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SUMMARY
Towards Understanding Pathway Complexity in Calcium Carbonate Mineralization 

The most abundant biogenic mineral on our planet, calcium carbonate (CaCO3), is 

intensively studied by many researchers in various disciplines. It has substantial relevance 

in e.g. biomineralization, as an inorganic component in the tissues and skeletons of 

numerous organisms; geosciences, as a main mineral constituent of sedimentary rocks; and 

industry, as an unwanted form of scale formation, or as an essential ingredient in cements, 

plastics or paper. However, despite the substantial effort to study this system, 

understanding and predicting the pathway travelling towards the eventual mineral is 

unambiguously complex and therefore still under debate. 

This thesis, amongst other topics, investigates the presence and role of recently 

proposed precursor phases in multi-step nucleation pathways of CaCO3 in pure solutions. 

We explore the role of nucleation in the formation of CaCO3 through non-classical 

nucleation mechanisms via stable prenucleation clusters (PNCs; see Chapter 2) and 

through liquid-liquid phase separation (Chapter 3). We approach this by experimental 

investigation of CaCO3 nucleation using a computer-controlled titration set-up with ion-

selective electrodes (ISEs) where a Ca2+-containing source is titrated into a carbonate buffer 

at constant pH and temperature, and we combine this with molecular dynamic 

simulations. The development of morphology and structure of CaCO3 is additionally 

studied using cryogenic transmission electron microscopy (cryo-TEM) in combination 

with electron diffraction, as well as other in situ spectroscopic and microscopic techniques. 

Our results present combined experimental and computational evidence for the formation 

of a CaCO3 dense liquid phase (DLP) formed through liquid-liquid phase separation 

directly from ions and ion pairs, which subsequently transforms to vaterite. Notably, the 

results show no compelling evidence for the involvement of (sub)nm-sized 

thermodynamically stable PNCs. In fact, experiments and simulations show that our 

observations can be described by classical concepts of nucleation, involving ions and ion-

pairs and the subsequent formation of a DLP through microscopic density fluctuations.  

Inspired by biomineralization processes in Nature where often minerals are 

deposited within an organic matrix, nucleation and growth of CaCO3 is investigated 
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within a biomimetic matrix (Chapter 4). More specifically, the polyelectrolyte polystyrene 

sulfonate (PSS) as a biomimetic surrogate for highly charged polysaccharides and acidic 

proteins is studied in situ by using liquid-phase transmission electron microscopy (LP-

TEM). This state-of-the-art analysis technique demonstrates through dynamic imaging 

that amorphous calcium carbonate (ACC) nucleation can occur confined to spheroidal 

globular complexes of PSS, which are able to bind more than half of the calcium ions 

present in solution through counter-ion condensation to the sulfonate groups. This ion 

binding behavior was confirmed by calorimetry, spectroscopy and potentiometric 

measurements. The Ca-PSS globules act as preferential nucleation sites for ACC and 

demonstrate that ion binding can be a key step in the minerals’ formation process, 

independent of any control over the free energy barrier to nucleation.  

Although growth by oriented assembly of nanoparticles  ̶  sometimes governed by 

the presence of organics  ̶  is a phenomenon that commonly occurs in many crystal 

systems, such a pathway recently has been disputed for the CaCO3 system. Consequently, 

the exact mechanism that leads to exotic shapes and morphologies that appear to consist of 

subparticles with nanometer dimensions – so-called ‘mesocrystals’ – thus remains 

unresolved. Therefore, in situ atomic force microscopy (AFM) is employed to investigate 

the growth of calcite crystals in solutions that contain a soluble organic additive recognized 

for having the ability to generate a morphology associated with mesocrystal formation  ̶ 

the previously addressed PSS (Chapter 5). Microscopically, it is demonstrated that both 

the ammonium carbonate diffusion technique and the method of mixing CaCl2 and 

NaHCO3 to prepare calcite crystals with the use of such organic additives can eventually 

result in these striking morphologies as often addressed in the literature. Via comparison 

with our in situ AFM observations, we are able to directly translate the resulting 

morphology from the nanoscale to the microscale. We find that the responsible 

mechanism starts with impurity pinning of atomic steps, leading to stabilization of new 

step directions, creation of pseudo-facets, and extreme surface roughening  ̶  therefore 

through completely classical growth processes. 

While these works provide just a small part in the spectrum of pathways, further 

insights and future approaches towards resolving CaCO3 pathway complexity are 

addressed in Chapter 6. 
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CHAPTER 1 

Introduction 

“Science, my boy, is made up of mistakes, but 
they are mistakes which it is useful to make, 
because they lead little by little to the truth.”

– Jules Verne
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2 

1.1 | General Introduction and Motivation 
Calcium carbonate (CaCO3) is one of the most abundant minerals on Earth, with 

scientific evidence of mineral formation stretching back hundreds of millions of years1. 

The geological CaCO3 currently present on Earth acts as a carbon reservoir, which is 

estimated to be equivalent to 1.5 × 1017 metric tons of carbon dioxide2. Therefore, 

conversion of carbon dioxide to stable mineral carbonates has been proven geologically 

and environmentally safe for long-term storage of carbon dioxide3. Besides geological and 

environmental importance, CaCO3 also has great potential in industrial applications (e.g. 

as fillers in plastics4 and paper5, as an ingredient of cement6, as extenders in coatings and 

paints7), or in medicine (e.g. as antacid8, nutrient supplement9, 10, and carrier in drug 

delivery10). It is also an important biomineral, being the main component of, e.g., corals11-

13, sea shells14-16, coccoliths17, 18 and the exoskeletons of crustaceans19-21. Additionally, due 

to the extensive literature that is presently available, CaCO3 is extensively used as a model 

system to study the mechanisms of biological mineral formation22, 23. 

Despite the present knowledge and efforts of extensive industrial and academic 

research, controlling the crystallization process and predicting a priori the properties of the 

mineral obtained is still extremely complicated. This is in part due to the complex phase 

behavior of CaCO3 which can be present as a variety of different phases that can inter- 

convert through different crystallization pathways often depending on subtle changes in 

the reaction conditions. 

1.2 | Reported phases of CaCO3

1.2.1 | Main Crystalline Polymorphs 
The main anhydrous crystalline polymorphs of CaCO3 are (in order of decreasing 

thermodynamic stability24) calcite, aragonite, and vaterite (Figure 1.1). The most stable 

polymorph calcite has a rhombohedral unit cell, while aragonite is orthorhombic. The 

metastable vaterite is hexagonal, although recent work provides evidence for a crystal 

structure which contains next to a predominantly hexagonal structure also interspersed 

nanodomains of a yet unknown minor structure25. Furthermore, there are two hydrated 

crystalline polymorphs which are much less common: calcium carbonate monohydrate 
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(monohydrocalcite) and calcium carbonate hexahydrate (ikaite) with a trigonal and 

monoclinic unit cell, respectively.  

Figure 1.1 | Structural cells corresponding to vaterite (a), aragonite (b) and calcite (c) allotropic 
forms. The unit cell on the left is represented together with an enlargement of each polyhedral site 
formed by the first coordination sphere of oxygen ligands around the Ca2+ cation (in green) on the right. 
Reproduced with permission from ref. 26. Copyright © 2011 Royal Society of Chemistry.  

1.2.2 | Amorphous Calcium Carbonate and a Dense Liquid Phase  
A large amount of research is currently focusing on the role and nature of amorphous 

calcium carbonate (ACC), an instable form of CaCO3 that is generated at sufficiently high 

supersaturation27. In both synthetic and biological systems, the formation of crystalline 

CaCO3 often occurs via this metastable transient phase22, 28-30. However, in several 

biological systems ACC occurs as a functional, stable phase, which is structurally and 

compositionally different from the transient form31 (for more details see Section 1.5). 

Experiments32 and simulations33 have indicated that the common, instable form of ACC 

contains ~1 H2O molecule per CaCO3 unit, and converts to the crystalline forms through 

a dehydration mechanism29, 34, 35, for which both solid-state transformations29, 34-36 

(indirectly from the anhydrous ACC form) and dissolution-re-precipitation37-40 

mechanisms have been reported32, 41. Although most studies have investigated ACC in the 

solid state, a recent report using in situ liquid phase electron microscopy proposed that 

ACC may show solid- or liquid-like behavior depending on the degree of hydration42. 
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Furthermore, several studies presented evidence for the formation of ACC from a 

highly hydrated dense liquid phase (DLP) through a liquid-liquid phase separation. Such a 

dense liquid phase has been proposed to appear as a short-lived transient phase in pure 

calcium carbonate mineral solutions43-47, but can be temporarily stabilized by 

polyelectrolytes forming a so-called polymer-induced liquid precursor (PILP)48-52. The 

liquid-liquid phase separation can occur either through a binodal46 or spinodal43, 47 

separation and results in a highly hydrated dense liquid phase (DLP) rich in calcium 

carbonate co-existing with a more dilute aqueous ionic solution. It has been suggested that 

ACC is able to form from the DLP44 through a dehydration mechanism43. However, 

direct visual evidence in pure solutions of a DLP rich of CaCO3 is still lacking.  

1.2.3 | Prenucleation Species 
In the last decade, the existence of thermodynamically stable prenucleation clusters 

(PNCs) has been proposed53-55, 141. These would act as primary particles in CaCO3 

mineralization, and be present even in undersaturated solutions53. Subsequently, these 

nanosized species were presented as liquid-like ionic chains of cations and anions held 

together by ionic interactions54, having greater stability than the free ions in solution. The 

existence of such stable prenucleation species and their proposed role in the nucleation of 

CaCO3 would contradict the classical mechanisms of nucleation. 

However, a more recent study proposed that such clusters would more likely be 

classical nucleation clusters that, in the spinodal regime43, may show thermodynamic 

barrier-free growth to form ACC nanoparticles53. In addition, the feasibility of the 

proposed “non-classical nucleation pathway”53, 54 by aggregation of thermodynamically 

stable calcium carbonate PNCs has been debated56, 57 (see also Figure 1.3c), as it would 

increase the barrier to nucleation. 

1.3 | Classical Nucleation Theory (CNT) 
The first concept of classical nucleation theory was introduced in the 1930s and is largely 

attributed to work by Becker, Döring, Volmer and Weber58, 59 based on ideas of Gibbs60. 

This theory has been widely used and accepted over the last few decades to describe the 

phenomena associated with the ubiquitous nucleation process, where a new 
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thermodynamic phase is created by the formation of small embryo’s (or nuclei) of a new 

phase from a supersaturated solution through stochastic (microscopic) density fluctuations. 

These density fluctuations occur by random collisions of the dissolved constituents, whose 

spatial and temporal distributions are unpredictable. CNT distinguishes between 

homogeneous nucleation and heterogeneous nucleation, which will be addressed below.  

1.3.1 | Homogeneous Nucleation 
For homogeneous nucleation from bulk solution (Figure 1.2a) the change in Gibbs free 

energy ΔG is given by the sum of a bulk term, ΔGb, and a surface term, ΔGs, according to  

ΔG = ΔGb + ΔGs = ̶
4
3

πr3Vm
 ̶ 1Δμ + 4πr2α (1.1) 

with r the radius of the assumed spherical nucleus, Vm the volume per building unit, the 

chemical potential Δμ = kBTσ with σ the supersaturation, T the temperature, kB 

Boltzmann’s constant, and α the interfacial free energy (Figure 1.2b). Here, for CaCO3, σ 

can be expressed as 

= ln
aCa2+ × aCO3

2 	̶

Ksp
 (1.2) 

with aCa2+ and aCO3
2		̶ the activities of calcium and carbonate ions, respectively, and Ksp the 

equilibrium solubility product. Since the bulk term varies with  ̶ r3 and the surface term 

with r2, the sum of these two terms contains a maximum that occurs at dΔG/dr = 0. Thus, 

the value of r at this point (critical radius rc) can be determined by taking the derivative of 

Eq. 1.1 and is given as 

rc = 
2Vmα

kBTσ
 (1.3)

Below this critical size the nucleus will dissolve as the unfavorable surface term dominates, 

while when it exceeds this size, the favorable bulk term governs its ability to grow (Gibbs-

Thomson effect61, 62). At rc, the positive excess free energy ΔGex acts as a  thermodynamic 

barrier63 for nucleation, and thus precipitation can occur only if a critical supersaturation 

is exceeded. Therefore, the probability of nucleation can be tuned by varying either the 

supersaturation or the interfacial energy (e.g. through the solution composition). 
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Figure 1.2 | Homogeneous nucleation (a,b) vs. heterogeneous nucleation (c,d). (a) Shows the 
formation of a spherical nucleus with radius r that leads to Gibbs free energy changes shown in (b). (c) 
Heterogeneous nucleation of a hemisphere on a foreign substrate with radius r, for which the Gibbs free 
energy changes are given in (d) by the orange line. The energy barrier for homogeneous nucleation (blue 
line in (b,d)) ΔGex, hom is larger than that for heterogeneous nucleation ΔGex, het. For details, see text. 

1.3.2 | Heterogeneous Nucleation 
The phenomenon of heterogeneous nucleation comprises nucleation that is triggered by 

contact between the nucleus and a foreign substrate and thus differs from homogeneous 

nucleation that occurs uniformly over the whole volume of the system. When we discuss 

heterogeneous nucleation along the lines of the CNT, we assume a nucleus in the form of 

a hemisphere with radius r (Figure 1.2c), where the free energy change can be given as 

ΔG = ΔGb + ΔGs = ̶
2
3

πr3Vm
̶ 1Δμ + πr2(2αlc+ αsc 	 ̶ αls) (1.4) 

with αlc the interfacial tension between the liquid and the crystal, αsc that between the 

substrate and the crystal, and αls that of the liquid and the substrate, respectively (Figure 

1.2c). The expression for the critical radius rc now becomes64 
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rc = 
2Vmα'
kBTσ

 (1.5) 

where α’ can be expressed as 

α' = αlc
1 ̶ (αls  ̶ αsc)

2αlc
 (1.6) 

Therefore, ΔG is reduced when the term in brackets in Eq. 1.6 is smaller than unity (i.e. 

when αsc < αls). In other words, the free energy change for homogeneous nucleation 

ΔGex, hom is larger than the free energy change for heterogeneous nucleation ΔGex, het, and 

the presence of the substrate increases the probability of nucleation with respect to 

homogeneous nucleation (Figure 1.2d).  

1.3.3 | Nucleation Rates and Ostwald-Lussac Law of Stages 
The thermodynamic barrier ΔGex for homogeneous nucleation as indicated in Figure 1.2b 

and c can be determined by substitution of Eq. 1.3 into Eq. 1.1 to yield 

ΔGex = 
16
3

πα3 Vm

kBTσ

2

= B
α3

σ2 (1.7) 

(note that for heterogeneous nucleation by substitution of Eq. 1.5 into Eq. 1.1 this 

expression is identical, save for α’ instead of α).  

In CNT the nucleation rate J, defined as the probability of forming a nucleus per 

unit time and unit volume (nuclei m–3 s–1), is independent of sample size59. While J is 

dependent on ΔGex, it also depends on an effective kinetic barrier EA, due to reactions such 

as ion binding to the developing nucleus, desolvation of solute ions, and structural 

arrangements64:  

J = A e 
̶  EA
kBT e 

̶  ΔGex
kBT (1.8) 

with A being a pre-exponential factor depending on many properties of the material63. 

Substitution of Eq. 1.7 into Eq. 1.8 yields  

J = A e 
̶  EA
kBT e 

̶  Bα3

kBTσ2 (1.9) 

which highlights the strong dependency of the nucleation rate on the surface energy and 

supersaturation. As a prominent example, with an interfacial free energy of calcite in 
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solution of 109 mJ m–2 (ref. 65), the thermodynamic barrier ΔGex for homogeneous 

nucleation of a calcite rhombohedron becomes approximately 175 kBT (or 434 kJ mol–1 at 

293 K) for an equimolar CaCl2 : NaHCO3 solution of 10 mM (σ = 3.5)57.   

Depending on the energy landscape, the possibility exists that the size of the 

kinetic barrier is (much) smaller than the thermodynamic one, and therefore a more 

disordered and less stable state is formed. This for instance is shown for (biominerals of) 

calcite that can start out as ACC66 which in time transforms to its lower energy crystalline 

counterpart. Thus, amorphous phases (such as ACC) are common under kinetically 

favored conditions (Figure 1.3b), which is an example of a phenomenon captured in the 

Ostwald-Lussac law of stages: This law holds that the pathway to the final crystalline state 

will pass through (all of) the less stable states in order of increasing stability67. 

 
Figure 1.3 | Pathways of CaCO3 crystallization under thermodynamic and kinetic control. (a,b) 
The free energy of activation (ΔG) associated with nucleation (n), growth (g) and phase transformation 
(t) governs whether a CaCO3 system follows a one-step route to the final mineral phase (pathway a) or 
proceeds by a multistage pathway of sequential precipitation (pathway b). (c) illustrates a schematic of the 
energy landscape if primary particles (clusters) are involved in the nucleation process. More specifically, 
the excess free energy ΔGex, relative to that of the free ions present in solution is given, normalized to the 
bulk surface energy, as a function of the average cluster size. The hypothetical absolute minimum in 
energy corresponds to formation of stable clusters, while the local minima would relate to metastable 
clusters, with by definition a lower free energy than the free ions. Reproduced with permission from: (a,b) 
ref. 68. Copyright © 2003 Wiley-VCH, (c) ref. 69. Copyright © 2013 Nature Publishing Group. 

  

When the nucleation process involves clusters or primary particles, the nucleation 

pathway is ultimately determined by the dependence of the free energy on cluster size and 
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configuration (Figure 1.3c). At a given supersaturation, the sign of the excess free energy – 

positive if primary particles are metastable, while negative in the case if they are stable – 

dictates whether particle aggregation first nucleates an amorphous phase or directly forms a 

crystalline structure70.  

Hence, often nucleation pathways in the CaCO3 system comprise much more 

than a single step towards the crystalline state. In general, kinetically controlled 

crystallization can be achieved by high supersaturation promoting rapid particle nucleation 

of the kinetically favored crystal modification according to Ostwald-Lussac’s step rule, or – 

as for example employed in biomineralization – by modification of the interactions of 

nuclei and developing crystals with solid surfaces and soluble additives. 

1.3.4 | Some Caveats of the CNT 
Essential assumptions of CNT are that the nucleus is spherical  ̶  while in fact irregular 

shapes may occur71  ̶  and grows only by addition of monomeric units, although molecular 

interactions and collective phenomena, e.g. fluctuations of concentrations by the 

aggregation process are neglected. Whereas CNT provides a good qualitative description 

of relative nucleation rates, problems arise when trying to employ it in a quantitative 

interpretation of experimental data. For instance, the so-called “capillary assumption” 

includes the approximation that the molecular arrangement in the newly formed crystal’s 

nucleus is identical to that of the macroscopic crystal and hence the surface free energy of 

the nuclei will be equal to that of the bulk crystal’s interface while experimentally this does 

not hold72.  

Moreover, CNT assumes density and structure fluctuations to occur at the same 

time. However, within a liquid-liquid phase separation process (see next Section), the 

molecules or ions contained in the high density region formed through density 

fluctuations may sequentially attain an ordered arrangement. The structure fluctuation is 

superimposed on the density fluctuation in such a way that during the lifetime of a density 

fluctuation, as it grows and decays, the material in the high density region may attain 

ordering and finally a crystalline nucleus (or amorphous solid) is obtained.  
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1.3.5 | CaCO3 – H2O Phase Diagram and Phase Separation  
Liquid-liquid (L-L) phase separation of supersaturated solutions is a well-known process 

in the study of many polymer solutions73, protein systems44,45, and more recently has also 

been proposed and studied in the CaCO3 mineral system43-47
.
 This process leads to a two 

phase system consisting of a solute-rich phase and a solvent-rich phase, with in general  ̶ 

depending on the solvent properties  ̶  a high and low density, respectively.  

In Figure 1.4a, the thermodynamics underlying the phenomenon of phase 

separation are illustrated within a phase diagram for an arbitrary binary system with a 

lower critical solution temperature (LCST; or the minimum temperature at which 

thermally induced demixing occurs). The composition of the two phases at equilibrium 

varies with the temperature: In the homogeneous region of the phase diagram (point (1)) 

there is no driving force for phase separation and the solution is stable to fluctuations. By 

changing the composition at constant temperature (black arrow), the blue line that is 

encountered (point (2)) is the so-called binodal line, separating a miscibility gap (i.e. a 

two-phase mixture of components) from the homogeneous solution. When crossing the 

binodal, a binary mixture is able to form two separate phases since the system finds itself in 

a metastable state. Upon increasing the supersaturation, the region between points (2) and 

(3) resembles the situation where binodal demixing occurs according to a classical 

nucleation mechanism as described by the CNT. The red boundary (point (3)) is referred 

to as the spinodal curve, where decomposition happens spontaneously and the 

thermodynamic barrier for phase separation vanishes completely (as opposed to Eq. 1.7 in 

Section 1.3.3).  

An initial phase diagram of temperature vs. CO2 concentration in supersaturated 

CaCO3 solutions was postulated to describe temperature dependent formation of ACC, 

with an LCST of 10 °C (ref. 46). Later, with the help of computer simulations another 

diagram was constructed to include formation of other solid forms of CaCO3 (calcite, 

vaterite, aragonite and ACC)43 (see Figure 1.4b). Importantly, this phase diagram allows 

description of both classical ion-by-ion and cluster-mediated crystallization pathways (with 

the latter defined as the barrier-free growth of clusters after crossing the spinodal43) 

without invoking non-classical constructs as suggested for PNCs53, 54. 
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Figure 1.4 | Illustration of the phase diagram of (a) an arbitrary binary system and (b) CaCO3 with 
a lower critical solution temperature (LCST). (a) For explanation, see text. (b) At very low ion activity 
product and temperature, a single solubility line (SL) separates the solubility of all CaCO3 polymorphs 
from the blue undersaturated solution area where no new phase is able to form. When increasing the ion 
activity product at a constant temperature (green line), the liquid-liquid coexistence line is encountered 
(L-L), where indirect nucleation of solid phases (calcite, vaterite, aragonite and ACC) is possible. The 
yellow area between the L-L and the spinodal line (SP, in red) indicates the zone where nucleation of a 
DLP is possible, while the region bounded on the right side of the spinodal line the solution is unstable to 
fluctuations and liquid-liquid phase separation spontaneously occurs. Reproduced with permission from 
ref. 43. Copyright © 2013 AAAS. 

1.4 | Crystal Growth 
The second major stage of the crystallization process, crystal growth, describes the addition 

of new growth units (atoms, ions, molecules or particles) to the surface of a crystal. 

Growth from a supersaturated solution takes place because the flux of growth units 

(depending on the solute activity) attaching to the crystal surface exceeds the flux of 

growth units that detach from the surface. If the solubility of a crystal is high compared to 

a sparingly soluble crystalline material, even at equivalent supersaturation conditions the 

flux of growth units to the surface will be higher for the material with the high solubility 

and thus its growth will proceed faster74. 

1.4.1 | Classical Growth Mechanisms 
A molecular-level view of classical crystal growth mechanisms is given in Figure 1.5. Here, 

the surface consists of raised partial layers (steps), incomplete steps (kinks) and flat regions 
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(terraces)75, 76, initially introduced by Kossel77 and Stranski78 (Figure 1.5a). Kinks are sites 

created via attachment and detachment of growth units, where the chemical potential per 

molecule μ of a growth unit at a kink is equal to that of the crystal itself79. It is at these 

sites that growth units preferably attach, since they can bind to a higher number of 

neighboring units compared to growth units attaching directly to the terraces or flat step 

edges (or conversely more easily leave from kinks rather than from complete step edges or 

embedded sites in terraces). Therefore, the rate at which growth units are added to or 

removed from the crystal surface scales with the kink density80, where the latter is in turn 

determined by the strength and anisotropy in bonding in the crystal lattice.  

Energy barriers determine the kinetic processes of attachment and detachment, 

where the barrier to desolvation (i.e., breaking bonds to solvent molecules) is dominant in 

attachment of a solute molecule to the step75, 76. Evidently, these processes are related to 

the solvent structure, which is determined by solution properties and composition, such as 

pH, temperature and ionic strength. This is captured indirectly in the determination of 

the step velocity v of a growing step for a pure crystal which can be expressed as 

v = βVm(a 		 ̶ ae) (1.10) 

with β the step kinetic coefficient75, 76, Vm  the specific molecular volume of the crystal, and 

(a – ae) the difference in actual and the equilibrium activities of the solute75. For CaCO3, 

at equal activities of calcium and carbonate (a(Ca2+) = a(CO3
2–)), we have a = a(Ca2+) and 

ae = Ksp/a(CO3
2–) (see Eq. 1.2).   

