition, we present 

an advancement of the ammonia diffusion method that can be employed to address various 

questions in carbonate material syntheses. Besides detection and isolation of transient phases, 

this method can help to optimize synthesis conditions in ADM by allowing efficient screening 

of large arrays of experimental parameters and allows the economical use of additives due to 

the low volumes of the experiments.  
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5.6 Supplementary Information 

5.6.1 Calculation of time of LLPS in gas diffusion experiments 

It is demonstrated how the time of liquid-liquid phase separation (LLPS) in gas diffusion-based 

experiments can be estimated in case of the aqueous calcium carbonate system.  

Previous results showed that the liquid-liquid binodal limit is defined by the solubility threshold 

of proto-structured ACCs.22 In the following, it is assumed that the pH value of the solution 

quickly reaches a constant value of 9.8 in the first few minutes after the start of the experiments, 

as previously established.251  

From the known starting concentration of CaCl2 (10 mM) and the solubility product of ACC 

(3.8 x 10-8 M2)19 the amount of carbonate necessary to cross the binodal limit can be calculated 

according to (expressed in concentrations):120 

 

 &'())�COJ�K� = b�c�ACC�&'())�Ca��� (S5.1) 

The calculated free carbonate concentration is &'())�COJ�K� = 3.8 µM.  From this carbonate 

concentration and the estimated carbonate addition rate =hCOJi/=� due to in-diffusion in the 

vapor diffusion experiment, we can estimate the time at which LLPS occurs.  

Meldrum et. al. investigated the effects of different parameters on the gas diffusion.251 They 

determined =hCOJi/=�  to be linear dependent on the solution surface area, exponentially 

dependent on the cross sectional area of diffusion barriers and on the initial calcium 

concentrations, and independent of the amount of (NH4)2CO3 used for the experiments. In 

addition, they provided carbonate addition rates for conditions similar to our experiments, with 

25 mM CaCl2 and a 2.6 dm3 desiccator used for the gas diffusion experiments. 

Based on these investigations, the carbonate addition rate was calculated. The surface area of 

the droplets was estimated using a hemispherical droplet with a radius of 2.5 mm. As described 

in experimental section 5.3.1, two diffusion barriers were used in our experiments, the first 

barrier has 3 holes of 1 mm diameter and the second one has one hole of 0.1 mm diameter for 

each chamber. The cross-sectional area of the first barrier is therefore more than 2 orders of 

magnitude larger than the second barrier (2.4 mm2 vs. 7.8 x 10-3 mm2). Due to the exponential 

dependency of cross-sectional area and diffusion speed, the second diffusion barrier can be seen 

as the rate determining step in this system and the first barrier was not used for the calculations. 

Using these assumptions, the provided general conditions, and the relationships of parameters 

and carbonate addition rate, we determine =hCOJi/=� = 0.14 µM/min . The diffusion of 

3.8 µM carbonate in the droplet therefore roughly takes 28 minutes.  
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Using this estimation, we predict that the phase separation takes place on the timescale of 

minutes. It also agrees with our results, as no film was detected if experiments are stopped after 

5 min (data not shown) and precursor films were detectable in 30-minute experiments (Figure 

5.3c). 

 

5.6.2 Supplementary figures 

 

 
Figure S5.1 SEM characterization of carbonate free reference experiments. Experiments were 
performed using 20 mM CaCl2 concentrations and experiments were carried out for 1 h to 5 h. In the 
experiments, no film was detected, although for PAA concentrations higher than 0.01 g/L, the solution 
turned turbid, indicating the precipitation of a Ca-PAA coacervate. The precipitated coacervates possess 
a different structure compared to the species found in the regular experiments with carbonate, as they 
primarily form droplets with irregular shapes, instead of spherical particles or smooth films. Therefore, 
for the PAA concentrations used in this work, the coprecipitation of coacervate cannot be excluded, but 
the primary phase in all cases is CaCO3, as confirmed by ATR-IR (Figure 5.2b), showing that the 
formation of coacervates only plays an insignificant role in this work.  
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Figure S5.2 High resolution SEM micrographs of the dried liquid-like precursor film. a) Overview 
SEM image of the dried film. The difference in morphology of the b, c) top surface and d, e) bottom 
surface of the film is visible. Experimental conditions: 2 h gas diffusion experiment using 20 mM CaCl2 