The classical basic relationship between the structure of a dislocation source in a 

crystal and the resultant growth spiral during the growth of single crystals was proposed by 

Burton, Cabrera, and Frank81 (termed the BCF model). Within this simple model, the 

growth rate Rm of an isotropic spiral (as shown in Figure 1.5b), given as the product of 

step velocity v and hillock slope p, is derived by82 

Rm = pv = 
h

W 
v =

maeβhkBT
8α

eσ 	 ̶ 	1 σ (1.11) 
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Figure 1.5 | Schematic of growth units at a crystal surface by attachment of monomers to step 
edges on either (a) islands or (b) a growing dislocation spiral. (a) A growth island with length L and 
indicated distance between two adjacent “monomers” in the crystal lattice a (inset) is able to nucleate on 
the terrace, provided it overcomes the free energy barrier to 2D nucleation. Solute growth units are able 
to enter kinks either by direct attachment from solution or after adsorbing and diffusion across the 
terraces. (b) The geometry of a dislocation hillock is shown, with step height h and terrace width W and a 
steps moves with velocity v. R is the growth rate of the hillock, which can be expressed as R = vh/W. A 
new segment of the step cannot move until it reaches a critical size L (see ref. 83), thus leading to the 
spiral structure formation. Reproduced with permission from ref. 64. Copyright © 2003 Mineralogical 
Society of America. 

Here, α is the step free energy, h and W the step height and width respectively, m the 

Burgers’ vector that indicates the size and direction of the dislocation, and the definition 

of the supersaturation σ ≡ ΔG/RT with R being the gas constant. These growth rates have 

been quantified for calcite at the atomic scale in pure growth solutions with the use of in 

situ atomic force microscopy (AFM)82-84. Here, the growth rates were found to contain a 

superlinear dependence upon supersaturation: At low σ, growth occurs by step flow at 

defects, in particular spiral growth, while at higher σ a crossover occurs towards 2D surface 

nucleation82.  

Crystal faces that contain a low interfacial energy grow slowly and thus determine 

the equilibrium shape of the crystal (Wulff’s theorem85), which is defined by the sum of 

the individual products of surface area times interfacial energy64. Here, calcite provides an 

excellent example, where the set of low surface-energy {104} planes determines the typical 

rhombohedral morphology86. At these planes, the crystal face mimics the spiral hillock 

shape, which in turn mimics the shape of the critical step segment L (Figure 1.6a).  
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As a result of these relationships, the shapes of crystals can be changed by the 

introduction of ions87-90 (Figure 1.6b) or macromolecules91-95 as impurities (Figure 1.6c,d) 

that are able to modify step morphology through impurity-step interactions. In total, there 

are four main mechanisms by which the addition of such growth modifiers are able to 

change crystal shape by modification of growth hillocks, either by changing step speed or 

the step edge energy64: 1. Step pinning 2. Kink blocking 3. Impurity incorporation 4. Step 

edge adsorption.  

Step pinning occurs by impurities that block attachment of molecules to step 

edges. The step can therefore only advance by growing around these blocked sites96. Kink 

blocking is a phenomenon that results if impurities adsorb to kink sites for short residence 

times, effectively leading to a reduction in kink site density75. Incorporation of impurities 

in crystals growing from aqueous solutions can take place when impurities attach at kink 

sites along a step edge or when they are captured by advancing steps67, 68. The crystal 

structure is then typically distorted due to lattice strain, and the internal energy of the solid 

is increased74. This increase in energy is manifested as an increase in the solubility (Ksp) of 

the crystal, leading to a lower effective supersaturation93, as is reflected in the relation 

between Ksp and σ in Eq. 1.2. Lastly, impurities that are able to adsorb onto step edges 

have the ability to lower the step edge free energy γ. At a certain threshold concentration of 

impurities, the minimum energy step shape alters its format to a new, lower energy, and 

thereby changes the equilibrium shape92. 

Figure 1.6 | How crystals can change shape. An AFM image of growth hillocks in solution is shown in 
each panel (main image), complemented by a scanning electron microscope (SEM) image of the crystal 
shape (inset), where dashed white lines indicate the glide plane symmetry. (a) Pure calcite. (b) Calcite 
with addition of Mg2+ (ref. 74); inset shows crystals grown at Mg2+:Ca2+ mole ratios  of 1.5 (left) and 2.0 
(right) [after ref. 97]. (c) shows D-aspartic acid binding to a particular step on calcite92. (d) Calcite plus 
AP8 protein extracted from abalone nacre [after ref. 91]. Reproduced with permission from ref. 98. 
Copyright © 2004 AAAS. 
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1.4.2 | Non-Classical Crystal Growth Mechanisms 
Over the past decades, our understanding of crystal growth mechanisms has improved 

dramatically. One significant advance has been the recognition that growth does not 

necessarily occur monomer-by-monomer in a classical fashion, but can also proceed via 

attachment or aggregation of either amorphous or crystalline particles for a wide range of 

materials99, 100. The diversity of crystallization pathways by particle attachment has been 

schematically summarized in Figure 1.7. One example is the oriented attachment (OA) 

route, which proceeds by repeated attachment of crystalline nanoparticles on specific 

crystal facets with a lattice match, either across a formed twin or stacking fault boundary, 

or by true crystallographic alignment101-104. Furthermore, kinetically stabilized 

superstructures of aligned nanocrystals105, termed mesocrystals106-108, can be formed and 

through fusion subsequently transform into single crystals109, or may remain stabilized at 

particle interfaces by additives such as polymers106. 

Figure 1.7 | Multiple crystallization pathways including nonclassical growth mechanisms. The 
classical crystal growth model is represented by the grey curve. Higher-order species such as multi-ion 
complexes, liquid droplets and nanocrystals are able to form by particle attachment and can grow towards 
the schematically represented bulk crystal that reflects a final single crystal state. Reproduced with 
permission from ref. 100. Copyright © 2015 AAAS. 

Although often the external morphology, surface roughness and microstructure 

have been used as evidence for particle-based processes, they might be misleading and 
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mostly do not give information on the attachment mechanism. As a noticeable example, 

recrystallization and coarsening processes of mineral particles were directly observed by 

transmission electron microscopy (TEM) in solution, thus erasing evidence of (a part of) 

previously formed structures110. Nevertheless, particle attachment processes have important 

consequences for the structure and properties of these materials. They can lead to exotic 

morphologies and nonequilibrium structures106, 108, 111, 112, misorientation between their 

constituting nanoparticles can give rise to structural defects106, 113, and hybrid organic-

inorganic structures can be created in which the co-aligned nanoparticles are surrounded 

by organics106, 113. 

1.5 | Biomineralization of Calcium Carbonate 
Many of the crystallization routes in Figure 1.7 have been recognized in the formation of 

biominerals. Biominerals are, as the name implies, minerals (or naturally occurring 

inorganic substances) formed in or by a biological environment or system. This process 

known as biomineralization19 is extensively encountered across all kingdoms of life: to 

date, over 65 different kinds of biological minerals can be distinguished. The most 

noticeable amongst these include calcium carbonate (used extensively in invertebrates), 

calcium phosphate (mostly as inorganic material in vertebrates), iron oxides (e.g., found in 

magnetotactic bacteria114 and chiton teeth115) and silicon dioxide (in, e.g., diatoms116 or 

plants117).  

Biominerals often contain striking morphologies (e.g., as demonstrated by the 

coccolith formed by single-celled algae17, 18, see Figure 1.8a), with little resemblance to 

their synthetic counterpart (rhombohedral calcite). Besides their often stunning 

appearance they may, for example, have functional properties in the form of shells and 

skeletons serving as protection or providing structural support for the organism, and are 

often characterized by extraordinary mechanical properties such as high toughness118 or 

strength15, 16. In addition, biominerals can possess specific optical properties as elegantly 

demonstrated by the calcitic microlenses in the photosensory organs of brittle stars119 or 

other functional properties as demonstrated by aragonitic otoliths that serve as gravity-

sensing organs of zebrafish120. 
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Truly remarkable, the creation of these minerals often occurs at particularly mild 

conditions (physiological temperature, pressure, and pH). A hallmark of biomineralization 

is that regulation of mineralization at these conditions is achieved within localized small 

volumes (or compartments)121, where tight control is achieved over ions and (precursor) 

phases through interplay with soluble organic macromolecules and insoluble matrices 

located within20, 66. These strategies that living organisms employ all contribute to the 

superior regulation of the nucleation and growth processes – and thereby of the size, shape, 

structure, texture and orientation – of minerals, as compared to the degree of control that 

can be obtained by chemical synthesis.  

A beautiful example is that of the sea urchin spine (Figure 1.8b), which consists 

of a single crystal of calcite122.  The spine has the ability to regenerate itself123-125 through 

initial acquisition of inorganic ions from seawater which first form short-lived, disordered 

hydrated ACC structures, which subsequently transform  ̶  via an intermediate dehydrated 

ACC  ̶  into calcite 29, 34, 124, 125. The strategy that the sea urchin employs to achieve this is 

to “package” the transient ACC into vesicles, that are subsequently fed into the crystal 

deposition site (a triradiate-shaped giant vesicle or syncytium126), which in essence is a 

dynamically adapting membrane-bound compartment, highlighting the important role of 

compartmentalization during the “molding” of the biomineral127. Furthermore, soluble 

macromolecules (mostly (glyco)proteins) and Mg2+ ions ̶ typically present in 

concentrations < 1 wt%122, 128  ̶  are able to stabilize the ACC against rapid crystallization 

and are occluded inside the single crystal during its formation, creating defects in the 

lattice which strengthen the crystal against fracture31, 128. 

Another example is illustrated by shells of mollusks, containing an outer prismatic 

layer composed of calcite, and an inner lamellar shell layer, called nacre (or mother of 

pearl). Nacre is an organic-inorganic composite material containing a so-called brick-and-

mortar structure (Figure 1.8c) of aragonite platelets, together with only a few percent of 

organic material (in the form of proteins and polysaccharides129,130). These 

macromolecules, present in only < 5 wt%, allow for toughness and ductility, resulting in a 

3,000-fold enhanced fracture resistance compared with pure aragonite131. Nacre forms 

extracellularly in an isolated space between the shell and the epithelium mantle cells132, 

which secrete porous, hydrophobic and water-insoluble sheets of the polysaccharide ß-
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chitin133, within an acidic silk-like protein environment133, 134. Mineralization then can 

proceed by deposition of stabilized ACC135 onto the organic insoluble scaffold, where the 

ACC is able to fuse together and subsequently can crystallize. Thereafter, the crystalline 

seeds may grow and fuse by particle attachment, leading to a mature, single-crystalline 

tablet crystal of aragonite136. Acidic immobilized macromolecules present on the chitin 

surface have been proposed as plausible nucleation sites for such a tablet, however, how the 

initial nucleation process of such a tablet occurs remains poorly understood (Figure 

1.8d)137, 138. 

Figure 1.8 | CaCO3 biominerals and their structure. (a) SEM image of a coccosphere of Emiliania 
huxleyi, composed of individual plate-shaped single crystalline coccoliths of calcite. (b) The inset shows 
the sea urchin Paracentrotus lividus (inset), which can regenerate its spine of single crystalline calcite after 
5 days growing on the original broken spine as shown by the SEM image. (c) The red abalone shell’s 
nacreous layer is illustrated (top), which is enlarged in the bottom SEM image, displaying a typical brick-
mortar structure of aragonite tablets interspaced by organics. (d) Schematic of the demineralized organic 
matrix of the mollusk Atrina rigida with indicated organic macromolecules, as a model matrix-mediated 
biomineralization system. Scale bars: (a) 1 μm, (b) 200 μm, (c) 5 μm. Reproduced with permission 
from: (b) ref. 124, Copyright 2004 © AAAS, (d) ref. 137, Copyright © 2001 Elsevier. 
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1.6 | Biomimetic Synthesis of Calcium Carbonate 
Inspired by the numerous beautiful examples that Nature offers, in recent years substantial 

progress has been made in the understanding of how biomineralization occurs, and steps 

are now taken to exploit the basic principles that are involved to control nucleation and 

growth of minerals by in vitro investigations139. Many activities have focused on the 

synthesis of CaCO3, employing biomimetic macromolecules which are introduced as 

proxies for biological macromolecules. Most studies focused on interactions of the mineral 

with a water-insoluble and templating matrix, on the investigation of the role of soluble 

additives in the mineralization process, or on a combination of those. These will be 

addressed below. 

Scientists have been trying to relate crystallization procedures of obtained 

(CaCO3) minerals to the structure of the template utilizing two- or three-dimensional 

assemblies as model systems23. These “designer” interfaces include Langmuir monolayers36, 

140-143) and self-assembled monolayers (or SAMs144-150 on mostly gold or silver substrates). 

These are inherently flexible organic surfaces containing functional end groups 

(predominantly -COO–, -OH, -SO3–, and -PO3
2–), which are able to template mineral 

nucleation on distinct crystallographic planes with a high degree of specificity, often 

having particular binding capacities for the ions in solution151. Moreover, mineralization 

experiments using substrates containing polymer films of polysaccharides have shown that 

interfacial energies in the mineralization process can be influenced – and thereby the 

barriers of heterogeneous nucleation152. Three-dimensional templating assemblies 

containing confined volumes have been exploited in the format of porous membranes153-

155, vesicles156  (both having e.g. the possibility of stabilizing ACC) and diffusion-limited 

gel systems157-159.  

By far the largest body of investigations has been performed on the effect of 

soluble macromolecules and inorganic additives160-164, partially due to the simplicity of the 

biomimetic process. These macromolecules include but are not limited to: amino acids165, 

proteins91, 166, 167 and peptides94, 95, 168-170, surfactants171, 172, block copolymers173, 

polyelectrolytes174-176 and dendrimers177. Since the largest amount of occluded organics 

within CaCO3 biominerals were found to be highly acidic and rich in aspartic acid and 
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glutamic acid130, 178, the macromolecules utilized in in vitro mineralization experiments 

often are negatively charged.  

One such well-studied soluble biomimetic additive is the negatively charged 

polyelectrolyte poly-styrenesulfonate (PSS). PSS is assumed to serve as a biomimetic proxy 

for the function of soluble proteins in the formation of biogenic calcium carbonate179, 

partially due to the structural resemblance of the sulfonate groups with charged sulfated 

groups in proteins that have been identified at the crystal nucleation site of the biomimetic 

matrix of nacre (see Section 1.5)180. Wang et al.174, 181 proposed the possibility of the PSS 

to adhere to specific, high energy crystalline faces of the calcite nanocrystals, which in turn 

by self-assembly could form a mesoscopically hybrid superstructure, or mesocrystal (as 

discussed in Section 1.4.2). However, the entire mechanism was inferred predominantly 

from the outer mesocrystalline morphology. Moreover, recent evidence by Kim et al.182 

showed that similar calcite/PSS-MA (PSS-co-maleic acid) crystals could also attain a 

typical morphology associated with a mesocrystal, while TEM imaging provided evidence 

for internal single crystalline character of the crystals. Therefore, the growth mechanism to 

render these mesocrystalline morphologies remains uncertain. Moreover, PSS was shown 

to complex Ca2+ by calorimetry in a study by Sinn et al.183, presumably by binding to the 

negatively charged sulfonate groups, thus reducing the free ion concentration in solution. 

Additionally, ACC nanoparticles were stabilized184, polymorph selectivity of the 

crystallized phase was directed185, 186, and nanoparticulate sizes were controlled179 by the 

addition of PSS. These works all contribute to unraveling the yet unclear mechanisms by 

which PSS is able to modify the nucleation and growth of CaCO3 mineralization. 

1.6.1 | (Dynamic) In Situ Imaging at High Resolution 
A key aspect to understanding and tracking biomimetic crystallization processes is the use 

of in situ methods, since dynamic behavior depends on differences in energy landscapes 

and the barriers that separate these landscapes. These direct observations in a bulk solution 

have been lacking due to the limited spatial and temporal resolution of experimental 

techniques187. However, advanced microscopy techniques, predominantly TEM and 

liquid-phase scanning probe microscopy (including atomic force microscopy (AFM); see 

Section 1.4.1) have significantly contributed to the in situ observations of atomic-scale 

crystal lattices and growth units187.  
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Figure 1.9 | In situ characterization of biomimetic calcium carbonate mineralization by TEM. (a-c) 
Cryo-TEM images of early (a), intermediate (b), and mature stages (c) of CaCO3 crystallization under a 
stearic acid monolayer (black arrow). Inset in (b) is a micrograph taken from a different area. Particles 1,2 
are amorphous; particles 3-5 are polycrystalline; particle 6 is vaterite (001). Scale bars: 200 nm. (d-g) LP-
TEM image series of a nucleated ACC particle in pure solution (d), with a secondarily nucleated 
crystalline phase forming on (or in) the amorphous particle (e). This secondary phase, presenting a typical 
aragonitic sheaf-of-wheat morphology, then grows at the expense of the ACC, where both phases 
maintaining physical contact during the entire transformation (f and g) Scale bars: 500 nm. Reproduced 
with permission from: (b) ref. 141, Copyright © 2009 AAAS, (d) ref. 42, Copyright © 2014 © AAAS. 

Cryogenic TEM (or cryo-TEM) is a rapidly emerging analytical method in 

materials chemistry, which is able to provide snapshots of specimens in their near-native 

hydrated state, currently at less than half a nanometer resolution188, 189. Consequently, in 

recent years, cryo-TEM has been employed to study the role of prenucleation species in 

calcium carbonate141, 190, calcium phosphate187, 191, silica192, and iron oxide70-based 

biomimetic mineralization processes. Moreover, many important time-resolved cryo-TEM 

analysis of biomimetic mineralization processes – including e.g. transformation of ACC 

towards crystalline polymorphs36, 141 – have been elegantly demonstrated (Figure 1.9). 

Liquid-phase TEM (LP-TEM) is able to probe functionality of materials and reveal 

dynamic changes in thin liquid volumes, confined between two electron-transparent 

membranes, often silicon nitride193 (Si3N4) or graphene194. For instance, regarding 

nucleation of CaCO3, LP-TEM demonstrated its use through the dynamic visualization of 
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multiple nucleation pathways operating simultaneously, including direct mineral 

formation from solution and indirectly through transformation of amorphous and 

crystalline precursors42.  

Despite the limitations of TEM195 including sample preparation procedures (for 

instance, blotting in cryo-TEM may lead to oriented objects196; liquid layer thickness 

variations in LP-TEM may lead to different mechanisms due to volume effects), the lack 

of dynamics in cryo-TEM, and significant electron beam effects110, 188 (such as triggering of 

a reaction or affecting nucleation rates), the technique is invaluable to understand and 

implement (bio)mimetic processes. However, in situ observations should be ideally 

supported by information obtained for a whole population by collective (ex situ) 

approaches, such as scattering and spectroscopic techniques197, 198 or simulations199. The 

latter also holds for in situ AFM which – despite limitations as sample-tip interactions or 

drifting due to thermal fluctuations – enables direct observations of mineral nucleation on 

organic matrices191, 200, and post-nucleation growth and interaction with organic 

constituents84, 201-203 as discussed in Section 1.4.1. 

 

1.7 | Objective and Outline of this Thesis 
As previously addressed, multiple complex pathways in calcium carbonate 

(bio)mineralization exist, however, many knowledge gaps remain in understanding the 

interplay between the Gibbs free energy and reaction dynamics. Therefore, the aim of this 

thesis is to gain fundamental, detailed insight into the nucleation, role and transformation 

process of precursor phases, explore their morphology and physicochemical properties, and 

formulate control over them by systematically tuning chemical conditions and addition of 

organic constituents. Hereto, advanced electron microscopy techniques (cryo-TEM and 

LP-TEM) and atomic force microscopy (AFM) at controlled conditions (pH, 

supersaturation levels, etc.) were employed, where we strived to obtain high resolution 

insights in the nanoscopic and microscopic phenomena associated with nucleation and 

growth. More specifically, we explored nucleation of CaCO3 in pure solutions (i.e., 

without organic introduced impurities), and studied the effect of the addition of the 

polyelectrolyte PSS – either as a surrogate for acidic matrix-immobilized macromolecules 

in biomineralization or its role as a soluble additive in CaCO3 crystallization. 
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 Chapter 2 probes the existence and role of prenucleation clusters in the 

nucleation process of pure calcium carbonate solutions by using an automated titration 

system in a dilute solution where the supersaturation level, temperature and pH are 

carefully controlled in time. The experimental conditions were tuned in such a way that, 

according to previous studies, a large fraction of the calcium and carbonate ions present in 

solution should be able to form PNCs. Experimental in situ investigations including high 

resolution cryo-TEM and potentiometric measurements for determining ion 

concentrations are used in combination with molecular dynamics simulations to gain 

insight into clustering behavior prior to nucleation. We conclude that  ̶  at the conditions 

used  ̶  we find solely evidence for involvement of classical species, i.e., ions, ion pairs and 

stochastic associates of these. 

 By constantly increasing the ion activity product through the constant addition of 

a calcium containing solution to the carbonate buffer in the titration system, Chapter 3 

focusses on exploring the nucleation event of the first CaCO3 phase after a critical 

supersaturation has been reached. An extensive study is presented on the discovery of 

liquid-liquid phase separation in the system, where a DLP is able to act as a precursor to 

solid CaCO3 mineral. With the use of cryo-TEM we provide first visual evidence of such 

dense liquid in pure CaCO3 solutions, and by comparison with ACC we demonstrate that 

the DLP contains a significantly higher hydration state. Experimental data support 

simulation results which allows us to quantitatively interpret the images in terms of atomic 

structure and composition. Furthermore, detailed experimental and computational 

investigations on the evolution of morphology and structure of CaCO3 in the titration 

system contribute to the inference that the DLP nucleates within the binodal regime and 

transformation of the DLP proceeds towards solid CaCO3 in accordance with a two-step 

nucleation mechanism via coalescence and dehydration. 

 Chapter 4 explores the function of a biomimetic matrix composed of the 

negatively charged PSS in the nucleation and growth behavior of calcium carbonate. 

Specifically, we employ state-of-the-art LP-TEM and demonstrate the nucleation of ACC 

confined to spheroidal globular complexes of PSS. Through spectroscopic, calorimetric 

and potentiometric determinations we show that these globules are able to bind more than 
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half of the present calcium ions through specific binding with the sulfonate groups, which 

is key in the minerals’ formation process.  

While growth by oriented assembly of nanoparticles in the calcium carbonate 

system recently has been disputed, the mechanism responsible for the creation of 

morphologies associated with mesocrystal formation in PSS-mediated crystallization 

behavior of CaCO3 remains unclear. In Chapter 5, we demonstrate with the use of in situ 

AFM that calcite crystals in supersaturated solutions containing the PSS can attain such 

morphology through mere classical crystal growth processes, while detailed experimental 

analysis provides no evidence for the attachment of amorphous or crystalline CaCO3 

nanoparticles to the growing crystal. 

Chapter 6 considers the insights obtained from this thesis, and the future 

perspective of the research is discussed. Furthermore, preliminary results reveal the 

possibility of the creation of 3D templates in cryo-TEM in the format of a gel to explore 

novel pathways of nucleation and growth in CaCO3 mineralization.  
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CHAPTER 2 
A Classical View of Non-Classical Nucleation: 

On Clustering of CaCO3 Prenucleation Species 

Abstract 
Nucleation is the primary step in a crystallization process and marks the formation of a new 

thermodynamic phase. For calcium carbonate (CaCO3), besides classical nucleation from ions or 

ion pairs, new pathways for nucleation have been postulated in recent years. These so-called non-

classical nucleation mechanisms have been proposed to include the involvement of 

thermodynamically stable prenucleation clusters  –  even present at undersaturated levels – which 

assemble into a nucleus at a critical threshold supersaturation. In this chapter, we slowly increase 

the supersaturation in a controlled titration set-up by the addition of calcium ions to a carbonate 

buffer at controlled pH, while imaging samples within the under- and supersaturated stages at 

high resolution in cryo-TEM. Furthermore, we employ molecular dynamics simulations of such 

clusters, which  ̶  together with the absence of detectable prenucleation clusters in cryo-TEM  ̶  

show that under such solution conditions predominantly ions and ion pairs will be present and 

such clusters will be unstable. Thus, while it is widely accepted that many phase transitions in 

various materials do not follow nucleation pathways as envisaged by the classical nucleation 

theory, we find here that for CaCO3 these long-standing physical concepts of nucleation appear to 

hold. 

The results in this Chapter will be submitted as: P.J.M. Smeets#, A.R. Finney#, W.J.E.M. Habraken, F. 
Nudelman, H. Friedrich, J. Laven, J.J. De Yoreo, P.M. Rodger, N.A.J.M. Sommerdijk. A Classical View 
on Clustering of CaCO3 Prenucleation Species. 
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2.1 | Introduction 
In the process of forming a solid phase out of a supersaturated solution, nucleation is the 

key step governing the timescale of the transition. In order to describe such nucleation 

events, more than one and a half century ago a basic theoretical framework was developed 

that is known as Classical Nucleation Theory (CNT). This framework describes the 

formation of nuclei from the dynamic and stochastic association of monomeric units (e.g. 

ions, atoms or molecules) in solution that overcome a free energy barrier and – above a 

critical size – grow out to a mature crystal.1, 2 Calcium carbonate (CaCO3) is a frequently 

used model system to study nucleation,3, 4 however, despite the many years of effort there 

are still phenomena associated with CaCO3 crystal formation that cannot be readily 

explained or predicted with these classical nucleation concepts, such as certain 

microstructures and habits of biominerals formed by organisms5, or geological mineral 

deposits with unusual mineralogical and textual patterns6. Recent studies have described 

so-called “non-classical nucleation pathways”7 involving thermodynamically stable 

prenucleation clusters (PNCs)8, 9 that are already present in undersaturated solutions, and 

are proposed to not grow, but to form the first solid mineral phase by aggregation8. 

Recently, evidence from analytical ultracentrifugation (AUC)8 and cryo-TEM10 reporting 

PNCs with well-defined (sub)nanometer sizes has been disputed11. Furthermore, the role 

of PNCs in the nucleation process has been questioned, considering that their proposed 

thermodynamic stability should increase the barrier to nucleation, relative to the one for 

ions in solution12. Thus, an open debate remains on the involvement of stable PNCs in the 

nucleation of CaCO3. 

In this work, a combined experimental and computational investigation of 

CaCO3 nucleation is reported using a titration setup with ion-selective electrodes (ISEs) as 

described by Gebauer et al.8, and molecular dynamics (MD) simulations with the force-

field reported by Demichelis et al.9. The possible role of PNCs in this system is 

additionally studied using cryogenic transmission electron microscopy (cryo-TEM) and 

image analysis, low dose selected area electron diffraction (LDSAED) and dynamic light 

scattering (DLS). Our studies confirm that a significant fraction (> 60%) of Ca2+ is bound 

in prenucleation species prior to nucleation of the solid, in agreement with the 

experimental and computational data previously reported on the early stages of CaCO3 
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formation from dilute solution8-10. However, we find no proof for the involvement of 

PNCs. Instead, we show that the data can be completely explained by ion pairing, and 

therefore within the classical concepts of nucleation.  

Figure 2.1 | Investigating early stages of CaCO3 nucleation with titration experiments. (a) Titration 
curve showing the development of amount of free Ca2+ ions as measured by the Ca2+-ISE (n(Ca2+free); red 
line) compared to the total amount of Ca2+ dosed (n(Ca2+total); black line) as a function of time normalized 
with respect to tσ max, at constant pH 9.75 and T = 20 ± 1 °C. All units are in μmol. The amount of 
bound Ca2+ (n(Ca2+bound) = n(Ca2+total) – n(Ca2+free)) is given by the blue curve. Nucleation occurs at ~0.90 
tσ max, (see Chapter 3) after which n(Ca2+free) goes through a maximum and subsequently drops until at 
~1.30 tσ max the equilibrium solution concentration of the solid phase formed has been reached. Black 
arrows indicate typical cryo-TEM sampling points. (b) Reproducibility of titration experiments reflecting 
the stochastic nature of the nucleation process. The average amount of Ca2+free (red), the Ca2+bound (blue), 
and  Ca2+total added to the system (black) over time in seconds for N = 10 experiments, with 
corresponding standard deviations of the distribution. Outliers in standard deviation are due to sample 
acquisition at specific time points. 

2.2 | Titration Experiment 
In the titration experiment a 10 mM CaCl2 solution was slowly added into a 10 mM 

carbonate buffer at 20 ± 1 °C and pH = 9.75 (see Materials and Methods). This pH was 

selected since it reflects a high binding tendency of calcium with carbonate species due to 

high fraction of carbonate ions in the carbonate buffer8. The free Ca2+ concentration 

(c(Ca2+
free)) was monitored using a Ca2+-ISE (Appendix 2.2), and the amount of NaOH 

added to maintain a constant pH was registered. In addition, we measured the free Na+ 
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concentration (c(Na+
free)) using a Na+-ISE. As in the report of Gebauer et al., a typical 

LaMer curve13 was obtained with high reproducibility, which showed a steady increase in 

c(Ca2+
free), followed by a sudden drop indicating nucleation and growth of a new phase 

(Figure 2.1a,b). Titration graphs were normalized with respect to the time at which 

maximum supersaturation was reached (tσ max), i.e. the top of the free Ca2+-curve, to 

account for the variability in nucleation time which is related to the stochastic nature of 

the process (Figure 2.1 and Appendix 2.1).  

2.2.1 | Ca2+ Binding in the Prenucleation Stage 
Comparison of c(Ca2+

free) with the total amount of titrated Ca2+ shows that, in accordance 

with previous data8, before nucleation on average a constant 62.9 ± 1.0% of the Ca2+ is 

bound in solution (from 1000–3000 s; see Figure 2.2a). During the prenucleation stage 

the ratio of free and bound calcium ions in solution (Figure 2.2b) increased slightly in 

time due to the increase in ionic strength, as a result of: 1. continuous addition of CaCl2 

to the carbonate buffer (10 μL min–1) and 2. CO2 influx, which could not be fully 

prevented. The latter leads to increased concentration of H+ directly titrated out with 

NaOH addition (Figure 2.2c) and increased concentration of HCO3
– and CO3

2– (for 

more details see Appendix 2.3). Therefore, over time the small increase in ionic strength 

results in a slightly decreased activity coefficient of calcium. As the standard error in 

NaOH addition is rather large compared to the standard error in the determined 

c(Ca2+
bound), the amount of NaOH necessary to neutralize the H+ released due to 

prenucleation species formation cannot be adequately used to quantitatively analyze the 

composition of prenucleation species (for more details, see Appendix 2.3). Nonetheless, 

the linear addition of NaOH indicated a constant chemical composition of the reaction 

mixture in the prenucleation stage (Figure 2.2c).  

Given the constant ratio of the amounts of free to bound calcium (on average 

n(Ca2+
free)/n(Ca2+

bound) = 0.59 ± 0.01 from 1000–3000 s; see Figure 2.2b) and that both 

the total carbonate concentration (c(C) ~10 mM), and total volume (~25 ml) are 

effectively constant, the equilibrium constant for any prenucleation species of the type 

Cax(CO3)y dictates that also the concentration ratio c(Ca2+
free)x / c(Cax(CO3)y

x–y) is 

constant: 
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  Keq = 
c(Cax CO3 y

x–y)
c(Ca2+

free)
x = constant (2.1) 

From this follows that x = 1 (see Appendix 2.3.4). This suggests that bound calcium in 

solution is therefore present in single Ca2+-based ion association complexes, similar to what 

was previously demonstrated for the case of calcium phosphate14. An alternative 

explanation could be the formation of polymeric assemblies of the type (ion association 

complex)n, if the free energy of binding would be equal for all subsequent additions from n 

= 2,3,4… Such polymeric assemblies were indeed proposed for [Ca(CO3)0]n on the basis 

of AUC8 and molecular simulations9, and for [Ca(HPO4
2–)3]n on the basis of titration 

experiments and cryo-TEM observations14. 

Figure 2.2 | Analysis of calcium binding and NaOH addition in the prenucleation stage (N = 10 
experiments). (a) Ratio of amount of bound Ca2+ ions and the total amount of Ca2+ ions (from 1000–
3000 s). (b) Ratio of amount of free Ca2+ ions and the amount of bound Ca2+ ions (from 1000–3000 s). 
(c) On the primary y-axis, the amount of NaOH total added (in μmol) is given vs. time (orange), which 
is composed for the largest part of H+ influx due to CO2-diffusion (green), measured by performing the 
same titration experiment without addition of CaCl2 solution (reference; N = 3 experiments). The 
difference between the orange and green curve (purple curve) is the NaOH added to neutralize H+ 
released due to Ca2+-binding in prenucleation species. CO2 influx correction was done to yield H+ added 
due to calcium binding in prenucleation species. Bound calcium is given on the secondary y-axis (blue). 
All error bars are standard errors of the mean. The time is in seconds to compare slopes absolutely. 

2.2.2 | Ionic Association Complexes 
To verify whether the titration data could indeed be fully explained by the formation of 

classical ion pairs, the activities of all relevant ions (Ca2+, CO3
2–, HCO3

–, Na+, Cl–, OH–) 

were calculated, taking into account the ionic strength at different time points, and 
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entered into an equilibrium speciation model (MINTEQ; see Appendix 2.4). This model 

not only correctly described the experimentally determined amount of calcium (Figure 

2.3a) and sodium (Figure 2.3b), but also confirmed that the only relevant species prior to 

nucleation are dissolved ions and the classical ion pairs Ca(CO3)0 and Ca(HCO3)+ in a 

96/4 ratio (Table 2.1). Also DLS did not indicate any significant amount of nanoparticles 

in the prenucleation stage compared to the buffer background (Figure 2.4). 

Figure 2.3 | Amount of Ca2+ and Na+ in ion pairs as determined by MINTEQ compared to 
experiment. (a) Free Ca2+ (red line), bound Ca2+ (blue line) and total Ca2+ dosed (black line) of a typical 
titration experiment showing a match with MINTEQ model data (squares of corresponding color). (b) 
Assessment of the amount of free Na+ in solution as determined by MINTEQ (magenta squares) versus 
the average amount of free Na+ determined from N = 3 Na+-ISE measurements (magenta line) with 
corresponding standard deviation of the distribution. The time is in seconds to compare slopes absolutely. 

Figure 2.4 | DLS measurements in the prenucleation stage show insufficient scattering intensity. 
Typical derived count rate for 5 measurements, including that of the buffer. The average count rate is 
given by the red dotted line (< 100 kcps). The inset shows the low correlation coefficient G’ (≲ 0.7, i.e., a 
very low signal-to-noise-ratio) vs. correlation delay times for the same color-coded measurements.  
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Table 2.1 | Distribution of concentrations and activities of ions and ion pairs as determined by 
MINTEQ at 0.20, 0.40, 0.80, and tσ max. The total bound amount of Ca2+ (blue) is for >99% bound in 
Ca(CO3)0 (~96%) and Ca(HCO3)+ (~4%) ion pairs. Similarly, the total Na+ that is bound (green) is 
for >99% bound in Na(CO3)– (~91%) and Na(HCO3) (~9%) ion pairs.  

2.3 | Cryo-TEM Investigation of Cluster Presence 
Cryo-TEM was used to investigate the presence of polymeric assemblies of the type 

[Ca(CO3)0]n in the prenucleation stage, similar as was done for calcium phosphate 

assemblies14. To this end, samples were taken from the titration experiment at different 

time points and vitrified by plunge freezing (see Materials and Methods). Imaging contrast 

was optimized by applying a nominal defocus of –0.5 μm. This defocus value resulted in a 

contrast transfer function (CTF) that allowed the direct interpretation of dark contrast 

objects ≥ 0.9 nm (see Materials and Methods)15, which would permit the observation of 

polymeric prenucleation clusters for which average diameters of 2–3 nm have been 

proposed16. Nevertheless, systematic image analysis of cryo-TEM images recorded at high 

magnification (75.000×; pixel size 1.17 Å) did not reveal any objects larger than 0.9 nm 

during the prenucleation stage (t < 0.90 tσ max, see Figure 2.5). Specifically, a significant 

population of clusters with sizes of ≥ 0.9 nm, as proposed for PNCs 8, 17, was not observed 

in cryo-TEM, thus supporting the conclusions from the titration data. 

0.20 t σ max 0.40 t σ max 0.80 t σ max t σ max

Species 
name

c  (M) a  (-)
%  

Ca2+
bound  

Na+
bound

c  (M) a  (-)
%  

Ca2+
bound  

Na+
bound

c  (M) a  (-)
%  

Ca2+
bound

Na+
bound

c  (M) a  (-)
%  

Ca2+
bound

Na+
bound

Ca2+ 2.09E-05 1.28E-05 4.18E-05 2.56E-05 8.29E-05 5.09E-05 1.03E-04 6.33E-05

CaCl+ 3.27E-09 2.89E-09 1.29E-08 1.14E-08 5.02E-08 4.44E-08 7.70E-08 6.82E-08

CaCO3 (aq) 3.04E-05 3.05E-05 96.4 5.99E-05 6.01E-05 96.4 1.16E-04 1.16E-04 96.4 1.42E-04 1.42E-04 96.4

CaHCO3
+ 1.12E-06 9.90E-07 3.6 2.21E-06 1.95E-06 3.6 4.26E-06 3.77E-06 3.5 5.22E-06 4.62E-06 3.5

CaOH+ 1.05E-08 9.31E-09 2.10E-08 1.86E-08 4.18E-08 3.70E-08 5.19E-08 4.60E-08

Cl – 1.04E-04 9.23E-05 2.06E-04 1.83E-04 4.04E-04 3.57E-04 4.98E-04 4.41E-04

CO3
2– 2.55E-03 1.56E-03 2.52E-03 1.54E-03 2.44E-03 1.50E-03 2.40E-03 1.48E-03

H+ 2.01E-10 1.78E-10 2.01E-10 1.78E-10 2.01E-10 1.78E-10 2.01E-10 1.78E-10

H2CO3 (aq) 2.82E-06 2.83E-06 2.78E-06 2.79E-06 2.70E-06 2.71E-06 2.66E-06 2.67E-06

HCO3
– 7.46E-03 6.60E-03 7.36E-03 6.51E-03 7.15E-03 6.33E-03 7.04E-03 6.24E-03

Na+ 1.21E-02 1.07E-02 1.20E-02 1.06E-02 1.19E-02 1.05E-02 1.18E-02 1.05E-02

NaCl (aq) 5.21E-07 5.23E-07 1.02E-06 1.03E-06 1.98E-06 1.99E-06 2.43E-06 2.44E-06

NaCO3
– 4.05E-04 3.58E-04 91.1 3.97E-04 3.51E-04 91.0 3.81E-04 3.37E-04 90.8 3.73E-04 3.31E-04 90.7

NaHCO3 (aq) 3.85E-05 3.86E-05 8.7 3.77E-05 3.78E-05 8.7 3.63E-05 3.64E-05 8.6 3.55E-05 3.57E-05 8.6

NaOH (aq) 5.03E-07 5.05E-07 5.00E-07 5.02E-07 4.95E-07 4.96E-07 4.92E-07 4.94E-07

OH – 4.36E-05 3.86E-05 4.36E-05 3.86E-05 4.36E-05 3.86E-05 4.35E-05 3.86E-05
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Figure 2.5 | Cryo-TEM image analysis reveals no prenucleation clusters > 0.9 nm. (a) shows a cryo-
TEM image at 0.86 tσ max (–0.5 μm defocus, scalebar 20 nm) Pixel size = 0.1167 nm. (b) displays the size 
distribution (number of objects vs. size) of the image in (a) found utilizing the image analysis procedure 
(see Materials and Methods). The primary x-axis shows the equivalent diameter deq of the objects in nm, 
while the secondary x-axis shows deq in pixels. The shaded blue area (deq = 0–0.9 nm) indicates that 0.9 
nm is the lowest interpretable resolution under the used imaging conditions. The inset (zoom-in of the 
graph), shows the largest objects are < 0.7 nm (i.e. with sizes below the directly interpretable resolution). 
Examples of these are found in (c), where the thresholded objects are shown in green and displayed as an 
overlay on top of the original TEM image (scale bar: 2 nm). 

2.4 | Simulations on Cluster Stability 
These findings contrast the existence of the so-called prenucleation dynamically ordered 

liquid-like oxyanion polymers (DOLLOPs), as suggested by AUC data8 and indicated by 

MD simulations of Demichelis et al.9. For high Ca2+-concentrations (60–500 mM) 50–70 

ns simulations identified DOLLOPs containing up to ~60 ions at pH = 10. However, as 

their simulations at the lower concentrations relevant to the current work were limited to 

only 1 ns, we performed similar simulations (for details see Materials and Methods), 

generating trajectories of at least 15 ns and using solution concentrations and pH values as 

close as computationally feasible to those used in the experiments (10–50 mM). 

An initial pH of 9.9 was achieved by setting the CO3
2–/HCO3

– ratio specified by 

the Henderson–Hasselbach equation using a pKa of 10.33 for HCO3
– ⇄ CO3

2– + H+. 
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Subsequently, Ca2+ was added to neutralize the total charge in the system, generating 

equilibrated free Ca2+ and carbonate (C; combined CO3
2– and HCO3

–) concentrations 

of 5 and 16–26 mM, respectively (Materials and Methods: Table 2.2). Two different 

initial arrangements of the ions were used: in the first type of simulation ions were 

inserted into a box of water as a single cluster with an average ionic coordination 

consistent with DOLLOP taken from extensive random structure search18 and allowed 

to equilibrate over 15 ns (cluster system). In the second type the same number of 

ions was randomly introduced into a volume of water equivalent to that of the 

cluster system and also equilibrated for 15 ns (random system).  

In agreement with the results of Demichelis et al., during the first few 

nanoseconds the cluster simulation maintained polymeric chains with characteristics of 

DOLLOP; however, upon continuing the simulation until 15 ns these polymers 

dissociated into free ions, ion pairs and  ̶  very rarely  ̶  clusters of at most four ions in size 

(Figure 2.6). Random and cluster systems equilibrate to the same state at equilibrium of 

free ions and small associates (Figure 2.6 and Appendix 2.5). Furthermore, binding 

affinities for calcium binding to carbonate or bicarbonate show a preference for Ca(CO3)0 

ion pairs in all simulations (inset Figure 2.6d and Appendix 2.5). In the random system, at 

equilibrium the same ionic species were also found, with 66% of the ion pairs being of the 

type Ca(CO3)0 (Appendix 2.5). During the simulation the pH decreased due to the 

preferred binding of Ca2+ to CO3
2–, which enriches the solution in HCO3

–. Another 

simulation performed at higher initial pH (pH = 10.3) showed an increased preference for 

the formation of Ca(CO3)0 ion pairs (87%) and a further reduction of the larger clusters, 

with only 3% of the Ca2+ bound to 2 carbons (Figure 2.6d, inset). Values closer to the 

predicted 96/4 ratio for Ca(CO3)0/Ca(HCO3)+ (Table 2.1) are expected at higher 

equilibrium pH, but simulations very much larger in system size would be required to 

obtain statistically meaningful values.  

As HCO3
– limits DOLLOP growth, system size effects in computer models could 

lead to an underestimation of equilibrium DOLLOP cluster sizes. Therefore, we 

investigated a series of cluster simulations from an initial (Ca(CO3)20) structure at the limit 

of high pH and at 20–50 mM. These clusters dissociated at all concentrations, where the 
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dissolution rate was highest at the lowest concentration which resulted in ion pairs (70%) 

and clusters not larger than four ions after 45 ns (Appendix 2.6). 

 

2.5 | Discussion 
The results presented above show that, under the conditions used, ion binding in dilute 

solution prior to nucleation can be fully explained by classical concepts. These predict that 

the bound calcium in solution is predominantly present in the form of ion pairs alongside 

a population of clusters stochastically formed from the association of ions/ion pairs, of 

which the abundance decays rapidly with increasing cluster size. It is important to note 

that after the initially proposed narrow size distribution for the PNCs based on analytical 

ultracentrifugation (AUC) experiments8, it was later realized that the sharp peaks in the 

AUC traces reflected the average value for all species in equilibrium on the time scale of 

the experiment (> 8 hours), rather than a distribution of cluster sizes11. Similarly, it was 

realized that the observed size distribution in cryo-TEM10 was in good agreement with a 

classical size-dependent decay in pre-critical cluster sizes. Hence, the interpretation of the 

observed complexes and small associates of up to two ion pairs as thermodynamically 

stable prenucleation clusters hinges on the proposed binding model for cluster formation 

in which the equilibrium binding energy for every ion pair is equal8, 9 and negative9.  

It is of importance to compare our observations described above with the 

experimental finding of Wolf et al.19 and Pouget et al.10, who both presented evidence for 

PNCs in an outgassing supersaturated Ca(HCO3)2 solution (the “Kitano method”20) using 

mass spectrometry and cryo-TEM, respectively. In contrast to the titration experiments 

where the concentration of Ca2+ is slowly and homogeneously increased throughout the 

solution, the outgassing of CO2 in the Kitano method results in a local high 

supersaturation and increased pH at the gas-liquid interface. Both the injection in a 

vacuum system (in mass spectrometry) and the formation of very thin liquid films will 

drive the outgassing of the solution and the resulting increase in supersaturation will 

promote formation of clusters with larger diameters, similar as was observed in the 

simulations at higher concentrations of Demichelis et al.9. Finally, our results run counter 

to the conclusions from a study where CaCO3 was nucleated in the presence of a silica 

precursor, in which nanometer-sized objects observed by cryo-TEM and DLS in solution  
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were attributed to PNCs21.  However, these results can be explained by the presence of 

silica primary particles as demonstrated recently22. In fact, it is not possible to discriminate 

between primary particles of silica and the proposed PNCs on the basis of the data 

presented in that study21. 

Figure 2.6 | Simulations at low CaCO3 concentrations starting from (a-c) a preformed cluster and 
(d-e) a random distribution of ions in solution. Snapshots of (a) a cluster present at the beginning of 
simulation (where the Ca2+ concentration was 32 mM), and (b) ionic species found at the end of a 15 ns 
MD simulation. Calcium, carbon of carbonate and carbon of bicarbonate are shown in gold, purple and 
blue, respectively. Green lines show carbon and calcium within 4.2 Å (i.e. cut-off for Ca–C coordination; 
see Materials and Methods 2.7.8). (c) Time dependence of the relative probability for Ca2+ ions to bind 
to one (black), two (blue) or three (red) CO32–/HCO3– ions during the simulation of the cluster system; 
single coordinated Ca2+ ions is a proxy for ion pairs. (d) Size probability distribution at equilibrium (in 
number of ions, Nions) for ionic species in water for a system with an initial Ca2+ concentration of 26 mM; 
averages were obtained from the final 2 ns of a 15 ns simulation. Ignoring the free ions (N = 1), the peak 
at 2 Nions indicates the dominance of simple ion pairs over larger associates. Inset is the probability of a 
Ca2+ ion coordinating to NCa-C carbon atoms (black) in associated species recorded over the same time 
window. Red and blue data is for binding to CO32– and HCO3–, respectively, highlighting the increased 
affinity for Ca2+ to bind to the deprotonated anion. Error bars represent one standard deviation in the 
distribution. (e) Radius of gyration (Rg) probability densities for ionic species in solution at equilibrium 
for the simulation described in (d). 
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2.6 | Conclusion 
We conclude that there is no compelling evidence for the existence of prenucleation 

clusters in dilute but supersaturated solutions of CaCO3, as previously reported8 and that 

the experimental data presented here and in the literature can be fully explained by 

classical concepts of nucleation: Both experiments and simulations show that all 

observations at lower supersaturation in the prenucleation stage can be described on the 

basis of ions, ion pairs, and small stochastic ion associates. Hence, the nucleation of 

calcium carbonate investigated here, as well as the previously reported nucleation of 

calcium phosphate14 and iron oxide23 can all be explained using the concepts of classical 

nucleation theory. 

 

2.7 | Materials and Methods 

2.7.1 | Chemicals and Solution Preparation 
All the solutions were freshly prepared for every experiment utilizing fresh Milli-Q water 

(resistivity 18.2 MΩ∙cm at 20 °C), degassed overnight with N2. Aqueous NaOH (10 mM) 

and CaCl2 (10 mM) solutions were prepared by dissolving NaOH pellets (≥ 98%, 

anhydrous, Sigma S8045), and CaCl2·2H2O (≥ 98%, Sigma-Aldrich 22350-6) into the 

degassed water. 10 mM HCl was prepared by dilution of HCl 25% (Merck 100316). A 10 

mM carbonate buffer set at pH = 9.75 was prepared by mixing 10 mM Na2CO3 

(anhydrous, Merck 106392) and 10 mM NaHCO3 (GR for analysis, Merck 106329), to 

reach the desired pH-value. 

2.7.2 | The Principal Titration Set-up 
A titration set-up (Metrohm) running Tiamo 1.2 software for constant pH titration was 

used, including Metrohm accessories (see Gebauer et al.8). Briefly, a double junction micro 

pH glass electrode (reference, No. 6.0234.100) and a polymer membrane (PVC) calcium 

(No. 6.0508.110) or sodium (No. 6.0508.100) ion-selective electrode (ISE) were used, 

connected to two 809 dosing devices, controlling a total of four 800 dosing units. 
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2.7.3 | Calibration of the pH and Ion Selective Electrodes 
Calibration of the pH electrode was done using pH = 4.0 (No. 6.2307.100), pH = 7.0 

(No. 6.2307.110) and pH = 9.0 (No. 6.2307.120) Metrohm buffers. The Ca2+ (1) and 

Na+ (2) ISE were calibrated before each measurement.   

(1) Calibration of the Ca2+-ISE: The pH of the 10 mM CaCl2 solution (25 mL) was 

adjusted to 9.75 by addition of 10 mM NaOH. Next, the Ca2+-ISE was calibrated by 

addition of the CaCl2 into 25 mL degassed water at an addition speed of 10 μL min–1. 