with 0.1 g/L PAA.  
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Figure S5.3 Light microscopy images for 1 h gas diffusion experiments. Images were taken before 
the solution was removed. a) Film in presence of 0.5 g/L PAA and 20 mM CaCl2. If the film is 
manipulated it breaks apart into smaller fragments (Figure S5.13). b) Fragment of a broken film. 
Particles are visible in the structure once the film is broken up. It was not possible to isolate the film 
(Figure S5.14). 

 

 
Figure S5.4 Precursor particles formed in 1 h gas diffusion experiments. Concentrations of 20 mM 
CaCl2 and 0.01 g/L PAA were used. The picture shows dried residues of precursor droplets that 
precipitated onto the wafer. In several experiments, these droplets could be detected in addition to the 
films. Using this, we can discuss whether the droplets are indeed liquid. Macroscopically, we can use 
the following definition for a liquid: “When a substance conforms to the shape of its container without 
necessarily filling it, it is said to be in the liquid state.”275 Using this macroscopic definition we can 
evaluate the shown SEM analysis. Due to the liquid character of the precursor droplets in the solution 
in their hydrated state, the droplets spread upon precipitation on the wafer. It is clear that the droplets 
spread out and conform to the shape of the container. If no material is present besides the droplet, the 
droplets spread regularly, and the liquid forms a circle around the droplet. If material had already 
precipitated besides the droplet, the liquid mineral conforms to the set boundaries and flows in one 
direction, as indicated by the arrows. Using the macroscopic definition, the precursor phases would 
qualify as a liquid, at least on a μm scale (although the microscopic structure of the liquid precursor can 
be different).109  
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Figure S5.5 SEM micrographs for 1 h gas diffusion experiments with varying CaCl2 and PAA 

concentrations. For experiments with PAA, usually the whole wafer was covered with films or 
particles. If larger particles were observed as well, these are shown in the inset in the top left corner. In 
the top right corner, the polymorph determined by ATR-FTIR is stated (C: calcite; V: vaterite; 
ACC: amorphous calcium carbonate; N/A: not available). It was not possible to recorded IR spectra for 
all samples as the concentration of CaCO3 on the wafers is very low, especially for experiments with 
10 mM CaCl2.  
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Figure S5.6 Time-dependent gas diffusion experiments. CaCl2 and PAA concentrations are stated on 
the left side. In the top right corner, the determined polymorph by ATR-FTIR is stated (C: calcite; 
V: vaterite; ACC: amorphous calcium carbonate; N/A: not available).  
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Figure S5.7 SEM micrographs of spherical particles in gas diffusion experiments with PAA. 
Experimental conditions: a) 8 h experiment with 10 mM CaCl2 and 0.5 g/L PAA. b) 24 h gas diffusion 
experiment with 20 mM CaCl2 and 1 g/L PAA. c) Proposed mechanism for crystallization in presence 
of PAA in gas diffusion experiments. Higher concentrations of polymer additives stabilize the liquid 
and amorphous phases, therefore preventing dissolution, resulting in formation of complex particle 
shapes from the liquid precursor phase. 

 

 

Figure S5.8 Structures observed in 1 h additive-free gas diffusion experiments. CaCl2 
concentrations are a) 10 mM and b) 40 mM. As there are no films or smaller particles visible around 
the larger amorphous or crystalline structures, a dissolution-reprecipitation mechanism is expected. 
Continuous parts of the film are visible as well (arrows in b).  
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Figure S5.9 EDX characterization of different detected CaCO3 species. a) Chosen area for mapping 
from an 1 h additive-free gas diffusion experiment using 20 mM CaCl2. The film (1, film has already 
partially transformed to particles, as described in the results section), amorphous structures (2) and 
crystalline structures (3) are visible. b) Combined elemental mappings. c-f) individual mappings for Ca, 
C, O and Si. It is evident that all structures contain Ca, O and C. A quantitative EDX determination was 
not possible, as the film is very thin and mainly Si from the wafer beneath (f) was detected.  