Here, the pH was maintained by titrating in 10 mM NaOH and 10 mM HCl while N2 

was gently flown over the solution at constant rate to diminish the influx of CO2.  

(2) Calibration of the Na+-ISE: similar to the procedure as described for calibration of the 

Ca2+-ISE; However, a 1.0 M aqueous NaCl was used instead of a 10 mM CaCl2. The 

calibration was performed in the same concentration range as the precipitation 

experiments to ensure reliable numerical results.  

2.7.4 | Calcium Carbonate Precipitation Experiments 
Experiments were performed at 20 ± 1 °C in a beaker containing a 25 mL 10 mM 

carbonate buffer (Section 2.7.1). To this buffer the 10 mM CaCl2 solution (pH 9.75) was 

dosed at 10 μL min–1, keeping the pH constant by the titration of 10 mM NaOH 

solution. The Ca2+ and Na+ potentials were measured using the Ca2+-ISE and Na+-ISE to 

determine the respective ion concentrations. After every experiment, electrodes, dosing tips 

and beakers were cleaned with 10% acetic acid and rinsed with distilled water. 

2.7.5 | Dynamic Light Scattering (DLS) Measurements 
DLS measurements were performed using a Nano ZS ZEN 3600 Zetasizer (Malvern 

instruments) using a He-Ne laser (λ = 632.8 nm) at 20 °C. Each sample taken along the 

titration curve was analyzed in a disposable 1 mL cuvette. Dispersion viscosity was 1 mPa·s 

(water), and for the growing CaCO3 the refractive index for calcite was applied (n ≈ 1.66). 

Data analysis was performed using Malvern Zetasizer Software 6.01.  

2.7.6 | Cryo-TEM Analysis 
Vitrification Procedure and Imaging - Sample vitrification was carried out using an 

automated vitrification robot (FEI Vitrobot™ Mark III). Sample supports, type R2/2 
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Quantifoil Jena, were purchased from Quantifoil Micro Tools GmbH and contained a 

carbon support film on a copper grid. Prior to use the TEM grids were glow discharged by 

a Cressington 208 carbon coater to render them hydrophilic. Cryo-samples were prepared 

from a 3 μL droplet of sample solution placed on the grid inside the Vitrobot™ chamber at 

100% relative humidity and temperature of 20 °C, after which it was blotted to remove 

excess solution (blotting time 2 s, blot offset –2) and subsequently plunged into liquid 

ethane for vitrification.  

For imaging of the cryo-samples, a Titan Krios™ (FEI) equipped with a field 

emission gun (FEG) and operating at 300 kV was used for high resolution imaging. Image 

recording was performed using a 4k by 4k Eagle CCD camera. Data analysis was done 

with the use of TIA ES Vision software and MATLAB. 

Analysis of clusters from acquired cryo-TEM images using MATLAB - During the 

prenucleation stage, cryo-TEM samples were analyzed for the presence of prenucleation 

species. Hereto we used the Titan KriosTM (FEI, Eindhoven) for being the most powerful 

microscope available in terms of resolution, detector sensitivity and detector size (4k × 4k 

pixels CCD). Of importance is the applied defocus value to interpret the nanosized 

particles. We set a nominal defocus of –0.5 μm to tune the phase-contrast transfer 

function (CTF) of this microscope to balance good phase contrast and a high directly 

interpretable resolution15 of 0.9 nm. Therefore, the vast majority of the proposed particle 

size distribution for CaCO3 prenucleation clusters (~0.7–2 nm) under these conditions 

would be detectable10, 17. Thus in principle we should be able to observe particles of 0.9 

nm or larger in thin specimen layers15. 

The obtained images were analyzed using a MATLAB script. The script entails the 

following procedures discussed in this section.  

1. In order to see if a global threshold binarization is warranted, it has been

investigated if an intensity gradient exists in the images. This has been checked by

applying an extremely heavy smoothing operation, disabling any smaller features

and leaving only the background intensity. The MATLAB function

‘imguidedfilter’ was used (kernel size 200 pixels) with the same image as guiding

image. While this filter is regularly used for edge-preserving smoothing, by
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selecting a sufficiently high degree of smoothing, this feature is disabled. It was 

observed that the variation in intensity in the smoothed image is smaller than the 

standard deviation of the original image. Therefore, it has been concluded that 

the background intensity variations are insignificantly small, and is unnecessary to 

be removed. 

2. Subsequently, the mean intensity I̅ and corresponding standard deviation σ of the 

original image are calculated. The 2.5% most intense dark pixels (i.e. 2σ) are 

selected by thresholding the entire image, i.e. a binary image is created from the 

grayscale image. Thus, every pixel with an intensity Isig lower than I–̅2σ becomes 

the white phase in the created binary image (see Scheme 1c). The criterion for the 
signal-to-noise ratio (SNR) we apply is SNR = (I	–	I

sig
)/σ > 2.

3. From the created binary image, all segmented pixels are labeled into objects with

a connectivity of 8, i.e. a criterion for discerning whether objects are connected or

separated. Using the ‘regionprops’ function, every separate object obtained has

been analyzed for its equivalent circular diameter (deq) given by 2 #pixels/π,

which specifies the diameter of a circle with the same area as the region of pixels

of an individual object (Scheme 1d). As dynamically ordered liquid-like oxyanion

polymers (DOLLOPS) have been reported to contain an oxyanion polymer-like

type of structure, they indeed could be non-spherical objects. By using deq, empty

space (pixels) in objects of irregular shape when measuring a direct diameter is

avoided.

4. Finally, once the size of every segmented object is known, a size distribution

histogram can be produced, from which the presence of larger low intensity

objects in the original image can be analyzed (Scheme 1e).

5. The thresholded objects selected were then colored opaque green, and overlaid on

the original image in an area of 25 × 25 pixels (2.92 × 2.92 nm). A red circle was

added around the object with the geometric center (centroid) overlapping with

the middle of the circles’ diameter, to indicate the selected object. Then, the

objects were ordered from largest to smallest in output.

By taking this approach we make no further assumptions than the thresholding value set at 

the SNR > 2 based on experimental data.  
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Scheme 1 | Prenucleation particle analysis procedure using MATLAB. (a) original TEM image, (b) 

enlarged portion of image in (a), (c) binary image of (b), with darkest pixels segmented, (d) labeled image 

of (c) into individual objects, and (e) equivalent diameter (deq) distribution of found objects. Scale bars (a) 

100 nm, (b) 2 nm. 

2.7.7 | Simulations Setup 
Two types of solution systems were simulated: “random” and “cluster”. Here, the system 

name describes the arrangement of ions in the initial configuration. The details of 

simulations are provided in Table 2.2.  

Random solutions were prepared by randomly populating a cubic simulation cell 

with Ca2+, CO3
2– and HCO3

– ions, such that the distance between any two ions was > 5 Å. 

The box was then filled with pre-equilibrated water which conserved target concentrations 

on the order of 10–3 or 100 mol dm–3, according to whether moderate or high 

supersaturation were being simulated, respectively. From the total number of cations and 

anions the total concentrations for calcium, [Ca2+], and carbon, [C], were calculated, 

respectively. The CO3
2–/HCO3

– ratio was calculated from the target pH using the 

Henderson–Hasselbach equation. The total number of each ion type remained fixed 

throughout the simulation.  

For cluster systems, several thousands of cluster configurations were generated 

from random structure searches of ions in vacuum, followed by sampling according to 

cluster radius of gyration, coordination numbers and potential energy order parameters 

(for a full description, see ref. 18).  From these, a number of low energy clusters spanning 

a range of densities were identified and used in subsequent calculations. Low coordination 

clusters were extracted with a structure consistent with DOLLOP, which has been shown 

as a stable form of calcium carbonate in aqueous solution9. The extracted clusters were 

solvated using the same protocol as for the random systems.  
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The force field employed was that of Demichelis et al.9, with intermolecular 

potentials tapered to zero between 6.0 and 9.0 Å as required, and with SPC/Fw water24. 

This force field accurately models the free energies of ion solvation, crucial for the current 

exercise. Unless otherwise stated, Molecular Dynamics (MD) simulations were performed 

in the NpT ensemble at 298 K and 1 atm with a Nosé–Hoover thermostat (0.1 ps 

relaxation constant) and barostat (1 ps relaxation constant), and electrostatics were treated 

using the smooth particle mesh Ewald method with precision 10–7, and with cubic 

periodic boundaries employed. The timestep was 1 fs, and calculations were performed 

using DL_POLY 4.05 (ref. 25). 

Simulations at the lowest concentrations were run for 15 ns for systems at basic 

pH and up to ~50 ns for all-carbonate cluster systems, with equilibrium averages taken 

from the final 1–2 ns of simulation.  

Equilibrium was taken as the time after which cluster size distributions and 

coordination probabilities, as well as energetic and volume averages, remained unchanged 

within statistical uncertainty on the nanosecond timescale. Equilibrium concentrations 

were calculated from the total number of free ions in solution, averaged over the final 

portions of trajectories. The ratio of free HCO3
– to CO3

2– was used to calculate the pH at 

equilibrium where this was reached.  

2.7.8 | Analysis of Clusters in Simulations 
Simulation trajectories were analyzed at ~0.5 ps intervals. Statistics were gathered for 1 ns 

windows, with those at the end of the trajectory used to report averages for the final state 

of the system. Calcium to oxygen coordination of carbonate (Ca–OC) in clusters was 

defined to occur if the Euclidean distance was within 3.8 Å, i.e. the cut-off distance can be 

given as rCa–OC ≤ 3.8 Å. Calcium to carbon (Ca–C) coordination within clusters was set to 

a cut-off distance of 4.2 Å: rCa–C ≤ 4.2 Å. Clusters comprising a single ion were described as 

free ions in solution. The mass weighted average cluster size, S, was determined as, 

S =
∑ s WS

∑WS
 (2.2) 

with s the number of atoms in the cluster, WS the cluster mass and the sum is over all 

clusters in each configuration. Analysis of cluster properties was performed using an in-
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house analysis package and trajectories were visualized using VMD26. A number of cluster 

properties were calculated as a function of radius; this was measured from the center of 

mass of relevant Ca2+, CO3
2– and HCO3

– atoms and was recalculated for each 

configuration analyzed.  

Table 2.2 | Initial and final concentrations, and pH for a range of solution and cluster simulations 

at 298 or 300 K containing nCarb carbonate, nBicarb bicarbonate, nCa calcium ions, and nWat water 

molecules. Uncertainties of one standard deviation in the data are shown in parentheses. 

System composition t = 0 Equilibrium averages 

Type nCa nCarb nBicarb nWat [C] 
/mM 

 [Ca2+]
/mM 

pH [C] 
/mM 

 [Ca2+] 
/mM 

pH 

cluster 14 6 16 24424 50.5 32.1 9.90 23.8 (1.4) 3.3 (1.2) 8.4 (0.7) 

cluster 20 20 0 55510 20.2 20.2 - - - - 

cluster 20 20 0 37006 30.4 30.4 - - - - 

cluster 20 20 0 27755 40.5 40.5 - - - - 

cluster 20 20 0 22204 50.6 50.6 - - - - 

random 14 6 16 24424 50.5 32.1 9.90 26.4 (1.3) 5.1 (2.4) 7.8 (1.2) 

random 29 12 34 83132 31.0 19.6 9.88 16.4 (0.7) 4.5 (0.8) 7.4 (1.5) 

random 47 30 34 100000 35.9 26.4 10.27 15.5 (0.6) 2.9 (0.4) 8.3 (0.8) 
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A 2 | APPENDIX TO CHAPTER 2

A 2.1 | Normalization Procedure Titration Experiments 
We applied a normalization procedure to compare individual experiments, where we chose 

the time at which the supersaturation reaches a maximum (i.e. a maximum value in the 

free Ca2+ curve; tσ max) as 1 (Figure A 2.1). With this normalization, we are able to indicate 

the point of maximum supersaturation and the bending point (BP) during the growth 

stage. 

Figure A 2.1 | Normalization method for a typical titration experiment. (a) The amount of free Ca2+ 
vs. time (red) is shown on the primary y-axis, and its derivative (black) on the secondary y-axis. The latter 
was smoothed (20 pts; green line) to show where the derivative equals 0 (blue dotted line): tσ max. The 
orange dotted line indicates the bending point (BP) (min. derivative) in the growth stage. (b) Time-
normalized image of (a) with tσ max = 1. 

A 2.2 | Quantification c(Ca2+) in Titration Experiments 
A 2.2.1 Relating Ca2+ potentials to Ca2+ concentrations 

By carrying out a calibration in water with the ISE at sufficiently low concentrations of 

calcium, one is able to relate measured calcium potentials, Uw(Ca2+), with known 

analytical concentrations of calcium c(Ca2+) (ref. 1), via  

Uw(Ca2+) = U0 + s ln
c(Ca2+)

c⊗
(A 2.1) 
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with c⊗the standard concentration,U0 the electrode intercept, and s = RT / 2F the slope in 

case of Nernstian behavior (with R the gas constant, T the temperature, and F  the Faraday 

constant), where the latter two parameters result from the calibration procedure. The 

calcium activity, a(Ca2+), was determined from the calcium potential measured in 

carbonate buffer, Ub(Ca2+), using1 

Ub(Ca2+) = U0 + s ln
a(Ca2+)

c⊗
= U0 + s ln γ(Ca2+)

c(Ca2+)
c⊗

 (A 2.2) 

with γ(Ca2+)	representing the individual calcium activity coefficient. 

A 2.2.2 Determining concentrations of the relevant ions 

The ionic strength I in the buffer system can be expressed via 

I = 0.5 ∑cizi
2 (A 2.3) 

with ci being the molar concentration of the ith ion and zi its charge. For the titration 

experiment of the CaCl2 into the NaHCO3/Na2CO3 buffer we can write, 

 = 0.5 
c(H+)+c OH– +c Na+ +c Cl– +c HCO3

–

+(c(CO3
	2–)∙22)+(c(Ca2+)∙22)

 (A 2.4) 

and calculate the concentration of different free ions in solution (Eqs. A 2.5–2.9) as 

c(H+) =
10–(pH)

γ(H+)
∙c⊗ (A 2.5) 

c(OH–) =
10–(p w–pH)

γ(OH–)
∙c⊗ (A 2.6) 

c(Na+) =
2∙c(CO3

	2–)+c(HCO3
–)+c(NaOHadd)+c(NaOHcal)
γ(Na+)

(A 2.7) 

with c(NaOHadd) = c(NaOHi)·V(NaOHadd)/Vtot, the concentration of NaOH added 

during the experiment, and c(NaOHi) being the initial NaOH concentration (10 mM); 

V(NaOHadd) is the volume of NaOH added to the buffer during the experiment, and Vtot  

is the total volume of solution. c(NaOHcal) represents the concentration of NaOH in the 

set solution of CaCl2 at pH 9.75 expressed as c(NaOHi)·V(NaOHcal)/Vtot with 

V(NaOHcal) the volume of NaOH necessary to set the CaCl2 solution at pH 9.75. 



Appendix to Chapter 2

56 

c(Cl–) = 2∙c(Caadd
2+ ) =

2∙c(Cai
2+)∙V(Caadd

2+ )
Vtot

 (A 2.8) 

where c(Ca2+
add) and V(Ca2+

add) represent the total increase in calcium concentration and 

volume on addition of CaCl2 solution to the buffer, respectively, and c(Cai
2+) the initial 

calcium concentration 

c(Ca2+) = 
a(Ca2+)
γ(Ca2+)

∙c⊗ (A 2.9) 

with a(Ca2+) resulting from the measured potential Ub(Ca2+) via Eq. (A 2.2). 

A 2.2.3 Determining the concentration of carbonate and bicarbonate ions 

The concentrations of carbonic acid, bicarbonate and carbonate in the buffer system can 

be expressed as  

c(Ctot) = c(H2CO3) + c(HCO3
–) + c(CO3

	2–) + c(CO2) (A 2.10) 

where c(Ctot) = 10 mM. The equilibrium of HCO3
– ⇄ CO3

2– + H+ (pKa2 of 10.33 (ref. 2) 

dominates in solution (the carbonic acid and CO2 concentrations are relatively low under 

these conditions, see A 2.3.1). Thus, c(Ctot) can be approximated as shown in Eq. (A 2.11) 

c(Ctot) ≈ c(HCO3
–)+c(CO3

	2–) (A 2.11) 

We can write via the Henderson-Hasselbalch equation3 

pH = pKa2 – log
a(CO3

	2–)
a(HCO3

– = pKa2 – log
c(CO3

	2–)
c(HCO3

–)
γ(CO3

	2–)
γ(HCO3

–)
(A 2.12) 

where the activity ratio a(CO3
2–) / a(HCO3

–) can be calculated as ~0.263. Using Eqs. 

(A 2.11) and (A 2.12), we can express the concentrations c(HCO3
–) and c(CO3

2–) as 

c(HCO3
–) ≈

c(Ctot

1+ a(CO3
	2–)

a(HCO3
–)
γ(HCO3

–)
γ(CO3

	2–)
(A 2.13) 

c(CO3
 2–) ≈ c(Ctot) – 

c(Ctot)

1+ a(CO3
	2–)

a(HCO3
–)
γ(HCO3

–)
γ(CO3

	2–)
(A 2.14) 
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Since we take into account the activities of individual ions, we take γ(CO3
2–) = γ(Ca2+). 

Therefore, the only unknown parameters in Eq. (A 2.5) are γ(HCO3
–) and γ(Ca2+) which 

in turn can be determined using the Davies equation4  

– log γ HCO3
–  = 0.50

I 0.5

1+I 0.5 – 0.3I (A 2.15) 

– log γ Ca2+ = 0.50 z(Ca2+)
I 0.5

1+I 0.5 – 0.3I (A 2.16) 

Using an iterative process we found that on average γ(Ca2+) = γ(CO3
2–) = 0.64 ± 0.03, and 

γ(HCO3
–) = 0.87 ± 0.03 (where uncertainties represent one standard deviation of the 

distribution). These values are in good agreement with experimental values of activities of 

individual ions determined by measuring diffusion potentials in 13 mM NaCl with 

γ(Ca2+) = 0.69 ± 0.02 (ref. 1) under similar conditions. We thus determined I = 15.5 mM, 

c(HCO3
–) = 7.24 mM and c(CO3

2–) = 2.76 mM. 

A 2.3 | Analysis of Ca2+ binding and NaOH addition 
A 2.3.1 Activity of (bi)carbonate species in the system after influx of CO2 

In water, the hydration equilibrium constant KH determines how much of the CO2 is 

converted into H2CO3 

KH =
c(H2CO3)
c(CO2 aq )

 (A 2.17)

Literature values of this parameter range between 1.1–2.6 × 10–3 at 25 °C (ref. 5), 

implying that the majority remains as CO2 molecules, which do not affect pH. To 

calculate c(CO2(aq)) we use Henry’s law 

pCO2
= kH∙c(CO2 aq ) (A 2.18) 

with kH Henry’s law constant for solubility in water (29.41 L atm mol–1 at 25 °C (ref. 6) 

and the partial pressure of CO2. With a CO2 content in air of 0.0314 vol% (ref. 2), we get 
pCO2

= 3.14 × 10–4 atm, which results in c(CO2(aq)) = 1.07 × 10–5 M. Using Eq. (A 2.17) 

with KH varying from 1.1–2.6 × 10–3 yields c(H2CO3) = 1.2–2.8 × 10–8 M. 
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To calculate the activity of carbonate species in solution, we use the apparent 

constant Kapp (ref. 5) 

Kapp = 
a(H+)∙a(HCO3

–)
a(H2CO3)# (A 2.19) 

with pKapp = 6.35 (ref. 2) and 

c(H2CO3)# = c(H2CO3)+ c(CO2(aq)) ≈ c(CO2(aq)) (A 2.20)

we obtain c(H2CO3)# ≈ 1.07 × 10–5 M. The equilibrium for carbonic acid/bicarbonate can 

now be expressed as 

H2CO3 ⇄ HCO3
– + H+ (A 2.21) 

with pKa = 3.45 ± 0.15 (ref. 7) and 

HCO3
–
⇄ CO3

2– +H+ (A 2.22) 

where pKa2 = 10.33 (ref. 2). Via the Henderson-Hasselbalch equation this gives 

pH = pKapp + log
a(HCO3

–)
a(H2CO3)# (A 2.23) 

pH = pKa2 + log
a(CO3

	2–)
a(HCO3

–)
 (A 2.24)

with pH = 9.75, pKapp = 6.35, and a(H2CO3)# = 1.07 × 10–5, Eq. (A 2.23) gives a(HCO3
–) 

= 2.7 × 10–2. From this (and using pKa2 = 10.33), Eq. (A 2.24) gives a(CO3
2–) = 7.1 × 10–3. 

A 2.3.2 Release of H+ by (bi)carbonate species generated due to CO2 influx 

Eq. (A 2.21) and (A 2.22) show that when CO2 diffuses into the solution (and H2CO3 is 

generated), bicarbonate and carbonate species are formed. This results in the subsequent 

release of protons: one or two protons are released during the conversion of CO2 into 

HCO3
– or CO3

2–, respectively. On average, there is a release of 1.31 H+ per CO2 molecule. 

At the end of the reaction we added ~1 × 10–5 mol NaOH (N = 3 experiments) in ~25 mL 

due to diffusion of CO2 into the solution (and thus H+ generation). From this the amount 

of HCO3
–/CO3

2– generated was determined: 1 × 10–5/1.31 = 7.63 × 10–6 mol. In 25 mL 

we found a total concentration increase in HCO3
–/CO3

2– of 0.3 mM. 
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A 2.3.3 Binding behavior of Ca2+ with CO3
2– or HCO3

– in ion pairs 

At a constant pH of 9.75 and temperature of 20 ± 1 °C, the ratio c(HCO3
2–)/c(CO3

2–) is 

constant and in the 10 mM carbonate buffer c(HCO3
–) is stable at 7.24 mM. If calcium 

forms complexes with a carbonate ion in a 1:1 fashion (CaCO3
0), the equilibrium shifts to 

replenish the amount of carbonate, eventually giving rise to a similar solution equilibrium. 

With this replenishing action, 0.724 mmol H+ is released when 1 calcium binds to 1 

carbonate (see Scheme A 2.1). 

Scheme A 2.1 | Schematic representation of the adjustment of constant equilibrium between 
carbonate and bicarbonate at the used conditions in 1 L solution, when a complex of Ca2+:CO32– 
1:1 (CaCO30) is formed. The reaction leads to a total release of 0.724 mmol H+ (adjustment to 
equilibrium (1)), which is compensated by titrating in the same amount of NaOH to yield a constant pH 
value (adjustment to equilibrium (2)). 

If calcium forms complexes with a bicarbonate ion in a 1:1 fashion (CaHCO3
+), 

the equilibrium shifts to replenish the amount of bicarbonate: 0.276 mmol H+ is 

consumed when 1 calcium binds to 1 bicarbonate (see Scheme A 2.2). In other words, 

formation of ion pairs with Ca2+:CO3
2– 1:1 would lead to a molar ratio of NaOH/Ca2+

bound 

= 0.724 (line 1, Figure A 2.2). On the other hand, ion pair formation of Ca2+:HCO3
– 1:1 

in the prenucleation stage would lead to a consumption of 0.276 mmol H+ per mmol 

Ca2+
bound and 0.276 mmol H+ per mmol Ca2+

bound should be added to keep the pH 

constant. Thus, we have a molar ratio of NaOH/Ca2+
bound = –0.276 (line 2, Figure A 2.2).  
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Scheme A 2.2 | Schematic representation of the adjustment of constant equilibrium between 
carbonate and bicarbonate at the used conditions in 1 L solution, when a complex of Ca2+:HCO3– 
1:1 (CaHCO3+) is formed. The reaction leads to a total consumption of 0.276 mmol H+ in solution 
(adjustment to equilibrium (1)), which would be compensated by titrating in the same amount of acid to 
yield a constant pH-value (adjustment to equilibrium (2)). 

Figure A 2.2 | Binding of Ca2+ in ion pairs and corresponding change of H+ as function of the 
scaled time tσ max in the prenucleation stage. The solid blue curve represents the Ca2+bound (right y-axis). 
The left y-axis shows the amount of H+ released (or amount of NaOH added) due to ion pair formation: 
Ca2+:CO32– 1:1 would lead to 1) a H+ release line with slope 0.724 with respect to the Ca2+bound curve 
(dark red dashed line); Ca2+:HCO3– 1:1 would lead to 2) a H+ release line with slope –0.276 with respect 
to the Ca2+bound curve (light red dotted line). The color gradient in between 1) and 2) indicates the 
carbonate/bicarbonate presence in the prenucleation species: going more towards the darker red area 
predicts the presence of species with a higher carbonate content, while at lighter red the bicarbonate 
content would be higher. 3) and 4) are two examples of experimental H+ release curves after CO2 
correction. 
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Two typical experimentally obtained NaOH curves after correction for H+ release 

due to CO2 influx are shown in Figure A 2.2 (line 3 and 4). The large spread between 

both curves (see also Figure 2.2c) demonstrates that the amount of NaOH addition is not 

sufficiently accurate to quantitatively determine a specific ion pair/cluster composition for 

these experiments. This is in contradiction with findings of Gebauer et al.8, who 

quantitatively determined carbonate binding in prenucleation clusters based on titration 

with NaOH. 

A 2.3.4 Equilibrium expressions for Ca2+ binding in ion pairs: 1 Ca2+ per ion pair  

During the titration experiments, the ionic strengths remain virtually constant (see also 

Kellermeier et al.1) and therefore activity coefficients are also approximately constant. 

Combining this information into the equilibrium constant Keq to obtain a modified 

constant Keq’, we can then express for the equilibrium of calcium carbonate species 

Cax(CO3)y
x–y in solution  

Keq
'
1
 =

c(Cax(CO3)y
x–y)

c(Ca2+
free)

x∙c(CO3
2–

free)
y (A 2.25) 

Considering the high excess of carbonate in solution with respect to the added Ca2+-ions – 

particularly in the early stages, the concentration of carbonate species c(CO3
2–

free) may be 

considered constant, reducing A 2.25 to 

c(Cax(CO3)y
x–y)

c(Ca2+
free)

x = constant (A 2.26)

Likewise an expression can be made for the equilibrium constant between free Ca2+ and 

complexes of Ca2+ and bicarbonate. 

Keq
' 

2
=

c(Cax(HCO3)y
x–2y)

c(Ca2+
free)

x
(A 2.27) 

Based on the constant ratio of free and bound Ca2+ in the prenucleation stage, from both 

A 2.26 and A 2.27 it automatically follows that x = 1 and that the behavior in the titration 

curve corresponds to an equilibrium calcium carbonate/bicarbonate complex with only 1 

Ca2+ incorporated. This indicates that before nucleation occurs the majority of the 

prenucleation species are single Ca2+-based ion association complexes, such as the classical 

ion pairs for calcium carbonate: Ca(CO3)0 and Ca(HCO3)+. 
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A 2.4 | Fitting Titration Data to a Speciation Model 
We used Visual MINTEQ (ref. 9) as equilibrium speciation model to calculate the 

composition of inorganic ions and complexes (ion pairs) in water during the titration 

experiment. Knowing all the concentrations of every species at every time point, we 

inserted these at specific time-points along the titration curve (t = 0, 0.2, 0.4, 0.8 and 

tσ max) into MINTEQ, along with the fixed pH and temperature from our experimental 

set-up. 

Values for equilibrium constants are determined by the program, which describes 

a polynomial for both Ca(CO3)0 and Ca(HCO3)+ ion pairs, which are given as  

log KCa(CO3)0 = –1228.732 – 0.299444T –
35512.75

T
+ 485.818 log T (A 2.28) 

log KCa(HCO3)+ = 1209.120 + 0.31294T –
34765.05

T
– 478.782 log T (A 2.29)

with T the absolute temperature (see ref. 10). MINTEQ is thus able to determine 

concentrations (and activities) of Ca(CO3)0 and Ca(HCO3)+ ion pairs. Since we add Ca2+ 

to the carbonate buffer, we would like to know how much of this material is bound in 

Ca(CO3)0 and Ca(HCO3)+ ion pairs, while the remainder would be considered free in 

solution as Ca2+ ions (Ca2+
total = Ca2+

bound – Ca2+
free). As a result, MINTEQ determines 

comparable amounts of Ca2+
bound (only in ion pairs in a 96:4 Ca(CO3)0:Ca(HCO3)+ ratio 

respectively), and free Ca2+ as in the titration experiments. This suggests that the Ca2+-

titration profiles can be explained by ion pair formation and thus not, per se, by 

involvement of prenucleation clusters. 

A 2.5 | Simulations at moderate supersaturation and 

basic pH 
Previous computational investigations have identified the existence of Dynamically 

Ordered Liquid-Like Oxyanion Polymers (DOLLOPs) in solutions over a range of pH 

and concentrations ≥ 60 mM (ref. 11). In addition, four unit CaCO3 [Ca(CO3)4] clusters 

were observed to remain (meta)stable at much lower concentrations (4 mM with respect to 

Ca2+), however these simulations were only conducted for one nanosecond. We, therefore, 
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revisited these investigations using the same force field to establish the existence of these 

clusters under experimental conditions relevant to the prenucleation stage of titration 

experiments. Three random solutions were prepared containing 14–47 cations and 22–64 

anions, having solution concentrations of [C] = 30–50 mM and [Ca2+] = 20–30 mM, and 

spanning a pH range from 9.9 to 10.3 (see Table 2 Materials and Methods). Furthermore, 

to validate that equilibrium had been achieved over this time, a Ca14(CO3)6(HCO3)16 

cluster (Figure A 2.3) was immersed into water and allowed to relax.  

Figure A 2.3 | Initial configuration for a simulation of a neutral cluster containing 22 anions and 
14 cations in water. Ca2+ and C atoms of CO32– and HCO32– are shown as gold, purple and blue, 
respectively (O and H atoms are omitted for clarity). Green lines show distances between ions where 
r < 4.2 Å. The surface of the cluster, constructed as a van der Waals radius from atom centers and 
including O and H atoms, is shown in grey. The average coordination number of calcium is 4 in this 
cluster. 

Random and cluster systems equilibrate to the same state at equilibrium of free 

ions and small associates (Figure A 2.4). A large probability for ion-pairs was observed, 

where calcium to carbonate (Ca–C) coordination is defined as rCa–C ≤ 4.2 Å. Furthermore, 

binding affinities for calcium binding to carbonate or bicarbonate show a preference for 

Ca(CO3)0 ion pairs in all simulations (Figure A 2.5). Clusters contained up to two ion-

pairs and were observed infrequently. Equilibrium concentrations and pH (see Table 2 

Materials and Methods) were in the range [C] = 16–26 mM, [Ca2+]= 3–5 mM and a pH 

of approximately 8. 
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Figure A 2.4 | Size probability distributions. Size probability distributions for clusters containing Nions 
ions measured during the final 2 ns of a 15 ns simulation. (a) and (b) are random systems simulated with 
14 and 29 calcium ions respectively. (c) shows size probabilities for a cluster system with composition 
equivalent to the ratio of ions in (a). The dominant peak for all clustered species (i.e for Nions > 1) in 
systems at equilibrium is around Nions = 2 and is due to the dominance of ion pairs. The data shows that 
both random and cluster systems at the same concentration (a and c) converge to the same equilibrium 
distribution of species by 10 ns of simulation. 

Figure A 2.5 | Distribution of Ca-C coordination numbers. Probability of a Ca2+ ion coordinating to 
NCa–C carbon (black) atoms in associated species. Binding to carbon of carbonate (red) and bicarbonate 
(blue) is also shown. (a) and (b) are random systems simulated with 14 and 29 calcium ions respectively. 
(c) shows probabilities for a cluster system with composition equivalent to the ratio of ions in (a). 
Averages are measured from the final 5 ns of 15 ns trajectories and uncertainties of one standard deviation 
in the distribution are shown.  



A2 |  A Classical View on Non-Classical Nucleation: On Clustering of CaCO3 Prenucleation Species 

65 

A 2.6 | Simulations of Cluster Stability at 20–50 mM 
In order to investigate the equilibrium between DOLLOP and small ion association 

complexes in solution, a series of simulations were performed at the limit of high pH, that 

is for systems lacking bicarbonate. CO3
2– offers higher bond ordering than HCO3

– and has 

been observed to lead to larger, more stable DOLLOP, and so simulations in the absence 

of HCO3
– should overestimate the equilibrium DOLLOP cluster sizes. Furthermore, as 

the formation of DOLLOP is diffusion-limited, cluster systems were investigated as 

opposed to random ionic solutions.  

 A Ca(CO3)20 cluster with low density was simulated at 20 mM for 15 ns in water. 

Partial dissociation was observed with a small cluster (CaCO3)2 dissolving into solution; 

with the coordination distribution for Ca2+ to C approaching that reported for DOLLOP 

at high pH (ref. 11). The largest cluster contained 36 ions, for which a snapshot is 

provided in Figure A 2.6. Subsequently, bulk water was removed from the final 

configuration to produce systems with concentrations 20–50 mM, in ~10 mM steps. A 

short 300 ps simulation was performed to relax water with ion coordinates frozen. This 

was taken to be t = 0, from which 27–50 ns simulations – with all atoms mobile – were 

performed (input parameters provided in Materials and Methods). The coordination 

probabilities for calcium at t = 0 are provided in Figure A 2.6. 

The mass-weighted average cluster size, S, decreases exponentially with time at all 

concentrations, with no evidence of an equilibrium being reached within the timescale of 

the simulations (Figure A 2.7). Dissolution rates are readily calculated as the slope of the 

semi-log plot, giving values of –0.100 ± 0.010, −0.032 ± 0.003, −0.056 ± 0.004 and 

−0.029 ± 0.004 ns–1, for [C] = 20, 30, 40 and 50 mM respectively. Average and maximum 

cluster sizes at the end of simulation are shown in Figure A 2.7b. At 20 and 40 mM these 

values are, within statistical uncertainties, consistent with ion pairs. Larger clusters are seen 

at 30 and 50 mM, though we note that from the ln(S(t)) plots that for all examined 

concentrations dissolution is still in progress at this stage, and so these are overestimates of 

the equilibrium cluster sizes. We conclude that the probability of finding DOLLOP under 

typical experimental conditions (10–50 mM) is very low. 



Appendix to Chapter 2

66 

Figure A 2.6 | Ca–C coordination in the initial cluster. Probabilities for calcium to coordinate NCa–C  
carbon atoms at the beginning of simulations at 20–50 mM. Inset is a snapshot of a neutral cluster 
containing 36 ions which was present in solution, where calcium and carbon are shown as gold and 
purple, respectively (oxygen and hydrogen are omitted for clarity). Green lines show distances between 
ions where rCa–C ≤ 4.2 Å. 

Figure A 2.7 | Spontaneous dissolution of clusters. (a) ln(S) as a function of time for [C] = 20–50 
mM. The data has been shifted for clarity as follows, ln(S)–1, ln(S), ln(S)+2, ln(S)+3 for [C] = 20, 30, 40 
and 50 mM respectively. (b) The average cluster size in units of number of atoms, and average largest 
cluster size in units of number of ions at the end of the simulation for all concentrations studied for 
systems with 20 calcium and 20 carbonate ions. Error bars show uncertainties of one standard deviation 
in the data from the final 2 ns of simulation (as this time window was fixed there may be some bias in the 
data for larger concentrations as cluster dissolution is slower). 

The S(t) curves reveal a strong stochastic element to the dissolution process, as is 

seen most clearly at 20 mM (Figure A 2.8a), where a sudden and rapid decrease of S occurs 

between 5–15 ns, superimposed on a slower but consistent decrease through the rest of the 

simulation. This change in rate can be explained by considering the Ca-C binding 



A2 |  A Classical View on Non-Classical Nucleation: On Clustering of CaCO3 Prenucleation Species 

67 

probabilities as a function of time (Figure A 2.8b). Around 10 ns, the probability of Ca2+ 

coordinating to three anions decreased while the binding of Ca2+ to single anions 

increased, with the relatively compact cluster “opening” to maximize ion solvation 

converting to a system dominated by ion pairs, trimers and DOLLOP. 

Figure A 2.8 | Dissolution of a 20 formula unit cluster. 45 ns simulation of 20 CaCO3 in water at a 
concentration of 20 mM. (a) shows the average cluster size as a function of time. (b) gives the average 
coordination probabilities of a cluster N with one calcium to X carbons (P(NCa–XC)) over time; (c) shows 
the cluster size probability distributions (here N is the number of atoms in a cluster) calculated in 2 ns 
windows from the final 6 ns of simulation with Gaussian smoothing; and (d) shows a snapshot (with 
oxygen and hydrogen omitted) from the final 2 ns of simulation (see Figure A 2.6 for key). 

The simulations showed that clusters continued to decrease in size. At the end of the 

trajectory 70% of all ion aggregates were ion pairs and in the last 2 ns the largest sampled 

cluster contained only four ions (Figure A 2.8c, Figure A 2.8d and Table A 1). In addition 

a number of ion trimers were sampled which were positively charged, while also negatively 

charged trimers were found in earlier stages of the trajectory. As for systems at basic pH, 

there was a small probability of finding clusters up to the maximum of Rg ≈ 0.4 nm. The 

data suggest that in homogeneous solution DOLLOP will dissolve, but that the kinetics 
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associated with dissolution will be slow. Ion binding in solution is in good agreement with 

experiments, with around 77% of Ca2+ bound in solution at pH = 9.75. Using a speciation 

model, Demichelis et al. suggested that the fraction of bound calcium in Ca(CO3)0, 

Ca(HCO3)+ and DOLLOP in solution at pH = 9.75 was 0.2, 0.03 and 0.73, using data 

fitted to experimental concentrations11. However, our results indicate ion binding is 

dominated by ion pair formation, independent of system size, and that prenucleation 

clusters of the type proposed would be unstable in solution at experimental concentrations. 

Table A 2.1: Composition of ionic species. Probability of observing distinct ionic species containing 

nCa calcium and nCarb carbonate ions during the final 2 ns of a 45 ns simulation of a Ca(CO3)20 cluster. 

nCa nCarb P

1 1 0.70 

2 1 0.15 

2 2 0.15 
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CHAPTER 3 
In Situ Imaging of a Liquid-liquid Phase-

Separated CaCO3 Precursor 

Abstract 
Recently proposed crystallization pathways in CaCO3 formation include the appearance of a dense 

liquid phase (DLP) through a liquid-liquid phase separation, as a short-lived transient phase in 

pure calcium carbonate solutions. However, the direct visualization of this liquid precursor has not 

yet been achieved. Here, we demonstrate for the first time evidence that a dense liquid phase has 

nucleated directly in situ by cryo-TEM observation in a controlled titration experiment, and 

furthermore show that it acts as a precursor for the formation of crystalline CaCO3 according to a 

two-step crystallization mechanism. We deduce a significantly higher hydration state for the dense 

liquid structure (~4 ̶ 7 H2O / CaCO3) compared to ACC (~1 H2O / CaCO3) by TEM simulations, 

supporting our intensity data from cryo-TEM experiments. These results will help advance our 

knowledge of nucleation pathways in CaCO3 solutions, and may help to deepen our 

understanding of crystallization in mineral systems general. 

The results in this Chapter will be submitted as: P.J.M. Smeets#, A.R. Finney#, W.J.E.M. Habraken, F. 
Nudelman, H. Friedrich, J. Laven, P.M. Rodger, N.A.J.M. Sommerdijk. In Situ Imaging of a Dense 
Liquid CaCO3 Precursor Phase. 
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3.1 | Introduction 
In many cases, the crystallization of calcium carbonate partially illustrates the Ostwald rule 

of stages, starting with the precipitation of the least stable amorphous calcium carbonate 

(ACC) and the subsequent transformation into one of the more stable forms, sometimes in 

a multistep process1. For many years CaCO3 crystallization was described using classical 

concepts of nucleation, in which the stochastic and dynamic association of ions in solution 

overcomes a free energy barrier to form nuclei that  ̶  above a critical size  ̶  can grow out to 

a mature crystal. However, studies in the last decade have proposed CaCO3 nucleation to 

proceed through a liquid–liquid phase separation and the formation of a dense liquid 

phase (DLP)2-5. More specifically, molecular dynamics (MD) simulations by Wallace et al. 

indicated that the formation of a DLP may occur by crossing a liquid-liquid binodal 

through the barrier free growth of clusters2. Similar to what was shown previously for 

protein systems6, 7 they predicted that the free energy barrier for liquid-liquid phase 

separation is lower than the one for crystallization. It was further proposed that upon 

crossing the spinodal line, DLP aggregation occurs, followed by dehydration and 

solidification of CaCO3. Although the recent direct imaging by TEM of CaCO3 

formation from solution suggests there are amorphous forms of the mineral with different 

dynamics8, there exists no experimental work on CaCO3 that directly visualizes the DLP 

in its hydrated state and that can differentiate it from the commonly encountered solid 

amorphous CaCO3 (ACC) with a composition of ~CaCO3·1H2O (reported values range 

from 0.8 (ref. 9) to 1.4 (ref. 10) H2O). 

Here we report a combined experimental and computational investigation of 

CaCO3 nucleation using a titration setup with ion-selective electrodes (ISEs)11 (as 

described in Chapter 2) and molecular dynamics simulations12, respectively. The 

development of morphology and structure in this system is additionally studied using 

cryogenic transmission electron microscopy (cryo-TEM) and image simulation, low dose 

selected area electron diffraction (LDSAED), optical microscopy (OM), dynamic light 

scattering (DLS) and in situ attenuated total reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR). We provide evidence for a dense liquid phase of CaCO3 with a 

significantly higher level of hydration (~4-7 H2O / CaCO3) as reported for ACC, and 

describe how DLP droplets coarsen over time prior to vaterite formation. Our data are in 



In Situ Imaging of a Liquid-liquid Phase Separated CaCO3 Precursor

71 

good agreement with a two-step crystallization mechanism that fits within experimental3-5 

and computational2 data that have been established for phase separation in CaCO3 

systems. 

Figure 3.1 | Investigating CaCO3 nucleation with titration experiments and DLS. (a) Titration 
curve as described in Chapter 2. Nucleation occurs at ~0.90 tσ max, (see Figure 3.1b and text) after which 
n(Ca2+free) goes through a maximum at tσ max and subsequently at ~1.30 tσ max the equilibrium solution 
concentration of the solid phase formed is reached (consistent with the formation of vaterite, see Figure 
3.2d). Black arrows indicate typical cryo-TEM sampling points. (b) Evolution of the derived count rate 
(black dashed line) in DLS during 0.8–1.2 tσ max around the nucleation point at ~0.90 tσ max (red arrow). 
Dotted red line indicates the average count rate in the prenucleation stage, while the blue curve represents 
the amount of free Ca2+ (right axis). (c) The correlation coefficient (G’) given for the time points 1–4 in 
(b), showing a significant increase between measurement 2 and 3. The purple arrow indicates the single 
descent in curves 1 and 2, as also found for the carbonate buffer solution. Pink arrows point at two 
distinct descents in curves 3 and 4 indicating the presence of a population of micrometer-sized particles 
(around 105 μs) alongside a population of smaller ones (at 102–103) after 0.96 tσ max. The intercept G’ > 1 
at 1.01 tσ max at 100 μs is indicative of sedimentation. 

3.2 | Titration Experiment 
The prenucleation stage of the titration experiment in Figure 3.1a was described in detail 

in Chapter 2. Macroscopically, following the prenucleation stage at ~0.96 tσ max an increase 

in the amount of NaOH required to maintain a constant pH of 9.75 (due to release of H+, 
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in solution) marked the nucleation and growth of the first formed CaCO3. This increase 

reflects the withdrawal of carbonate ions from the buffer equilibrium while its binding 

behavior implies that growth of CaCO3 occurs via a net transfer of ions from solution onto 

the growing CaCO3 according to:  
2+ 2–

free 3 3freeCa    CO  CaCO z z z   (see Appendix 3.1) 

Simultaneously, at 0.96 tσ max polarized optical microscopy (POM) showed objects with 

diameters of 1–3 μm that did not show birefringence when viewed through crossed 

polarizers (i.e. the material showed optically isotropic behavior; see also Appendix 3.1), but 

the observations did not give any indication about the liquid or solid nature of the objects.  

Subsequently from 1.03 tσ max onward, the particles displayed birefringence during 

or after drying of the surrounding solution, implying a rapid transformation of the 

disordered precursor to one of the crystalline forms of CaCO3 (Figure 3.2c). SEM 

demonstrated that these birefringent particles had a corrugated spherical morphology 

characteristic of vaterite (Figure 3.2b, Appendix 3.1.1)13. This identification was 

confirmed by in situ ATR-FTIR, which showed the growth over time of vibrational peaks 

characteristic of vaterite at 875 cm–1, 1072 cm–1 and 1087 cm–1 (Appendix 3.1.1). In 

contrast to the reports of Wallace et al.2 and Gebauer et al.11, no experimental evidence was 

obtained  that indicated the formation of solid ACC. FTIR did not show characteristic 

peaks of ACC, nor did the SEM results demonstrate a typical solid spherical morphology. 

Indeed, the ion activity product derived from the titration curve remained significantly 

below the solubility of ACC, and at all times represented much better resemblance to the 

solubility product of vaterite (Figure 3.2d). This also opposes the earlier assignment of the 

solubility to different forms of ACC, which  ̶  although having similar ion activity 

products  ̶  were not corrected for the influence of ionic strength11, 14. 

However, already before 0.96 tσ max DLS showed an initial increase in the count 

rate starting from t  0.90 tσ max, indicating the nucleation of a new phase before the 

formation of the microscopically detected CaCO3 (Figure 3.1b). The associated 

correlation diagrams (Figure 3.1c) indicate that around these time points (t ≈ 0.88–0.96 

tσ max) objects with a size of ~200–400 nm were present (Appendix 3.1). Indeed, after 

0.96 tσ max DLS showed a further increase in count rate and particle size (Figure 3.1b and c, 

Appendix 3.1.1).  
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Figure 3.2 | Formation of vaterite. (a) In situ ATR-FTIR spectra from tσ max to 1.40 tσ max showing 
typical vibrations of vaterite at 875 cm–1 (CO32– ν2 out of plane bend), 1087/1072 cm–1 (CO32– ν1 
symmetric stretch) and 1467 cm–1  (CO32–, ν3 asymmetric bond stretch)15, 16 gradually increasing in time. 
The inset shows an enlargement of the ν1 peak at 1.40 tσ max. (b) SEM at 1.03 tσ max showing a typical 
spherical-framboidal vaterite morphology. (c) POM indicating micrometer-sized entities at 1.03 tσ max 
(yellow arrows), which show birefringence when the surrounding solution (dark grey) retracts (inset). (d) 
Free ion product development vs. normalized time (black solid line) during a typical titration experiment. 
The black dashed line indicates the solubility product Ksp, as compared to the reported solubility product 
of ACC (Ksp ACC; ref. 17) and vaterite (Ksp vat; see ref. 18) at 25 °C (red and green dashed lines, 
respectively).  
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3.3 | Imaging and Simulation of a DLP 
To investigate the evolution of morphology and structure of the formed CaCO3 in more 

detail, samples for cryo-TEM were taken from the titration experiment at time points close 

before tσ max and vitrified by plunge freezing (Materials and Methods Chapter 2). Indeed, 

at t > 0.90 tσ max cryo-TEM showed the presence of round amorphous objects of ~200–400 

nm containing a contrast that is very low compared to what would be expected for solid 

CaCO3 particles with these sizes (Figure 3.3a,b)19. The observed low contrast implies a 

phase containing a high degree of hydration, similar to what was observed for a polymer 

induced liquid precursor (PILP) phase20, as well as for tetrahydrofuran-water mixtures 

showing liquid-liquid phase separation21. We therefore propose that the observed objects 

are vitrified droplets of a DLP, rich in calcium carbonate that forms from the solution 

through a liquid-liquid phase separation process.  

We used LDSAED to assess the differences in short range order between the 

background solution after nucleation (0.96 tσ max) and the DLP (0.96 tσ max). This analysis 

revealed broad rings indicating the absence of any long range order (Figure 3.3d) and 

representing a d-spacing larger than that of the background solution (Figure 3.3e), in line 

with an increased ion density within the droplets22. These observations support the 

formation of droplets of higher density through a liquid-liquid separation process leading 

to two distinct phases which are CaCO3-poor and CaCO3-rich, respectively, compared to 

the original solution. 