 

 

Figure S5.10 SEM micrographs of a 30 min gas diffusion experiment. A concentration of 10 mM 
CaCl2 was used. a) A large film with a diameter of 0.7 mm is visible, suspected to be the precursor to 
the films seen in 1 h experiments. b) Higher resolution image of the holes in the film. Inside the holes, 
particles are visible (arrows), indicating that this film is indeed a precursor to other solid species. The 
drastic difference in brightness of the holes compared to the film most likely arises from the densification 
of the film after the wafer was coated with gold for SEM analysis. This densification was most likely 
induced by the electron beam during analysis of the sample.  
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Figure S5.11 Transformation of the precursor film to particles. a) The transformation of the film 
to µm sized particles is captured in the image. Intermediate stages of the transformation are visible 
hinting towards a solidification/densification process instead of a dissolution-reprecipitation process. 
This most likely happens through dehydration of the dense liquid phases. Experimental conditions: 1 h 
gas diffusion experiment using 10 mM CaCl2 without additive. Scale bar in insets 1 to 5 is 1 µm. 
b, c) Higher resolution SEM images of the formation of a µm sized particle. Around the particles, films 
are visible that transform to 50 to 150 nm particles (yellow arrows). Experimental conditions: 1 h gas 
diffusion experiment using 20 mM CaCl2 without additive.  
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Figure S5.12 Transformation mechanisms for ACCs induced by the electron beam during SEM 

investigations in additive-free experiments. a) Overview image for a 1 h gas diffusion experiment 
using 20 mM CaCl2. Different amorphous and crystalline structures can be seen. b) Magnification of 
the transformation of one ACC phase (ACC I) into a second ACC phase (ACC II). Due to the decrease 
in size toward a smaller volume of the ACCII particles upon imaging (see the line in the middle of the 
image), the ACCII phase seems to possess a higher density. The solid-state transformation is very fast 
and finished within one recorded row of pixels (less than 0.1 s). c) ACC I and ACC II besides a calcite 
crystal. The difference in structure and brightness (detected secondary electrons) between the ACC 
structures is obvious. The occurrence of different types of ACC was reported in the literature before.46, 

230, 276-278 d) Solid-state transformation of an amorphous intermediate to vaterite. The transition could 
not be captured in an image, but e, f) EDX shows the lack of Au-coating at which the amorphous phase 
used to be (highlighted region in D). The densification of the phase is obvious as the area covered before 
transformation is much larger than afterwards. g) Evidence for a dissolution-reprecipitation mechanism 
of the transformation of amorphous structures to crystalline CaCO3. The ACC phase dissolved in a 
circular fashion around a vaterite particle (arrows). The formation of a preferential polymorph (calcite 
vs. vaterite) via the crystallization of the different ACC phases (ACCI and ACCII) could not be 
observed.   
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Figure S5.13 Light microscopy images of manipulation of PILP film with tweezers. If a) the 
pristine film is treated with b-d) tweezers, it was not possible to isolate the thin, fragile film, as it 
e-f) broke apart into smaller fragments (Figure S5.3b), which seemed to dissolve. The images shown 
are taken from a movie that is available as online supplementary material to the original publication.154 

 

 
Figure S5.14 Light microscopy images of the attempt to isolate the PILP film using an 

Eppendorf pipette. If the a) PILP film is treated with b, c) the Eppendorf pipette, it was not possible 
to isolate the film due to its thinness and fragility and d-f) it fell apart into smaller fragments. The 
isolated solution was transferred to another wafer, but no CaCO3 mineralization was observed, as the 
concentration of the precursor phase in the isolated solution was too low for sustaining liquid-liquid 
coexistence. The images shown are taken from a movie that is available as online supplementary 
material to the original publication.154  
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Figure S5.15 Light microscopy images of the PILP film. Shown is a) film on the surface of droplet 
with b) already precipitated PILP/ACC particles at the bottom of the wafer. The images shown are taken 
from a movie that is available as online supplementary material to the original publication.154
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Conclusion and Outlook 