Simulations were performed to investigate the structure of the DLP in detail 

which predicted that at 0.57 M Ca2+ and CO3
2– ion-rich liquid domains form through a 

separation into two phases. The use of higher concentrations in the simulation compared 

to the experiments relates to the maximum size of the simulation that can be performed in 

a realistic time frame. In agreement with the work of Demichelis et al.12, at this 

concentration discrete dense liquid particles were observed (diameter ~3.0 nm), while at 

still higher concentration (1.1 and 1.7 M) cylindrical clusters spanned the simulation box 

(Figure 3.4a, Appendix 3.3). This transition is explained by a crossover in the minimum 

surface energy between a sphere and percolating cylinder at limited system sizes.  
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Figure 3.3 | DLP formation in titration experiments at supersaturation solution conditions. (a) 
Cryo-TEM image at 0.92 tσ max and (b) 0.96 tσ max showing objects with diameters of ~320 nm and ~420 
nm, respectively (white arrows). Scale bars in (a) and (b) are 500 nm. (c) shows a line scan through the 
upper object in (b) (indicated in (b) by the black dashed line). The black dashed lines in (c) indicate the 
object boundaries, while the blue line indicates the mean intensity value of the dilute background 
solution. The low contrast related to the maximum intensity in the line scan indicates a high degree of 
hydration. (d) Low-dose selected area electron diffraction (LDSAED) shows the amorphous nature of the 
objects in (b) (scale bar 2 nm–1). The inset shows the integrated radial average profile over the diffraction 
pattern in (d), with the large peak reflecting the ring closest to the center. (e) Bar plots indicating the d-
spacing of the background solution of the DLP at 0.96 tσ max (red), and of the (sub)micrometer sized DLP 
at 0.96 tσ max (blue) of N = 5 samples with corresponding error bars (s.d. of the distribution). Statistical 
analysis (via a Welch-Aspin generalized T-test, see Appendix 3.2.2) shows a significant difference between 
the DLP and its background solution by the indicated P-value. (f) Mean size ± standard deviation for the 
DLP particles in cryo-TEM (blue) and the DLS size distribution at 0.96 tσ max (green). DLS distributions 
correspond to the first decay in the correlation function recorded at 0.96 tσ max (Figure 3.1c).  
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Figure 3.4 | Simulations of the DLP. Averages were measured from the final 5 ns of simulation. (a) A 
16 Å slice through a large cylindrical cluster which percolated simulation cell boundaries at initial ion 
concentrations of 1.1 M. Water is shown (blue circles) and a van der Waals surface (from ion atom 
centers) is highlighted. (b) Cluster coordination probabilities for Ca2+ to bind to NCa–C carbons with 
corresponding standard deviation at 1.1 M.  (c) Probability density for Ca–C bond lifetimes (distance 
cutoff: 4.2 Å) at 1.1 M, with data smoothed using a running average. (d) Mass density, ρ, of ions (red) 
and water (blue) in the DLP as a function of distance from the center of mass at 1.1 M with regression 
curves fitted (bandwidth: 0.6 nm). (e) Coordination probability map generated from interpolated data. 
Ca2+ coordination numbers in the first coordination shell (measured according to the first minimum in 
radial distribution functions, see Appendix A 3.4) to carbonate oxygen atoms, Ca2+ coordination, and 
water, Ca2+ solvation, are plotted with the distance of calcium from the center of mass highlighted by the 
map color on the right (scale in nm). (f) Calculated TEM image at 1.7 M. Bottom to top: a schematic of 
the supercell used in the calculation, showing orientation of the DLP with respect to the incident 
electrons; a selected region of the calculated TEM image; smoothed line scans taken from the image as 
shown by the blue and black lines. 

From our analysis, dense liquid structure and dynamic properties at all 

concentrations were consistent with a viscous fluid (Appendix 3.4). Calculated TEM 

images for these dense phases (Figure 3.4f) were in good agreement with the experimental 

cryo-TEM data showing ~87% vs. ~93% transmission compared to the background, 
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respectively (compare Figure 3.3c with Figure 3.4f, inset; noting that the size of the 

simulated system limits the defocus values that can be used; see Appendix 3.5). In all 

simulations the dense phase existed alongside a low-density aqueous solution of 

predominantly ions and ion pairs (Appendix 3.3.1). This agrees with our cryo-TEM 

observations, which gave no evidence for smaller clusters > 1.0 nm within and surrounding 

the DLP phase (Appendix 3.2). 

In terms of coordination structure, Ca2+ in the DLP was found to bind 

preferentially to two carbonates (~45%, Figure 3.4b; see Appendix 3.3.2 for details). An 

increase in 3-coordinate Ca2+ was observed, but not enough (35%) to condense and 

rigidify the dense liquid. Although consistent with the DOLLOP model at high pH and 

concentration12, our coordination levels did not reach the levels found by Wallace et al.2 in 

temperature replica exchange simulations, where Ca-3C was dominant and average 

coordination in the largest clusters was around 2.8. Further analysis showed that in the 

core of the DLP ion coordination was relatively high, while a gradual decrease was 

observed away from the core in a wide and diffuse interfacial region (Figure 3.4d,e and 

Appendix 3.3.2). Diffusion coefficients within the dense domains were consistent with a 

viscous fluid (Appendix 3.4) and their dynamic nature was confirmed by Ca-C ion 

coordination lifetime (Figure 3.4c and Appendix 3.3.2). In the core of the dense phase the 

water was relatively tightly bound and on average a high level of hydration (~4–7 H2O / 

CaCO3) was found (see Appendix 3.3.3).  

3.4 | Water Content of the DLP vs. ACC 
To substantiate the estimated high amount of hydration in the DLP in our simulations, 

experimental cryo-electron micrographs of the DLP droplets were compared with those of 

solid ACC. Since our vitreous ice layers have a thickness of ~130 nm (see also ref. 23), 

which is smaller than the measured lateral diameter of a DLP droplet (Figure 3.3a,b), we 

propose that the observed DLP droplets are oblate structures that fit the thickness of the 

ice layer. We therefore compared these with spherical ACC particles (mineralized and 

analyzed in situ according to ref. 24), having a diameter that approximate the ice layer 

thickness. Analysis of such images showed that the contrast of an ACC particle relative to 

the background solution and the carbon support film (i.e. independent of imaging 
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conditions) is significantly higher than that of the DLP (approximately 3.5 times, as 

demonstrated in Figure 3.5).  

Figure 3.5 | Intensity comparison of a DLP droplet with an ACC particle.  (a) Cryo-TEM image 
showing a linescan (red box) through one of the two ACC particles in the direction of the red arrow. The 
width of the linescan is taken as ~0.5 times the particle diameter in the observed lateral dimensions. (b) 
Intensity vs. distance of the linescan in (a), where the boundaries of the ACC particle are indicated by the 
two black dashed lines. The intensity difference with the mean intensity of the background solution (dark 
blue line) is given by the indicated black arrow and value. (c) Cryo-TEM image of Figure 3.3b with 
indicated linescan (light blue box) through a DLP particle in the direction of the blue arrow. The width 
of the linescan is taken as ~0.5 times the DLP diameter in the observed lateral dimensions. (d) Intensity 
vs. distance of the linescan in (c), where the DLP droplet boundaries are indicated by the two black 
dashed lines. The intensity difference with the mean intensity of the background solution (dark blue line) 
is given by the indicated arrow and value. Scale bar (a) 100 nm (b) 500 nm. 
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To obtain quantitative information on differences in hydration level between the DLP and 

ACC from the cryo-TEM experiments, we compared electron transmission properties of 

ACC with varying hydration in TEM simulations. As a primary step, ACC was produced 

in MD simulations by relaxing random distributions of ions (300 CaCO3 units) and 

varied water content (CaCO3·nH2O where n = 0 ̶ 7) with a density of ~0.015 atoms·Å–3 in 

NpT simulations at 300 K over two nanoseconds. Three-dimensional radial distribution 

functions confirmed an amorphous arrangement of ions and the final configuration was 

then used in TEM image simulations. We explored simulations with a defocus set to zero 

at high resolution, at the cost of a slight loss in contrast. The sample depth was set to equal 

the DLP simulation above, and supercells were created to ensure the electron beam was 

scattered only by the sample. 

Figure 3.6a shows the simulated electron intensities measured at the detector for 

hydrated ACC, as informed by calculating mean intensities of a number of linescans from 

simulated TEM images in the region of the bulk phases. Although data were noisy, the 

mean intensities show that in general the contrast is greatest for ACC with low water 

content. Experimentally obtained mean values for ACC intensities fall within one standard 

deviation of the simulated CaCO3·1H2O (Figure 3.6a). Therefore, we propose that in 

TEM simulations under these conditions we can adequately approach hydration levels in 

the experimentally obtained ACC, assuming that the contrast measured in experiments for 

ACC particles does not contain a contribution from electron scattering of the background 

solution. The latter we attempt to circumvent by analyzing ACC particles with a diameter 

similar to the estimated thickness of the vitreous ice layer (~130 nm). 

Contrast in the TEM simulations increases up to a plateau which emerges around 

n = 3–4 water molecules per CaCO3. This can be explained by considering the mass 

densities in ACC (see Figure 3.6b). As the amount of water in ACC increases, then the 

change in density is roughly linear. However, there is a change in the gradient of the ion 

mass density as a function of hydration, where the density difference between hydration 

levels is greatest at small n. As it is the mass density and mean inner potential which 

scatters the incident beam and leads to contrast, then a greater intensity difference across a 

range in small n is expected. If we compare the simulated ionic mass density data of the 

DLP (ρ = 880–1000 kg m–3, see Figure 3.4d and Figure A 3.11 in the Appendix) with a 
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similar mass density for the hydrated ACC both in the region of the bulk phase (Figure 

3.6b), we find that the simulated DLP in MD simulations indeed can be reasonably 

approached by hydrated ACC with ~4–7 H2O / CaCO3, e.g. significantly different from 

the experimentally determined solid ACC and the simulated CaCO3·1H2O, as illustrated 

in Figure 3.6a. Furthermore, the experimentally determined intensity for the DLP is in 

good agreement with the simulated one for hydrated ACC with ~4–7 H2O / CaCO3 in 

Figure 3.6a (i.e. their standard deviations overlap). Thus, the simulated intensities of the 

DLP (Figure 3.4f), the experimental intensities of the DLP (Figure 3.6a) and the 

intensities of hydrated ACC with ~4–7 H2O / CaCO3 are all comparable. Hence, these 

data show that it is possible to quantitatively differentiate between low hydration 

amorphous solids and dense liquids by combining experiment and simulation. 

Figure 3.6 | Comparison of (a) ACC electron transmission intensities with those of the DLP in 
simulation and experiment and (b) comparison of mass densities of ACC and DLP in simulations. 
(a) Mean electron intensities measured at the detector in TEM simulations for bulk ACC with a range of 
hydration levels, n (i.e. CaCO3·nH2O) are given by black data points. The data were averaged using a 
number of linescans and errors shown in black are one standard deviation of the distribution. The dark 
blue line is the mean intensity measured for bulk water with the same input parameters in simulations, or 
the mean intensity value for the background solution of either the DLP or the ACC structures in the 
experiments (altogether indicated by “background”). Experimental mean values for electron intensities 
measured in cryo-TEM are given for the DLP (dashed light blue lines) and for ACC (dashed red lines), 
while the solid lines of the corresponding color represent one standard deviation. (b) Simulated mass 
densities in bulk ACC with n water molecules per calcium carbonate (i.e. CaCO3·nH2O), where the red 
and blue data show total and ionic mass densities, respectively. The approximate simulated ionic mass 
density of the DLP in the core is indicated by the area between black dashed lines (see also Figure 3.4d 
and Figure A 3.11 in the Appendix). 



In Situ Imaging of a Liquid-liquid Phase Separated CaCO3 Precursor

81 

3.5 | Discussion 
ACC is commonly considered to have the formula ~CaCO3 ·1H2O and to our knowledge 

the highest water content reported for ACC is ~1.4 H2O /CaCO3 (ref. 10) which is still 

clearly distinct from the formula of ~4–7 H2O /CaCO3 we proposed for the DLP. 

Recently Nielsen et al.8, investigated CaCO3 nucleation with the use of in situ liquid phase 

TEM and observed that the dissolution behavior of amorphous particles under the 

electron beam showed extreme qualitative differences and that dissolution rates differed by 

more than an order of magnitude. They tentatively related these differences to either solid 

or liquid-like behavior of the particles (where liquid-like particles dissolve faster). It is 

important to note, however, that these observed differences in dissolution rate will also 

depend on other factors such as difference in particle size, thickness of imaged liquid layer, 

and applied electron dose rate. In any case, the apparent difference in electron scattering 

intensity between these particles showing different dissolution rates is significantly lower 

compared to the difference we observe between the ACC and the DLP, and suggests a 

significantly lower degree of hydration of any of the amorphous phases reported by 

Nielsen compared to the DLP as observed here. 

In contrast to the scenarios proposed previously for other systems,2, 5 it is unlikely 

that the slow addition of Ca2+ ions allows the system to cross the spinodal line before the 

appearance of the DLP. Thus, liquid-liquid separation is more likely to involve nucleation 

and growth within the binodal regime, first of the DLP and then of vaterite.  Our DLS 

data show that the average radius r at time t scales approximately as r(t) ~ t1/3 (Figure 3.7), 

which fits the growth of phase-separated domains both through coalescence by Brownian 

collisions25 and through coarsening26 (Ostwald ripening27). 

 Although these data do not allow us to distinguish between either of the two 

mechanisms for liquid-liquid phase separation, we note that we do not observe a multiple 

power-law regime as is often associated with spinodal decomposition in light scattering 

data28. Moreover, our simulations predict a noticeable free energy barrier to the nucleation 

of dense liquid clusters below 0.57 M (Appendix 3.3.1). We therefore propose that the 

formation of the ~200 nm liquid droplets occurs through density fluctuations that 

subsequently coalesce to form larger (sub)micrometer-sized objects, from which eventually 

vaterite nucleates. 
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Figure 3.7 | Rate of particle coalescence/coarsening as determined by DLS. The average radius r at 
time t  scales with r(t) ~ t1/3 from approx. the nucleation point onward, as indicated by the linear fits with 
corresponding  R2  for N = 3 measurements in red, blue and black. 

3.6 | Conclusion 
We present an extensive study of the nucleation and transformation of a CaCO3 DLP in a 

supersaturated solution that forms through liquid-liquid phase separation in a dilute 

titration-based system. Computational and experimental findings affirm the formation of a 

DLP before the growth of solid mineral phases, which has recently been proposed to 

feature in a multi-step CaCO3 mineralization pathway. Indeed, our data suggest that 

vaterite is the crystalline phase that forms from the DLP by dehydration, while H+ is 

microscopically released into solution. Subsequent growth occurs by net addition of Ca2+ 

and CO3
2–, in accordance with a two-step mechanism, as summarized in Figure 3.8.  

Although spectroscopic analyses have shown that many biominerals form through 

aggregation and crystallization of amorphous calcium carbonate (ACC) exhibiting 

multiple states of hydration (either stoichiometric H2O / CaCO3
 or near-stoichiometric), 

from our cryo-TEM experiments and TEM simulations of dense liquid particles we 

deduce a significantly higher hydration state for the DLP (~4-7 H2O / CaCO3) compared 

to what has been quoted for ACC (0.8-1.4 H2O / CaCO3). Our combined experimental 

and computational results allow us to present not only the direct visualization of a DLP in 
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an experimental system, but also to quantitatively interpret the images in terms of 

composition and atomic structure. Our data further permit us to propose that its 

formation under the conditions used occurs through a nucleation and coalescence process 

rather than through spinodal decomposition, and also that, under our conditions, it acts as 

a precursor for the crystallization of vaterite. 

Figure 3.8 | Schematic showing the development of CaCO3 structure during the titration 
experiment. In the prenucleation stage Ca(CO3)0 and Ca(HCO3)+ ion pairs exist alongside free ions in 
solution (Chapter 2). After a critical concentration (~0.90 tσ max) a liquid–liquid phase separation leads to 
the formation of a Dense Liquid Phase (DLP) and a lean ionic solution (of free ions and ion pairs). At the 
nucleation point (~0.96 tσ max) the DLP reacts with free Ca2+ and free CO32– under macroscopic release of 
H+ and after ~tσ max converts to vaterite, until after ~1.30 tσ max equilibrium has been reached. 

3.7 | Materials and Methods 
Chemicals and solution preparation, the principal titration set-up, precipitation 

experiments and calibration procedures, DLS and cryo-TEM analysis that are used in this 

Chapter are part of Materials and Methods in Chapter 2. 
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3.7.1 | Low-dose Selected Area Electron Diffraction 
LDSAED was performed on a FEI Tecnai G2 TEM. The obtained diffraction patterns 

were radially averaged to produce a radial intensity profile. In Digital Micrograph™, the 

center of the diffraction pattern was determined using the DiffTools add-on package. This 

center was inserted into ImageJ, which was used to produce a profile plot of normalized 

integrated intensities around concentric circles (the beamstopper was not integrated and 

thus cancelled out) as a function of the distance from the diffraction rings to the center. 

Thus, following this procedure, eventually the d-spacing of the reflections was determined. 

3.7.2 | In situ ATR FT-IR Characterization 
A Varian 670 FT-IR Spectrometer was used in combination with an internal ATRMax II 

Variable Angle Horizontal ATR (Pike Technologies). The FT-IR contained a high 

intensity ceramic IR-source in combination with a KBr beam splitter. The detector was a 

photoconductive mercury cadmium telluride (MCT), cooled by liquid nitrogen. Samples 

of ~1 mL were taken over time in the titration experiment and analyzed at atmospheric air 

conditions and 20 ± 1 °C. The ATR accessory was set at an incident angle of 45°. The 

buffer spectrum was created using degassed water as a background spectrum. Further 

samples were recorded taking a freshly prepared buffer sample as background. 

3.7.3 | Optical Microscopy Studies 
A small aliquot (~0.5 mL) of the solution during the titration experiment was taken at 

specific time points and immediately transferred onto a glass slide, which was then imaged 

in the light microscope. Specifically, for light microscopy studies a Polyvar MET Optical 

Microscope in combination with a photo controller was used in transmission mode. A 

polarizing filter was attached for visualizing birefringence behavior of CaCO3. The camera 

was a Colorview Soft Imaging System (Olympus). 

3.7.4 | SEM Characterization 
For fast and relatively low resolution imaging, a FEI Phenom was used. A sample was 

taken from solution, put on carbon tape and air-dried. Subsequently it was sputter-coated 

with a layer of gold applying a current coating of 20 mA for a duration of 3 min. Higher 
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magnification SEM images were recorded using a Quanta 3D FEG (FEI, The 

Netherlands) with a field emission gun at 5 kV and current between 1.48–2.96 pA. 

3.7.5 | Simulation Setup 
To investigate the formation of dense liquids, simulations with initial concentrations 0.57 

M, 1.1 M and 1.7 M were simulated at 300 K and 1 atm in the NpT ensemble for 50 ns. 

Subsequently, the configuration at the final step was used to spawn NVT simulations at 

300, 400, 500 and 600 K. 10 ns trajectories were collected with averages measured from 

the final 5 ns or 2 ns windows in the case of 300 K and higher temperatures, respectively. 

The details of simulations are provided in Table 3.1. 

Table 3.1 | Initial and final concentrations, and pH for a range of solution and cluster simulations 

at 298 or 300 K containing nCarb carbonate, nBicarb  bicarbonate, nCa calcium ions, and nWat water 

molecules. Uncertainties are one standard deviation in the data and are shown in parentheses. 

3.7.5.1 | Analysis of Clusters 

At high concentrations ionic networks were observed to span simulation periodic 

boundaries in x, y or z, leading to clusters of infinite size.  To calculate properties as a 

function of radius, the cluster was first divided into a number of ~10 Å sections parallel to 

the dimension of percolation, dP. A center of mass, cS, was then calculated for atoms of 

ions in each section. Properties were measured as a function of radius on a cylindrical cross 

section, for a cylinder with longitudinal axis through cS and parallel to dP. 

3.7.5.2 | Diffusion Analysis 
The diffusion of calcium and carbon ions in dense liquids was measured from the mean 

squared displacement as a function of time, t, according to Einstein’s relation:  

System composition t = 0 Equilibrium averages 

Type nCa nCarb nBicarb nWat [C] 
/mM 

[Ca2+] 
/mM 

pH [C] 
/ mM 

[Ca2+]  
/mM 

pH 

random 100 100 0 10000 566 566 - 7.6 (3.0) 1.4 (1.3) - 

random 200 200 0 10000 1131 1131 - 13.7 (6.2) 1.7 (0.8) - 

random 300 300 0 10000 1692 1692 - 20.1 (5.7) 1.6 (1.4) - 
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D =
1
6

lim
t→∞

N

N –1  [Δri t  –
i=1

ΔR(t)]2  (3.1) 

In the equation above D and N are the diffusion coefficient and number of atoms, 

respectively. Δri = ri(t) – ri(0), where ri are the Cartesian coordinates of atoms in the 

cluster, while ΔR(t) = R(t) – R(0), where R are cluster center of mass coordinates 

(measured using ion positions at each step, but with cluster membership defined by ions at 

t = 0).  

Cluster atoms were assigned to a radial bin from cluster centers of mass (bin 

width 3.0 Å). As described above, in the case of clusters which percolated through 

simulation cell boundaries, a number of centers of mass were used to assign atoms to bins. 

Due to the nature of this phase, atoms may move in and out of bins and a distribution of 

cluster sizes may be sampled during the simulation trajectory. Therefore, bin assignment 

was performed at step one (i.e. each time origin used) and these assignments did not 

change as time evolved. Further, the center of mass at each analysis step was recalculated 

according to the positions at time t of atoms identified at step one, ensuring smooth spatial 

evolution. Diffusion of ions within the phase was calculated from the average diffusion of 

ions from each radial window during the final 5 ns of 300 K simulations, and 20 ps time 

origins were used to reduce uncertainties in the data.  

3.7.5.3 | TEM Image Simulations  

Incident Electron Beam - A stationary model solution to the Schrödinger equation is 

assumed, hence the wavefunction, , of an electron can be written as  

r,t = r,0 exp
–iE t
ħ

 (3.2) 

To compare the properties of dense liquids observed in simulation with those found in 

experiment we performed a series of TEM Simulations.  Here we used the multislice 

algorithm of Rullgård et al.29. This method uses a quantum mechanical treatment of 

electrons interacting with a classically evaluated sample object, summarized here. TEM 

simulation can be described in three parts: the incident beam, the scattering of the beam 

by the sample, and electron detection/image formation.  
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where ħ is the reduced Planck constant, r are spatial coordinates, t  is time and E  is 

energy. TEM can be modelled by considering the effect of the sample on a suitably 

defined electron wave. The incident wavefunction, in, is modelled using a plane wave of 

the form 

in(r) =  exp –ikrω  (3.3) 

Here, k is the wavenumber and together with ω defines a plane wave propagating 

perpendicular to the sample and parallel to the TEM optical axis z. 

Electron Scattering - On interaction with the sample, the incident wave is scattered, and 

this gives rise to phase contrast. The shifted wavefunction, sc, is calculated according to 

the integral of the scattering potential, F(r), assuming only high energy electrons

sc(r) ≈ in(r) exp –
i

2k
F r+tω dt  (3.4) 

where F(r) is directly related to the electrostatic potential, V, of the sample 

F(r) =
2me
ħ2 (V (r) + iVabs(r)) (3.5) 

In the above equation m and e are the reduced electron mass and charge, respectively. 

To account for amplitude contrast an imaginary potential, iVabs, is added to model the 

loss of electrons outside of the microscope aperture.  Both models for phase and 

amplitude contrast are based on the electrostatic potentials of individual atoms. The 

electron densities of atoms are modelled as a radial distribution, with parameters to 

define elements taken from literature values. The potentials for the entire sample are 

then approximated as a collection of single atoms. 

Image Detection - Leaving the sample, the wavefunction immediately above the detector, 

Ψout, can be written as 

out(r) = Ƒ-1[CTF ∙ Ƒ out](r) (3.6) 

Here, the Contrast Transfer Function, CTF, is applied to the Fourier Transform of 

the scattered electrons and this determines the phase contrast of the resulting 2D 
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image. CTF is a function of a number of optical parameters, such as the defocus and 

spherical aberration (see Rullgård et al. for details). 

The detector is a 2D plane divided into pixels. The intensity, I, at each pixel is 

proportional to the probability of finding an electron  

I (r) = | out(r)|2 (3.7) 

and to account for shot noise a Poisson distribution of this intensity, scaled by the 

electron dose, is detected in a region of the detector plane.  In TEM, correlation of the 

intensity between nearby pixels is often observed due to, for example, spreading of 

photons following interaction with incoming electrons at the detector. To model this 

and other detector blurring phenomena, a convolution of the predefined intensities 

(scaled according to the detector quantum efficiency and detector gain) with the 

Fourier Transform of a Modulation Transfer Function (MTF) is performed. MTF 

parameters were calibrated against experiments.  

TEM Simulation Parameters - Unless otherwise stated, the following parameters were used 
for TEM simulations. 

Electron Beam 

Acceleration voltage 200 kV

Energy spread 0.7 V

Electron dose 20000 e– nm–2

Optics 

Magnification 250.000

Defocus nominal 0.087 μm (Scherzer 

 defocus) 

Spherical aberration 2 mm

Chromatic aberration 2 mm

Aperture diameter 10 μm 

Focal length 2.7 mm

Aperture angle 0.1 mrad
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Detector 

x,y pixels 512

Pixel size 10 μm 

Detector gain 6.0 counts per e–

Detector quantum efficiency 

(DQE) 

0.6

MTF a 0.12368

MTF b 0.82842

MTF c 0.005

MTF α 2413.6

MTF β 14.3

MTF p 1

MTF q 1
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A 3 | APPENDIX TO CHAPTER 3

A 3.1 | CaCO3 Formation in Experiments 

Size (nm)

Figure A 3.1 | Typical DLS measurement between 0.88–0.96 tσ max. Volume size distribution (Bin 
size 33 nm) at 0.92 tσ max demonstrating the presence of ~200–400 nm particles in solution.  