This thesis presents a comprehensive study of the manifold effects of polymer additives on the 

different stages of mineral formation. It is shown that the interaction of polycarboxylates with 

liquid-like mineral precursors alongside bicarbonate incorporation are essential for nucleation 

inhibition. In addition, new insights into the mechanism underlying the stabilization and how 

these polymer-stabilized mineral precursors can be utilized in technological applications are 

provided. In combination with the reassessment of the interactions of polymer additives with 

ions and their effects in gas diffusion-based experiments, this provides an advanced overview 

of additive-controlled mineralization from the viewpoint of recent advancements in the area of 

fundamental mineral nucleation and crystallization mechanisms. 

In the first part, the binding mechanisms of calcium ions by polycarboxylates were investigated 

using titration techniques. As first step, the strategy for performing potentiometric titration 

experiments in presence of polycarboxylates was optimized to allow for quantitative 

determinations, as in earlier studies the presence of polycarboxylates resulted in damage to the 

electrodes and no quantitative evaluation was possible.95 As a result, a better understanding of 

the titration essay and the interactions of polymer additives with ion selective electrodes was 

gained, which will benefit future investigations using comparable experimental setups. The 

effects of polymer additives on individual ions, i.e., ion adsorption, can be seen as the first step 

in the prenucleation cluster pathway and needs to be understood before moving on to the more 

challenging additive-controlled mineralization scenarios. Systematic investigation of chain 

length, pH and side chain chemistry by potentiometric titration and isothermal titration 

calorimetry revealed that higher order effects are at play during the adsorption process, such as 

changes in apparent pKa of carboxyl groups, contradicting the basic assumptions by the 

Langmuir model that assumes noninteracting binding sites. Furthermore, the necessity of 

initially deprotonated binding sites as starting point for successive binding events was identified. 

Importantly, the binding process depends on chain length and contributions arising from the 

whole polymer chain rather than on the chemistry of the monomer units that build up the 

polymer. In addition, the binding characteristics change between a chain length of 20 and 50 

amino acids. No single mechanism can holistically describe all results, illustrating that care 

needs to be taken when interpretating binding data. The important role of polymer chain length 

is relevant for all research activities that attempt to describe polymer-ion interactions based on 

investigations of a small section of the polymer chain, or only the monomeric units, e.g., in 

computational studies that often employ shorter chain lengths in simulations due to limitations 

in computational power. As the presented study does not reveal the precise mechanisms of how 

the binding of calcium ions to the polymers takes place, future computational studies employing 

polymers with the same chain length could complement the experimental investigations and 

allow further insights into the underlying processes occurring on a molecular level. Especially 
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in the case of poly(acrylic acid), the experimental data is difficult to rationalize, and 

computational studies could provide mechanistic explanations, e.g., regarding the proposed 

strong chelation effects. Further elucidating the mechanistic details of the binding process could 

open up new horizons for synthetic chemists to design ion-binding polymers with specific 

binding sites for greatly improved adsorption capacities, for example to remove heavy metal 

ions from wastewaters.  

In the second part of this thesis, the fundamental interactions of polymer additives with the 

following stages along the calcium carbonate crystallization pathway, i.e., subsequently, 

prenucleation clusters (PNCs), liquid-like precursors, amorphous calcium carbonates (ACCs), 

and crystalline phases, were elucidated. Special attention was paid towards the recently 

described relevance of liquid-liquid phase separation in the early stages of the calcium 

carbonate formation. Based on potentiometric titration experiments, the nucleation inhibition 

of polycarboxylates was quantified. Even if low concentrations of only 10 mg/L were used, up 

to 10-times nucleation inhibition was detected for poly(aspartic acid) at pH 9.0, while 