Figure A 3.2 | CaCO3 formation as shown by optical microscopy. (a) Polarized optical microscopy 
(POM) image at 0.96 tσ max after drying of surrounding solution (dark) shows micrometer-sized entities 
which are indicated with white arrows that do not show birefringent behavior. (b) OM in reflection mode 
at 0.96 tσ max showing ~1.5–3 micrometer-sized entities in solution. Scale bars are 20 μm. 

At ~0.96 tσ max, macroscopically an increase in the amount of NaOH required to maintain 

a constant pH of 9.75 (due to release of H+) marked the nucleation and growth of the first 

formed CaCO3 (Figure A 3.3a). During the transition to the solid phase, calcium, as well 

as NaOH is consumed, indicated by an increase in amount of Ca2+
bound and NaOH to the 

solution, respectively (ΔCa2+
vat and ΔNaOHvat). These can be quantified by following the 
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procedure shown in Figure A 3.3b. The constant slopes of n(NaOH) and n(Ca2+
bound) in 

the prenucleation stage can be extrapolated to the bending point (BP; minimum in the 

derivative of the measured free Ca2+ line, Appendix Chapter 2). Similarly, the constant 

slopes of n(NaOH) and n(Ca2+
bound) in the post-nucleation stage can be extrapolated to the 

BP, whereafter ΔCa2+
vat and ΔNaOHvat can be determined. Note that ΔNaOHvat does not 

have to be corrected for CO2 diffusion into the solution here, since the relative difference 

at the BP is similar.  

From Table A 3.1 we obtain for N = 10 experiments ΔCa2+
vat/ΔNaOHvat = 1.46 ± 

0.14 (mean ± standard error of the distribution). Transfer of ions towards the solid phase, 

i.e. via classical growth (Ca2+:CO3
2– = 1:1) would yield ΔCa2+

vat/ΔNaOHvat = 1.38 (or 

1/0.724 H+ released per Ca2+
bound; Appendix A 2.1 in Chapter 2) and thus fits within the 

experimental error. Therefore, we can determine the simple overall reaction 

2+ 2–
free 3 3freeCa    CO  CaCO z z z (A 3.1) 

Figure A 3.3 | Onset of microscopic CaCO3 formation and involvement of moles (n) of NaOH 
(ΔNaOHvat) and bound Ca2+ (ΔCa2+vat) during solid CaCO3 formation. (a) Titration curve 
demonstrating the total amount of NaOH added (n(NaOH); orange) vs. the normalized time tσ max, 
averaged for N = 10 experiments with corresponding error bars (standard error). The black dotted line 
shows an extrapolated linear fit with indicated R2-value from 0.1–0.9 tσ max, to clearly indicate the onset of 
increase in NaOH addition (black arrow). (b) Procedure for determining the change in bound Ca2+ 
(ΔCa2+vat; blue continuous line) and NaOH (ΔNaOHvat; orange continuous line) consumed in the 
reaction towards solid CaCO3 in a typical titration experiment. Extrapolated dotted lines of the constant 
slopes in pre- and postnucleation stage for NaOH (orange) and Ca2+ bound (blue) are given towards the 
BP (black vertical line). 
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Table A 3.1 | Data for ΔNaOHvat (orange), ΔCa2+vat (blue), and ΔCa2+vat/ΔNaOHvat  (red) at the BP 

for N = 10 experiments. 

A 3.1.1 | Solid CaCO3 - Vaterite 
Figure A 3.4a,b shows SEM images taken at a later stage in the titration experiment (1.03 

tσ max) which indicate that vateritic structures appear, containing a rough corrugated 

spherical morphology. Figure A 3.4d shows additional in situ ATR-FTIR measurements 

performed at t > tσ max after the solubility of vaterite had been reached. Three subsequent 

measurements of a sample at 1.40 tσ max indicate that the intensity in the carbonate 

stretches increased due to sedimentation of vaterite particles/aggregates. 

In DLS after tσ max was reached, the correlation coefficient, G’, decreased from its 

maximum value as indication of large particle number fluctuations (Figure A 3.5a). The 

small increases in G’ at high correlation delay times from ~2 × 105 μs and onwards indicate 

that this can be attributed to the formation of large μm-sized particles (and/or aggregates) 

that sediment, in line with FTIR observations in Figure A 3.4c. Indeed, macroscopically 

the solution turned turbid after ~tσ max. Growth behavior at t > tσ max of submicrometer- 

sized objects was confirmed by the shift to larger particle size in the volume distribution 

(Figure A 3.5b).   
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Figure A 3.4 | Vaterite formation as demonstrated by (a,b) SEM and (c) in situ FTIR. (a,b) SEM 
images taken at 1.03 tσ max. (c) Three subsequent measurements taken in subsequent order of the arrow at 
1.40 tσ max, showing typical vibrations of vaterite at 875 cm–1 (CO32– ν2 out of plane bend), 1087/1072 
cm–1 (CO32– ν1 symmetric stretch) and 1465 cm–1  (CO32–, ν3 asymmetric bond stretch). 

Figure A 3.5 | Growth and sedimentation of solid phase particles at t > tσ max. (a) The correlation 
diagrams of a typical experiment at 1.01, 1.09, 1.14 and 1.21 tσ max. (b) Corresponding volume 
distribution from the deconvolution of the first decay in the correlation diagrams in (a), which show a 
growth behavior to larger sizes in the direction of the black arrow. 
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A 3.2 | Cryo-TEM Analysis of the DLP 

Figure A 3.6 | Absence of nanoparticles within and surrounding the DLP phase. (a) shows a cryo-
TEM image of a DLP particle at 0.96 tσ max (–0.5 μm nominal defocus, scale bar 50 nm) Pixel size = 0.28 
nm. The edge of the DLP is indicated by white arrows. (b) displays the size distribution of deq of the 
image in (a) using the image analysis procedure in Materials and Methods Chapter 2. The primary x-axis 
shows deq in nm, while the secondary x-axis shows deq in pixels. The shaded blue area (deq = 0 – 1.14 nm) 
indicates that 1.14 nm is the point resolution under the used conditions. The inset displays that the 
largest objects are < 1 nm. 

A 3.2.1 | Statistical Analysis of Differences in Short-Range Order  
The electron diffraction patterns of the DLP, its background solution and pure water were 

radially integrated to produce a radial intensity profile (see Materials and Methods). The 

first ring of the diffraction pattern yielded a d-spacing which was probed for statistical 

differences following Pouget et al.1 by the use of a Welch-Aspin generalized T-test, 

presented in Table A 3.2. 

Table A 3.2 | Welch-Aspin T-test results for the difference in d-spacing of water, background 

solution at 0.96 tσ max, and the DLP (sample 0.96 tσ max). 

sample comparison T P -value (two-tailed)
water - 0.96 t σ max 6.6575 0.0012

water - sample 0.96 t σ max 7.6056 0.0047

0.96 t σ max - sample 0.96 t σ max 5.5688 0.0051
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A 3.3 | Simulations at High Supersaturation: DLP 

Formation 
During the initial stages of CaCO3 precipitation from homogeneous solution, microscopic 

regions of ion-rich solution will form. Moreover, addition of the titrant to the analyte 

solution will induce transient local high ion concentrations. Hence, understanding the 

solution equilibrium at high supersaturation is essential to elucidate the mechanisms of 

mineral formation. To this end three random systems were simulated containing 100 

(0.57 M), 200 (1.1 M) and 300 (1.7 M) free Ca2+ and CO3
2–, respectively, in 10,000 

water molecules (Materials and Methods Chapter 3). MD simulations of 50 ns were 

performed at 300 K and 1 atm, before 10 ns production runs were conducted at constant 

volume. Equilibrium averages and system properties were measured from the final 5 ns of 

this latter simulation. 

A 3.3.1 | Phase Separation 
In all three systems ion association was observed very early on in the trajectory and clusters 

grew and aggregated to give larger clusters which incorporated the majority of available 

ions (Figure A 3.7 and Table A 3.3).  At 0.57 M a nanoparticle was evident in solution in 

equilibrium with a number of free ions and smaller ion associates. At higher 

concentrations the large cluster that formed percolated the periodic boundaries of the 

simulation cell to form a cluster of infinite size (Figure A 3.7).  With periodic boundaries, 

a cylindrical geometry offers the minimum surface energy for phases in solution above a 

certain size: assuming perfect spheres and cylinders for clusters, there will be a crossover in 

the minimum surface energy from a sphere to an infinite cylinder when the radius of the 

sphere exceeds L/3 (or the radius of the cylinder 2L/9) where L is the simulation cell 

length. For all three random systems, L = 6.7 nm and so this cross-over would occur for a 

sphere of radius around 2.2 nm, or cylinder with radius 1.6 nm. These values are for 

perfect geometries with sharp interfaces, whereas the surface of the particle at 0.57 M, and 

cylinder at 1.1 and 1.7 M, is clearly diffuse (see Figure A 3.13a for details). Nevertheless, 

the variation in density with distance from the particle center of mass (Figure A 3.13a) 

suggest that radii of 1.5–2 nm for the particle, and 1.3–1.7 nm for the cylindrical system, 

are sufficiently similar to these limits to suggest that these may be the same state, and that 
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surface tension is driving the change of particle shape. This is further supported by the fact 

that the enthalpy of ionic clusters in the three systems is very similar, with a small decrease 

as the clusters get bigger, and hence the interfacial energy becomes a smaller component of 

the overall energy (Table A 3.4). That change in enthalpy is concomitant with the change 

in water content (see Section A 3.3.3 for details) in the first solvation shell of ions in the 

largest clusters. 

Figure A 3.7 | Dense liquids at high supersaturation. Snapshots taken from the final portion of 
simulations of CaCO3 random solutions at (a) 0.57 and (b) 1.1 M. Ions aggregate in solution to form a 
large cluster, in equilibrium with a lean ionic solution of free ions, ion pairs and smaller ion associates. 
For the highest concentrations, the large cluster percolated through the periodic boundaries of simulation 
cells to form an infinitely large ionic network, as can be seen in (b). Calcium and carbon are shown as 
gold and grey, respectively. Green lines indicate connections between ion centers where rCa–C ≤ 4.2 Å. A 
transparent surface for calcium and carbonate is shown as a van der Waals radius. 

Table A 3.3 | Fraction of ions in the largest cluster 

0.57 M 1.1  M 1.7 M 

Ions in the largest cluster 87 % 96 % 93 % 

Table A 3.4 | Enthalpy of ions, Hions, per CaCO3 unit, NCaCO3
. Uncertainties one standard deviation. 

0.57 M 1.1  M 1.7 M 
Hions

NCaCO3
(eV)1 –29.41 ± 0.02 –29.74 ± 0.01 –29.85 ± 0.01 

1 The enthalpy of bulk water, HBW, was subtracted from the total enthalpy of the system, H, to calculate the enthalpy 
of solvated ions, Hions: Hions = H – HBW. The enthalpy of bulk water at equilibrium was measured, and HBW = NWHWat

where HWat is the average enthalpy per bulk water molecule and NW are the number of water molecules in the 
simulation cell of interest. 
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Figure A 3.8 | Cluster sizes emerging at high supersaturation. Cluster size probability distributions for 
clusters emerging in solutions at 0.57 (black), 1.1 (blue) and 1.7 M (red). Sizes are plotted for clusters as a 
function of number of ions, Nions. Inset are the same distributions up to a maximum of Nions = 50. 

For all three systems the cluster size probability distributions showed a peak at 

large number of ions, Nions (Figure A 3.8). These peaks are broad due to the dynamic 

nature of ion coordination and the fluctuating size of the clusters on the timescale of the 

simulations. Visual inspection confirmed dynamic (dis)ordering in clusters and showed 

that ions had relatively high mobility (see Section A 3.4 for more details), consistent with a 

liquid. Surrounding the large clusters were a small number of predominantly free ions and 

ion pairs, and occasionally larger ion associates (Figure A 3.7 and Figure A 3.8) up to 

around Nions = 10. For 1.1 M, there is a low probability of finding clusters with a radius of 

gyration < 0.4 nm (Figure A 3.9), consistent with the results at basic pH and low 

concentration (Appendix Chapter 2). Hence, in all high supersaturation systems phase 

separation occurred between a dense liquid, rich in calcium carbonate, and a lean liquid 

comprising an aqueous solution containing free ions and ion pairs. As this happens 

spontaneously in simulations, it is likely that any energy barrier to phase separation is 

smaller than a few kBT at these high concentrations. It is not clear from simulation 

whether there is indeed a small energy barrier, as expected for a binodal phase separation at 
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such high concentrations, or whether there is no energy barrier, indicative of spinodal 

decomposition. 

 
Figure A 3.9 | Ion associates in lean solution. Probability density P of the radius of gyration, Rg, for 
free ions and small ion associates at equilibrium in a system with an initial free ion concentration of 
1.1 M. Inset: histogram number of ions per cluster in Nions. 

 

A 3.3.2 | Dense Liquid Structure 
Analysis of the simulation data showed that the coordination for calcium to bind to NCa–C 

carbons in all high concentration systems (0.57–1.7 M) is roughly equal, with an increased 

probability for Ca–4C and Ca–5C compared to lower concentration systems (Figure A 

3.10a). Around 45% of Ca2+ in the cluster was 2-coordinate, with substantial amount of 

the remainder being 1-coordinate; consistent with the absence of bicarbonate in these high 

concentration simulations2. An increase in 3-coordinate Ca2+ was observed, but not 

enough (35%) to condense and rigidify the dense liquid. Although consistent with the 

DOLLOP model at high pH and concentration, our coordination levels did not reach the 

levels found by Wallace et al.3 in temperature replica exchange simulations, where Ca-3C 

was dominant and average coordination in the largest clusters was around 2.8 (compared 

to approximately 2.3 in our molecular dynamics simulation results). 

The dynamic nature of ion coordination is reflected by the probability densities 

for the lifetime of cation-anion “bonds” in Figure A 3.10b. Bond breaking was prolific 

during simulation. Short bond lifetimes, where coordination lasts no more than about 
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100 ps, were highly probable with around 70% of connections breaking on this time scale. 

However, other ionic connections lasted much longer, with comparable probabilities at all 

concentrations for bond breaking on the time scale of nanoseconds, up to the maximum 

time of 5 ns. A small fraction of bonds (less than 10%) remained intact during the whole 

simulation. Visual inspection showed that reconfiguration of the ionic network is faster at 

the interface with lean solution, with connections in the core of the dense liquid remaining 

for longer times. 

Figure A 3.10 | Cluster coordination and dense liquid bond lifetimes. (a) Coordination probabilities 
for calcium to bind to NCa–C carbons in systems at high concentration. Probabilities P were measured for 
all associated ions and error bars show uncertainties of one standard deviation in the distribution. (b) 
Probability densities for Ca–C bond lifetimes in clusters; bonds were defined by a distance cutoff of 4.2 
Å, and were sampled from the final 5 ns of simulation. Data for 1.1 and 1.7 M have been shifted by two 
and four orders of magnitude, respectively, to make the plot clear. The data was smoothed using a 
running average over ten data points. 

The radial density for ions and water from the core of dense liquids with initial 

concentrations of 0.57 and 1.7 M is shown in Figure A 3.11a and b, respectively. As 

mentioned above, the interface between the dense liquid and aqueous solution is diffuse, 

with ion densities tailing from the maximum to zero over approximately 1 nm. The ionic 

density at small radii show a lot of scatter, due to the small finite number of ions involved; 

nonetheless, the molar mass density in the core can be estimated to be 970–1150 kg m–3. 

Water density in the core of DLP (ρ = 880–1000 kg m–3) was quite close to that in the 

lean solution, which in turn is equal to the density of bulk water (simple point charge/ 

flexible model water (SPC/Fw)4; 1012 kg m–3). For comparison, the ion and water 
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densities in bulk amorphous CaCO3·H2O were measured to be 2660 and 400 kg m-3, 

respectively. The ionic density gradient in the dense phase (Figure A 3.11c and d and 

Figure 3.4 Main Text) show the coordination of calcium with anions and water as a 

function of radius from the core of dense liquid regions. A general trend can be observed: 

as the distance from the center of mass is increased, there is a corresponding decrease in 

ionic coordination and an increase in ion hydration. In the core of the DLP, Ca–CO3 

coordination is around 6–7 with a small number of water molecules binding to cations. At 

the periphery of the dense liquid we find ionic coordination numbers of one, and cations 

are almost fully solvated in the first shell. 

Figure A 3.11 | Radial structure in dense liquids. Top: mass densities, ρ, of ions (red) and water (blue) 
as a function of distance from the center of mass (in terms of ions), r, of dense liquids in systems with 
initial concentration: (a) 0.57 and (b) 1.7 M; density units are kg m–3. Data points were averaged over 
the trajectory and lines were generated using Gaussian kernel regression using a bandwidth of 0.6 nm. 
Bottom: coordination probability maps generated from interpolated data for (c) 0.57 and (d) 1.7 M 
systems at equilibrium. Ca2+ coordination numbers in the first coordination shell (measured according to 
the first minimum in radial distribution functions, see Appendix A 3.4) to carbonate oxygen atoms, Ca2+ 
coordination, and water, Ca2+ solvation, are plotted with the distance of calcium from the center of mass 
highlighted by the map color on the right (scale in Å). 
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A 3.3.3 | Water in the Dense Liquid Phase 
A snapshot below the surface of the DLP in Figure A 3.12 shows a significant amount of 

water percolating through an ionic network. While water exchange with lean solution does 

take place on the timescales of simulation, a significant amount of water in the core of the 

dense liquid remains tightly bound to ions over the course of nanoseconds. Water 

networks in the core, defined by a distance criteria (guided by position of the minimum 

following the first peak in water O–O radial distribution functions (RDFs)), were stable 

during simulation, and so this structural water is different from solvating water molecules 

which can be found surrounding ions in bulk lean solution.  

The number of water molecules in the first coordination shell of ions in the DLP 

found in the three high concentration systems is listed in Table A 3.5. The data are for 

ions which are within 9 Å of the center of mass of the DLP. The water content is higher in 

the nanoparticle. While in the core the amount of water approached roughly ~ 4 water per 

CaCO3, at the periphery of the dense liquid in the infinite phases (i.e. systems above 1 M) 

there are around ~7 water molecules per CaCO3 unit. Hence we generally describe ~4 ̶ 7 

H2O/CaCO3 for the DLP. 

Figure A 3.12 | Water in dense liquids. (a) Snapshot of the large cluster at 0.57 M. A solid surface for 
calcium carbonate is shown in grey, constructed using van der Waals radii. A slice through the surface 
reveals connections between calcium and carbon atoms, shown as green bonds where rCa–C ≤ 4.2 Å. Red 
spheres show water oxygen atoms within 3.2 Å of ions. (b) and (c) show snapshots of a slice through the 
simulation cell z axis of a system at 1.1 M showing the percolating dense liquid (as a transparent grey 
surface) at t = 0 (b) and t = 5 ns (c). Water within 3.2 Å of ions at t = 0 is shown in red, with lines 
showing water connections within 3.5 Å, while all other water is shown in blue. 
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Table A 3.5 | Water molecules per ion in the first solvation shell of ions in the core of dense 

liquids. Water within 3.2 Å of Ca and 4.5 Å of C was used in the calculations, as these represent the first 

minimum in Ca-Owat and C-Owat radial distribution functions, respectively. 

0.57 M 1.1  M 1.7 M 

H2O per ion 4.27 ± 0.1 3.48 ± 0.09 3.51 ± 0.09 

A 3.4 | Simulations of Ion Mobility in DLP 
The mean squared displacement (MSD) of ions in DLP was measured for Ca and C. 

These were calculated as a function of radial distance from the center of mass of DLP 

clusters in three dimensions (3D), where for the infinite DLP cylindrical particles this was 

measured in 2D for segments of the cylinder. The first minimum in Ca-C RDFs for dense 

liquids was at 4.0 Å, similar to the Ca–C coordination within clusters defined as rCa–C ≤ 4.2 

Å. In order to distinguish between diffusion within the DLP and collective diffusion of the 

DLP, the translational motion of the cluster was removed from the calculation of the 

MSD. The MSD for calcium in DLP radial windows at 0.57 M is shown in Figure A 

3.13. It is clear that the mobility of ions increases with increasing radius. This is not 

surprising as the ionic coordination of ions decreases away from the core of the DLP, and 

the increased ion hydration in the diffuse interface allows greater ion translational motion. 

Diffusion coefficients were calculated from the slope of the linear portions of the 

MSDs and are shown in Figure A 3.13. The trends for increasing D at larger radius are 

consistent for the two lower concentration phases. These also show comparable radial 

density profiles out to about 20 Å (Figure A 3.11). The highest concentration system, 

1.7 M, shows a more gradual change in diffusion coefficient with distance from the center 

of the DLP, which is consistent with the larger cylinder radius observed in this system. For 

ions within 6 Å of the center of the DLP particles, diffusion coefficients were ~10–8 cm2 s–1 

(diffusion of ions in bulk amorphous CaCO3·H2O was measured to be ~10–10 cm2 s–1) 

which is considerably smaller than diffusion coefficients typical of most liquids (10–6–10–5 

cm2 s–1). In the interfacial regions, D was 10–6–10–7 cm2 s–1, and approaching the values for 

dissolved ions. The diffusion in these bulk systems is smaller than was found by Wallace et 
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al.; in part this will be because of the much larger DLP particles in this study, but is also 

likely to arise from the removal of collective particulate motion from the calculated 

diffusion coefficients.  

Figure A 3.13 | Ion displacement in dense liquids. (a) Internal mean squared displacement, <r-R>2, for 
ions in different radial spheres from the cluster center of mass in the dense liquid nanoparticle which 
emerged in simulations at 0.57 M. (b) The logarithm of internal ion diffusion is shown as a function of 
radius from the center of mass of dense liquids with initial concentration 0.57 (black), 1.1 (blue) and 
1.7 M (red). Data for calcium is shown as circles, with the carbon of carbonate shown as triangles. Linear 
fits through the data for ions at different concentrations are shown. D was calculated from mean squared 
displacements at t = 0.1–1.6 ns. 

A 3.5 | TEM Simulations of Dense Liquids 
To compare with experimental TEM images, the system at 1.7 M was used to perform 

TEM simulations. The final configuration was used as input. In this system the DLP 

percolated through the simulation cell boundaries in the x dimension, and was further split 

across simulation y and z periodic boundaries. To get a clear indication of the electron 

transmission properties of the dense and lean liquids, a 33.3 × 13.3 × 13.3 nm (5 × 2 × 2) 

supercell was created with the x axis oriented parallel to the optical axis in simulation. The 

length of the DLP was set to equal the length of the supercell (see Figure 3.4f). It is 

possible that the periodicity in the supercell introduces an additional contribution to phase 

contrast that would not be found in the amorphous phase in bulk. 
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Figure A 3.14 | TEM Simulations. TEM images for a sample containing the system at 1.7 M. A 5 × 2 × 
2 supercell of the system was created and positioned such that the direction of dense liquid percolation 
was parallel to the optical axis. (a) shows the image as calculated, and (b) shows the image with noise 
from the background removed. 

Figure A 3.14 shows TEM images calculated from simulation (see Materials and 

Methods Chapter 3 for input parameters). The supercell can be seen as a central square in 

the images, with dark spots in the center and at the edge. The ion–rich phase can clearly 

be seen as the darker regions in the image, due to increased scattering of electrons and 

contrast compared with the lean solution. Electron intensity, detected following 

transmission through lean solution, was equal to that of pure SPC/Fw water within 

statistical uncertainty when the same simulation parameters were used. At the interface 

between the sample and the background (modeled on bulk water), electrostatic potential 

discontinuities lead to regions of high and low intensity (referred to as Fresnel fringes). In 

measuring contrast it is therefore important to avoid comparing intensities of phases which 

are close to the interface. DLP intensities at their lowest are around 85% of the lean 

solution, and this compares well with experimental measurements where the dense liquid 

TEM intensity was 90 ± 4% (mean ± standard deviation of the distribution) of the lean 

ionic solution (see also Figure 3.5d and Figure 3.6a).  
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CHAPTER 4 
Calcium Carbonate Nucleation in a Biomimetic 

Matrix Driven by Ion Binding  

Abstract 
Nucleation and growth of calcium carbonate in a matrix of the polyelectrolyte polystyrene 

sulfonate (PSS), which serves as a biomimetic surrogate for highly charged polysaccharides and 

acidic proteins, is studied by using in situ liquid phase transmission electron microscopy (LP-TEM). 

This state-of-the-art analysis technique demonstrates that ACC is able to nucleate confined to 

spheroidal globular complexes of PSS, which are able to bind more than 50% of the present 

calcium ions through counter-ion condensation to the sulfonate groups. This ion binding behavior 

was determined by complementary techniques including isothermal titration calorimetry (ITC), 

zeta potential, Fourier transform infrared spectroscopy (FTIR) and calcium ion-selective electrode 

(Ca-ISE) measurements. The Ca-PSS globules act as preferential nucleation sites for ACC and 

demonstrate that ion binding is a key step in the minerals’ formation process, independently of 

any control over the free energy barrier to nucleation. 