pH-dependent experiments revealed an increase in inhibition if the pH value was lowered. No 

effects of the polymers on ion binding and PNC equilibria were visible at the chosen 

concentrations but a strong stabilizing effect on liquid-like and amorphous mineral precursors 

was detected. Quantitative evaluation of the titration data showed that in presence of polymers, 

bicarbonate ions make up ~20% of all bound carbonate species in the prenucleation regime at 

pH 9.8. Due to the large quantity detected in the mineral precursors, bicarbonate binding is 

likely an essential step in the additive-controlled crystallization pathway and plays a key role 

in explaining the strong nucleation inhibition of additives. This result extends the known 

additive-mineral interactions, as in previous research the strong inhibition was mainly attributed 

to polymer-driven incorporation of water into the amorphous phase or adsorption of polymers 

on ACC particles. Isolation of the polymer-stabilized precursor phase and characterization with 

thermogravimetric analysis coupled with mass spectrometry and infrared spectroscopy (TGA-

MS-IR) confirmed the presence of bicarbonate in the dried sample. It is still unknown how the 

polymers can facilitate bicarbonate binding, and further research based on magic angle spinning 

nuclear magnetic resonance (MAS NMR) spectroscopy is already in progress in order to 

elucidate how the polymer-mineral interaction mechanistically takes place. In this regard it is 

also of high interest, whether mechanistic differences between poly(aspartic acid) and 

poly(glutamic acid) can be detected, which could explain the higher bicarbonate binding 

efficiency of poly(aspartic acid) compared to poly(glutamic acid). In addition, investigations 

regarding the interactions of polymers with different proto-structured ACCs can help to gain 

more insights into the mechanistic molecular details underlying polymorph control that can be 

facilitated by these additives. Surprisingly, the bicarbonate content was hardly detectable by 

cross polarization (CP) MAS NMR experiments, suggesting that the protons introduced by 

bicarbonate ion incorporation exhibit significant mobility within the ACC, effectively rendering 

the ACC a solid proton conductor. To investigate the conductivity of ACC particles, a novel 
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experimental method was developed based on conductive atomic force microscopy (C-AFM). 

The method allows quick and qualitative analysis of the conductivity of a large number of 

individual nanoparticles with particle sizes below 100 nm. As the method and sample 

preparation is quite simple compared to established methods for determining conductivity of 

individual nanoparticles,199-201 it will be appealing to a broad community. The C-AFM studies 

indeed revealed electrical conductivity for the ACCs, which opens up potential new 

applications of amorphous minerals as green ion conductors in numerous electrochemical 

devices. Detailed investigations regarding the performance of amorphous ion conductors in 

application-relevant conditions remains a hot topic for the future, especially regarding 

quantitative determination of the ionic conductivity and benchmarking the performance against 

industry standards. The demonstration of the prominent role of bicarbonate in the calcium 

carbonate formation pathway and its consequences for the structure of ACC in this thesis is a 

crucial step towards gaining a better understanding of additive-controlled crystallization. The 

results also underscore the great use of elucidating ion association in the prenucleation regime 

and early stages of crystallization for improving the understanding of mineral formation 

pathways. Future work will show if similar phenomena can be detected for other minerals, e.g., 

regarding binding of hydrogen phosphate species in calcium phosphate formation, or for other 

additives, ranging from ions to simple molecules, to polymers and proteins. All of this may then 

allow to even design more efficient antiscalants, in the future. 

The third part of this study targeted the long-standing question how the beneficial properties of 

liquid-like mineral phases can be practically utilized in material synthesis. It is of high interest 

to make liquid-like mineral precursor phases accessible for technological applications, as their 

ability to infiltrate small pores, their use in the production of non-equilibrium crystal 

morphologies or their potential toward mimicking biomaterial textures can be used for the 

production of advanced minerals and biomimetic materials. In the last decades, the production, 

and investigation of liquid-like mineral precursors was highly limited due to the lack of a 

scalable synthesis method. Usually only several mg of precursor could be produced using gas 

diffusion techniques — and were actually never isolated until now. Based on our mechanistic 

insights into the strong inhibiting effect of poly(acrylic acid) in potentiometric titration 

experiments, we developed a new synthesis method to solve previously existing limitations. 

The novel “scalable controlled synthesis and utilization of liquid-like precursors for 

technological applications” (SCULPT) method allowed to synthesize, and isolate, the liquid-

like mineral on a gram scale for the first time. It was shown, how organic and inorganic 

additives, such as magnesium ions or concrete superplasticizers, can be used to optimize the 

stability and workability of the liquid-like mineral precursor. Finally, it was shown how the 

precursor can be used for the synthesis of crystalline minerals, e.g., for the production of 

mineral coatings or the casting of high-resolution mineral molds. In addition, if the 
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concentrations of starting solutions in the synthesis were tuned, further products are accessible, 

such as organic-inorganic composite materials or amorphous mineral coatings, demonstrating 

the versatility of SCULPT. As the method is based on the controlled addition of starting 

solutions, it is in principle easily applicable and scalable, thereby opening up the use of liquid-

like minerals for a broad scientific community to experiment with their properties and potential, 

as well as presenting a pathway towards large-scale industrial applications. In case of calcium 

carbonate-based liquid-like minerals, promising applications include the field of restoration and 

conservation, as well as the production of calcium carbonate-based, CO2-fixating cements. Also, 

the potential generation of mineral-based proton conductors for various applications via 

SCULPT seems to be a promising prospect. Beyond calcium carbonate, SCULPT can in theory 

be used for any mineral system that forms liquid-like precursors, and further research needs to 

be performed to explore whether or not a sufficient stabilization of the liquid-like minerals can 

be achieved in other systems. The most intriguing mineral system in this regard is certainly 

calcium phosphate, possessing numerous biomedical applications, e.g., as bone cement or teeth 

fillings, in which the advantages of liquid-like minerals are highly desired. 

Finally, one of the most widely used synthesis methods for precipitating carbonate-based 

materials, the ammonia diffusion method (ADM), was investigated with special emphasis on 

the importance of liquid-like precursors and amorphous intermediates for the mineral formation. 

In literature employing ADM, the importance of these precursors was previously seldomly 

discussed, although they possess tremendous explanatory power, and explanations based on the 

notions of classical nucleation theory were often preferred when interpreting the outcomes of 

ADM experiments. Based on an advanced ADM method using much shorter reaction times to 

resolve earlier stages of mineral formation, the relevance of liquid-like mineral species in 

presence, as well as absence of polymer additive was confirmed and directly visualized for the 

first time. The fact that the liquid-liquid phase separated mineral precursors showed sufficient 

kinetic stability to be detected in the experiments emphasizes their importance to be considered 

in the evaluation of gas diffusion-based experiments. Further investigations employing different 

reaction times and additive concentrations showed how the precursors are formed and how they 

transform into solid amorphous and crystalline minerals, establishing a full picture of mineral 

formation pathways in ADM-based synthesis. The results are an important step by underlining 

the importance of liquid-like minerals and that nonclassical mineralization mechanisms must 

be generally considered also in ADM experiments. The presented ADM method can be used to 

investigate the formation of other minerals than calcium carbonate, e.g., barium or strontium 

carbonates, and further work will reveal whether liquid-like minerals can be detected in these 

systems as well. 

Altogether, this thesis presents numerous advancements in the field of additive-controlled 

crystallization, ranging from the questioning of previous assumptions on fundamental ion 

adsorption mechanisms by polycarboxylates, discovering a previously overlooked key 
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interaction of how polymers can stabilize liquid-like mineral precursors, to the development of 

a powerful method to synthesize liquid-like intermediates on a large scale. While the research 

in this thesis focused on calcium carbonate and polycarboxylate additives as a model system 

within a predominately academic framework, the presented tools will allow the academic and 

industrial communities to explore additional systems as well as to implement the discoveries 

presented herein and those made in follow-up studies in tangible technological applications. 
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