This chapter has been published as: P.J.M. Smeets, K.R. Cho, R.G.E. Kempen, 

N.A.J.M. Sommerdijk and J.J. De Yoreo, Calcium carbonate nucleation driven 

by ion binding in a biomimetic matrix revealed by in situ electron microscopy, 

Nat. Mater., 14, 394-399 (2015). 
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4.1 | Introduction 
Many biomineralization systems contain charged biopolymers that play a role in the 

stabilization of amorphous precursor phases from which biominerals are formed. This 

strategy allows the controlled growth of complex shapes and structures without resorting 

to very slow growth at low levels of supersaturation σ (refs. 1, 2). Immobilized acidic 

macromolecules, in particular polysaccharides, have also been suggested to act as 

concentrators of mineral ions by cation binding before crystallization through a so-called 

ionotropic effect3, 4. However, their precise role in controlling biomineralization is still not 

well understood5, 6. 

This lack of understanding is in part due to the difficulty of studying biomimetic 

mineralization systems with sufficient spatial and temporal resolution7. However, liquid-

phase transmission electron microscopy (LP-TEM) can visualize events in situ with high 

resolution in thin liquid volumes confined between two electron-transparent membranes, 

most often silicon nitride (Si3N4; ref. 8). Recent reports showed the nucleation and growth 

of metal nanoparticles in solution at lattice resolution 9, 10, the development of metal 

nanoparticles in the presence of micelles11, electrochemical precipitation of metallic 

materials12, as well as iron oxide mineral growth through the oriented attachment of 

nanoparticles13 using video rate imaging. However, the observation of nucleation and 

growth of inorganic materials within an organic matrix, visualizing both the organic and 

the inorganic component, has not yet been reported. 

In this chapter, we use LP-TEM in conjunction with calorimetry, spectroscopy 

and potentiometric measurements to explore the validity of the ionotropic effect of Ca2+ 

binding by the PSS. Previous mechanistic studies on the role of organic matrices in 

directing CaCO3 nucleation using self-assembled monolayers (SAMS), focused on the 

importance of the interfacial free energy14 – a parameter determined by crystal–matrix 

binding that captures the collective behavior of the system. In contrast, the results that will 

be described in this chapter demonstrate the important role played by kinetic terms 

associated with the individual atomistic process of ion binding in directing CaCO3 

nucleation within macromolecular matrices.  
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Figure 4.1 | LP-TEM setup.  (a) Schematic of the liquid flow holder. Liquid (blue) and gas (grey) flow 
takes place in the direction of the arrows; see Section 4.7.2 for details. (b) The side view of the cell 
assembly, which contains a small o-ring underneath the bottom chip and on top of the top chip, while a 
large o-ring near the outer edge hermetically seals the cell from the vacuum (o-rings are indicated in 
black). The silicon nitride/oxide spacer (green) attached to the bottom chip is oriented in such a way that 
the liquid would flow into/out-of the plane as it passes though the cell. The electron beam passes through 
2 layers of 50 nm of Si3N4, indicated in orange. 

4.2 | CaCO3 Formation in Absence of a Biomimetic 

Matrix 
A dual inlet flow stage (see Section 4.7.2) was used for in situ observation of CaCO3 

nucleation within a macromolecular matrix of the acidic polymer polystyrene sulfonate 

(PSS) as a biomimetic proxy for the natural charged macromolecules. To perform the 

experiments, a CaCl2 solution in the presence (or absence) of PSS was pumped into the 

fluid cell, after which carbonate was introduced through influx of vapor released from the 

decomposition of solid (NH4)2CO3 (according to (NH4)2CO3 (s) ⇄ 2NH3 (g) + CO2 (g) + 

H2O (g); ref. 15) via the second inlet port (Figure 4.1).  

When a 1.25 mM CaCl2 solution was pumped into the fluid cell, within minutes 

of vapor influx from the decomposition of the solid (NH4)2CO3 we observed nucleation of 

nanoparticles, which were randomly distributed over the Si3N4 membranes (Figure 4.2a).  
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Figure 4.2 | Rapid nucleation of nanoparticles without PSS. LP-TEM snapshots after ~5 min of 

(NH4)2CO3 diffusion, showing (a) nucleation and growth of particles; t = 0 s (i) represents the initial 

imaging time in the viewing area on the CCD camera (scale bars 50 nm). The white arrow indicates a 

reference point, since the stage was moved during the acquisition process. Differences of black and white 

contrast in particles are due to differences in the location relative to the focal plane: black signifies a near-

focus condition (near bottom Si3N4 membrane) and white signifies over-focus (near top membrane). (b) 

Nucleation and growth of a single particle towards a hexagonal morphology (scale bars 20 nm). 

Figure 4.3 | Heterogeneous nucleation of vaterite on the surface. (a,b), LP-TEM images of particles 

after ~5 min. of (NH4)2CO3 diffusion with corresponding diffraction pattern (inset), indicating vaterite 

planes (scale bar (a) 20 nm), where in (b) a large vaterite particle is shown with zone-axis in the [441] 

direction (scale bar 500 nm). (c,d), In situ AFM (c) height image and (d) deflection image of particles 

after ~10 min. of (NH4)2CO3 diffusion on a mica substrate (scale bars 200 nm). The structure in (b,d) is 

typical for a vaterite flower-like morphology. 
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All particles developed facets (Figure 4.2b and Figure 4.3a,b), and most exhibited 

a clear diffraction contrast indicating crystallinity. Using electron diffraction, we identified 

them as vaterite (Figure 4.3a,b). Since nucleation of particles after similar diffusion time 

were observed in in situ AFM measurements (Figure 4.3c,d) and in benchtop experiments 

using a Si3N4  substrate vaterite predominated (although some calcite was observed, see 

(Appendix 4.1)), we can exclude significant electron beam effects on CaCO3 nucleation 

rates and polymorph selection (see also Section 4.5). When glass substrates were used in 

benchtop experiments, we found that calcite was predominantly produced with this 

solution composition. Consequently, we assume that polymorph selection in PSS-free 

control experiments in part reflects heterogeneous nucleation on the Si3N4 substrate. 

 

4.3 | Providing a Biomimetic matrix 

4.3.1 | Formation, Morphology and Size: Ca-PSS Globules 
To introduce the biomimetic matrix, PSS (0.5 g L–1) was added to the CaCl2 solution and 

flowed into the cell. When the solution reached the cell, low-contrast objects were 

observed with diameters of 10–100 nm (Figure 4.4a,b), which were not present in the 

absence of Ca2+ ions (Appendix 4.3). The low contrast suggested that these objects were 

globules of highly hydrated Ca-PSS complexes16, and their static nature implied they were 

immobilized on the Si3N4 windows of the liquid cell (Figure 4.4b).  

Dynamic light scattering (DLS) analysis confirmed that the presence of calcium 

ions induced the formation of such globules, but with smaller average diameters (mode ± 

s.d.: 13 ± 3 nm based on intensity, and 8 ± 1 nm based on volume) compared with those 

measured in TEM (mode ± s.d.: 20 ± 3 nm), implying that they flattened in contact with 

the Si3N4 window (Figure 4.4d-f). In situ atomic force microscopy (AFM) revealed that 

when mica surfaces with a surface charge similar to Si3N4 (Appendix 4.4) were exposed to 

the polymer–calcium solution, flattened circular objects formed, which were immobilized 

on the surface (mode ± s.d.: 30 ± 3 nm), exhibiting heights of only 0.7–2.5 nm, a size 

range of 10–100 nm in lateral dimensions and with average volumes similar to those 

estimated from DLS (Figure 4.4c and Appendix 4.3).  
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Figure 4.4 | Analysis of formation, morphology and size of Ca-PSS globules. (a) LP-TEM snapshots 

following the formation of Ca-PSS globules on the Si3N4 window after the indicated flow time of Ca-PSS 

solution into the liquid cell: (i) t = 0 s (water), (ii) 145 s (iii) 147 s and (iv) 150 s (scale bars, 200 nm). 

(b,c), LP-TEM and AFM images (on a mica surface), respectively, in liquid, showing large globules (scale 

bars, 100 nm) and small globules (inset; scale bars, 20 nm; white arrows indicate globules). (d,e,f) Size 

distribution of globules in (d) DLS and lateral size distribution in (e) AFM and (f) TEM. 

4.3.2 | Physicochemical Properties of the Ca-PSS Globules 
Complexation of Ca2+ ions with the polymer sulfonate groups was consistent with 

the detection of a more positive zeta potential in the presence of calcium ions (Figure 

4.5b) and by a shift in the asymmetric and symmetric sulfonate stretch vibrations in the 

Fourier transform infrared (FTIR) spectrum of the PSS (Figure 4.5a)17.  
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Calcium ion-selective electrode measurements showed that 0.55 ± 0.07 mM 

(mean ± standard deviation) of the total added Ca2+ was free as ions in solution. Put 

differently, this means that ~56.6 mole% of the total added Ca2+ was bound by the 

polymer, or a Ca2+/SO3
– ratio of 0.29 ± 0.03, in agreement with previous results18 (Figure 

4.5c). The measurements reveal no changes in free Ca2+ concentration over time, 

indicating that binding of Ca2+ with the SO3
– groups of the PSS when the solutions are 

mixed is instantaneous and stable. Isothermal titration calorimetry confirmed the 

Ca2+/SO3
– stoichiometric ratio of 0.29 (N = 2 experiments), and furthermore showed that 

globule formation is enthalpically driven (Figure 4.5d). Since the binding mechanism is 

exothermic (ΔG = –456 kJ mol–1), and breaking up the Ca-PSS globular structure would 

involve rehydration of the Ca2+ bringing along a large energetic penalty, we do not expect 

the globules to change their composition when bound on the Si3N4 membrane. 

4.4 | CaCO3 Formation in Presence of the Biomimetic 

Matrix 

4.4.1 | ACC Nucleation Confined to Ca-PSS Globules 
The immobilized Ca-PSS globules inside the TEM liquid cell were subsequently exposed 

to vapor from the decomposition of solid (NH4)2CO3. After a delay time of ~30 min, the 

nucleation of CaCO3 nanoparticles was observed, with these growing to sizes of 10–20 nm 

within seconds (Figure 4.6a-c). In situ electron diffraction showed that the as-formed 

particles were amorphous (Figure 4.6d), where the d-spacing of the amorphous ring (~3.70 

Å, see Figure 4.6e) agrees well with the one reported for ACC obtained by cryo-TEM19. 

Indeed, the amorphous material could be converted into calcite on prolonged exposure to 

a high-intensity electron beam (Figure 4.7), verifying the nucleated material to be 

composed of CaCO3. 

Interestingly, ACC nanoparticles were exclusively observed in or on the 

immobilized Ca-PSS globules, and all ceased growing after tens of seconds. Growth rate 

profiles of ACC and vaterite were extracted from the time-lapse series recorded for the 

precipitation of CaCO3 in the presence and absence of PSS, respectively (for details, see 

Materials and Methods). The initial growth rates  ̶  determined by extrapolation of the 
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profiles to zero radius  ̶  were higher for the ACC particles formed in the presence of PSS 

(16 ̶ 23 nm s–1) than for the vaterite crystallites formed in its absence (3 ̶ 6 nm s–1; Figure 

4.6f). These initial growth rates are directly related to the value of σ at the time of 

nucleation and can be used to estimate its value (see Appendix 4.5 for details). Two 

approximations permit this. First, because ACC is amorphous, the surface is expected to 

be atomically rough, thus every site serves as a potential attachment  ̶  or ‘kink’  ̶  site.  

Figure 4.5 | Physicochemical properties of as-prepared Ca-PSS globules. (a) FTIR spectrum of the 
asymmetric (left) and symmetric (right) stretch of the sulfonate group and (b) zeta potential for the Ca-
PSS solution (blue) and the solution containing only PSS (red). (c) Ca-ISE measurements displaying a 
constant value of free Ca2+ as measured in the Ca-PSS solution vs. time. (d) ITC measurements. Upper 
panel: raw heat pulse data. Lower panel: integrated heat pulses, normalized per mole of injectant (PSS). 
The differential binding curve is adequately described by an independent-binding-site model (red line) 
with fitting parameters n (binding stoichiometry), ΔH (enthalpy difference) and ΔS (entropy difference) 
given in the squared box. n = 0.010 indicates 0.010 PSS (injectant) binding with 1 Ca2+ (analyte). This 
corresponds to 100 Ca2+ per PSS chain, or 0.29 Ca2+ : 1 SO3–. The blue dashed line in the lower graph 
reflects the concentrations of CaCl2 and PSS in the Ca-PSS solution. 
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Figure 4.6 | Nucleation of ACC from Ca-PSS globules imaged in LP-TEM. (a) Image sequence after 
45 min of (NH4)2CO3 diffusion, showing initial nucleation and rapid growth of a CaCO3 particle inside 
or on a primary Ca-PSS globule within 4 s (i–viii) (ACC 1; scale bars, 20 nm). (b) Sequence after 1 hour 
of diffusion, showing CaCO3 nucleation and growth within a longer timeframe of 19.6 s (i-vi) (ACC 2; 
scale bars, 20 nm). (c) Lower-magnification image (scale bar, 50 nm) after 30 min of diffusion exhibiting 
many nuclei in Ca-PSS globules and (d) corresponding electron diffraction pattern shows that they are 
amorphous. Differences of black and white contrast in the nucleated ACC particles are due to differences 
in the location relative to the focal plane: black signifies a near-focus condition (near bottom Si3N4 
membrane) and white signifies over-focus (near top membrane). Therefore, one can distinguish nucleated 
ACC in (or near) a globule that is adsorbed on the top or bottom Si3N4 membrane of the liquid cell. (e) 
The radially integrated pattern of (d) is shown with a peak at q ≈ 2.7 nm–1 (3.70 Å). (f) Growth rate vs. 
average radius for the two ACC particles in (a,b) (ACC 1 and 2 with PSS, respectively) compared against 
those of three vaterite particles (without PSS). A logistic growth function is used to fit each set of data 
points and to extrapolate to zero radius. Inset: Measured radius vs. time for ACC and vaterite particles. 

Similarly, for vaterite the high curvature at the time of nucleation allows us to make the 

same approximation. Second, at moderate to high values of σ, the net addition of ions to a 

kink site is dominated by attachment events, which are in turn controlled by ion 

desolvation rates  ̶  which should be similar for all CaCO3 phases, as they are primarily a 

property of the solution20. Taking the known dependence of step speed on σ for calcite 

and an initial radial growth speed of 16  ̶23 nm s–1, we estimate ACC nucleation to occur 

at σ = 1.0 ̶ 1.8 relative to ACC in the presence of PSS, and vaterite nucleation to occur at 
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σ = 0.5 ̶ 0.6 relative to vaterite in its absence (Appendix 4.5). Because we would expect 

ACC nucleation to be more likely than vaterite nucleation at equal σ on the basis that the 

surface energy of ACC is lower20, 21, these results show that the addition of PSS 

significantly inhibits ACC nucleation. Because the solubility of ACC is much greater than 

that of vaterite, the high value of σ relative to ACC that is achieved before nucleation also 

shows that nucleation of vaterite is greatly inhibited by the PSS.  

Figure 4.7 | ACC transformation into calcite upon increased electron dose. (a) LP-TEM image of 
ACC in globules exposed for several minutes to the electron beam after 50 min of diffusion (scale bar, 50 
nm). (b) Electron diffraction analysis of the image reveals a calcite zone axis in the [001] direction. This 
image matches with an orientation pattern of calcite obtained using PSS as an additive from literature22. 
The inset shows multiple spots per reflection indicated by the white arrows, implying that the particles in 
(a) were growing similarly along the [001] direction with a slight misalignment between one another. (c) 
Shows the calcite crystal structure where the [001] direction is parallel to the electron beam (z-axis). 

The inhibition of ACC nucleation also leads to a significant difference in Ca2+:CO3
2– 

ratios during vaterite nucleation without PSS and ACC nucleation in the globules. For an 

initial Ca2+ concentration of 1.25 mM and 56 mole% of the calcium bound in the Ca-PSS 

globules, we estimate these values of σ to correspond to Ca2+:CO3
2− ratios of 1:3  ̶  1:6 and 

1:0.019 ̶  1:0.022 during the ACC and vaterite nucleation events, respectively (Appendix 

4.7). 
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Given the supersaturation data, with the use of the diffusion equation in 3D for 

radial symmetry (assuming that the ACC and vaterite initially nucleate and grow in a 

spherical fashion) it is possible to deduce diffusion coefficients (Appendix 4.6). We find 

for ACC that the diffusivity D varies roughly from 2×10–11  ̶  2×10–12 cm2 s–1, and thus is 

many orders of magnitude lower than the self-diffusion coefficient D of water at room 

temperature (~2×10–5, see ref. 23), in line with data from previous findings of diffusion 

coefficients determined in a TEM fluid cell9, 13. Interestingly, if we take the growth rates of 

vaterite and calculate its diffusivity, we find no substantial difference in D, suggesting that 

the PSS does not influence the diffusivity in a significant manner (Appendix 4.6).  

The data in Figure 4.6f also show that the growth rates of individual vaterite 

particles are very similar, whereas there is some variation in the ACC growth rates. This 

implies that in absence of PSS the concentrations of Ca2+ and CO3
2– are similar 

throughout the imaging area, but that the Ca2+ concentration varies slightly between 

individual globules. 

4.4.2 | Vaterite Formation after Longer Diffusion Time 
No further precipitation of CaCO3 was observed outside of the globules until after ~2 h of 

continuous diffusion, when randomly distributed crystals of vaterite appeared within the 

liquid (Figure 4.8). Furthermore, in situ AFM showed nucleation of large μm-sized 

structures on the surface after similar longer diffusion time. These were easily moved by 

the AFM tip due to their weak binding to the surface and sudden increase in the tapping 

imaging force due to their abrupt large height fluctuations (Figure 4.9e). Therefore, often 

only partial particles (white) appeared in the images collected by the upscan (Figure 

4.9a,e). While removed from the surface, the structures left imprints on the places they 

were located, which were lower in thickness by one or two layers of PSS than the 

surrounding area as determined by height profiles (Figure 4.9b,c). Their morphology 

appeared spherical, oval and peanut-shaped, while Raman analysis for these entities 

revealed a vaterite polymorph (Figure 4.9d) in agreement with TEM results. In SEM 

imaging, the μm-sized vaterite could be shown with their intact morphology (Figure 4.9f). 

Note that sizes and amount of these structures are significantly different from those of 

TEM results, presumably due to a limited volume effect in the TEM cell. However, the 

phase and formation after similar diffusion times appear very consistent. 
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Figure 4.8 | Vaterite formation after longer diffusion time in LP-TEM. (a) Image after ~2 h of 
(NH4)2CO3 diffusion, showing large particles (upper right corner) exhibiting diffraction contrast contours 
that have nucleated and grown in the vicinity of the ACC particles formed from the Ca-PSS globules 
(scale bar, 50 nm). (b) Control reaction after ~2 h of diffusion without previous beam exposure, 
eliminating the influence of the beam on particle formation, see also Section 4.4.5 (scale bar, 50 nm). 
(c) Diffraction pattern (inverted colors for clarity) of particles in (b), showing spots (in black) of the 
(101) and (102) planes characteristic of vaterite.  

4.4.3 | Mechanism of Mineral Formation 
We can understand the build-up of high supersaturation levels in Ca-PSS globules and the 

consequent localized nucleation of the ACC as follows. Initially, the negatively charged 

polymer sequesters the calcium ions, thus lowering the free calcium concentration in 

solution and preventing nucleation outside the polymer-containing areas. The polymer 

also stabilizes the amorphous phase, leading to ACC nucleation only at the sites of the 

globules. With the continued generation of carbonate via CO2 influx, the solution outside 

of the globules eventually reaches sufficiently high supersaturation to nucleate the vaterite. 

The cessation of ACC nanoparticle growth suggests the calcium ions bound 

within the Ca-PSS globules provided the cation supply and that growth stopped when 

these ions were depleted to the solubility limit of ACC. Indeed, taking into account that 

the free Ca2+ concentration in solution is significantly reduced owing to the initial binding 
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with PSS, there will be little or no gradient to drive the diffusion of calcium ions towards 

the growing mineral particles inside the polymer globules. We have schematically 

summarized our findings in Figure 4.10. 

Figure 4.9 | Vaterite formation after longer diffusion time in AFM. (a) Three subsequent in situ 
AFM (amplitude) images (i-iii) of the Ca-PSS solution after 2 h diffusion. Image (ii) shows that large 
structures were present in solution (scale bars 1 μm). They were moved by the AFM tip rather easily, 
leaving a spherical-like or peanut-like imprint (iii). (b) AFM (height) image of (iii). (c) Height profiles 
along the lines shown in (b). (d) Raman spectrum of the crystals on a Si3N4 wafer, which were quenched 
in ethanol. Numbered peaks are corresponding to a vaterite structure, the peak at 520 cm–1 is that of Si. 
The inset shows the crystal used for Raman analysis in the center. (e) AFM (amplitude) image with larger 
scan size including the area shown in (a) inside the red box. It shows that the micrometer-sized entities 
appeared all over the substrate and left imprints. (f) SEM image of the crystals grown on mica, such as the 
ones shown in (a), (b) and (e), after their growth was stopped by flowing ethanol into the AFM fluid cell. 
Scale bars in (e) and (f) are 5 μm.  
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Figure 4.10 | Mechanism of CaCO3 mineral formation in the biomimetic matrix. (a) Initially, Ca2+ 
(blue dots) binds with the SO3– group of the PSS (red), as indicated in molecular detail in the green box, 
leading to a locally high Ca2+ concentration in the Ca-PSS globules deposited on the surface of the Si3N4 
window (orange) and to low free Ca2+ concentration in the surrounding solution, where dissolved PSS is 
also bound to Ca2+. (b) CO32– (red and yellow dots) from the ammonium carbonate source then diffuses 
into the globules (black arrows), where it binds with Ca2+, replacing the weaker SO3–/Ca2+ interaction and 
creating a supersaturated state. (c) At a critical value of supersaturation (after ~30 min), ACC nuclei (light 
blue sphere) appear and grow as a result of the continued generation of CO32−. However, free Ca2+ does 
not diffuse into the globules (blue arrows with pink cross) owing to the low Ca2+ concentration in 
solution compared with that in the globules, which is fixed by the solubility of ACC. (d) The growth of 
ACC stops when the supply of excess Ca2+ ions in the globules is depleted, but the continuous generation 
of CO32– eventually raises the supersaturation of the solution to the level required for vaterite nucleation 
on the Si3N4 window. (e) Vaterite continues to grow until the remaining free Ca2+ has been depleted. 
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4.5 | Excluding Electron Beam Effects on Mineral 

Formation 
The mechanism presented in Figure 4.10 is not a consequence of specific features 

associated with LP-TEM, which has some known limitations8, 24-27 – for example, the 

interaction of the electron beam with the liquid is a matter of concern, as it may induce 

gradients in pH due to water decomposition28 and generate beam-induced deposition of 

nanoparticles29. However, in contrast to cryo-TEM, where electron damage is cumulative, 

LP-TEM allows recovery of structures and their liquid environment via chemical 

equilibration. Hence, there should be a threshold dose rate at which the balance between 

beam damage and recovery will be practically undisturbed30, 31.  

Figure 4.11 | ACC formation in globules without previous electron exposure. (a-d) LP-TEM low 
dose images recorded after approximately 45 to 50 minutes of diffusion. All images were recorded from 
previously unexposed areas of the Ca-PSS solution. (e) Diffraction pattern recorded from a pristine area 
of the cell. (f) Post-diffraction imaging of the area in (e) in bright field TEM mode, showing the 
diffraction pattern was taken from a single ACC particle (indicated by white arrow) confined to a single 
globule. Scale bars are 50 nm.  

We determined the electron dose rate to be 1 ± 0.5 × 103 e·Å–2 s–1 at our nominal 

conditions using a blank stage. To exclude the possibility that our observations could be 
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the result of the interaction of the electron beam with the sample solution, we recorded 

low-dose control images by applying a single exposure to pristine areas not previously 

illuminated by the electron beam. We did this for both our measurements of ACC 

formation confined to the Ca-PSS globules (Figure 4.11) and vaterite growth outside of 

Ca-PSS globules (Figure 4.8b). Acquisition times of 0.1 or 0.2 s were used, yielding 

electron doses of ~50 ̶ 300 e·Å–2, which are comparable to those reliably used in low-dose 

cryo-TEM imaging32. In addition, as discussed above, our AFM and benchtop 

experiments produced vaterite in the absence of PSS and globules in the presence of PSS 

on similar timescales. These observations indicate that, under the appropriate conditions, 

LP-TEM can be reliably used for the artefact-free imaging of electron-sensitive materials.  

4.6 | Discussion and Conclusions 
The results presented in this Chapter have a clear parallel in biomineralization, supporting 

a previously proposed model for the action of sulfated carbohydrates surrounding the 

nucleation sites for the aragonitic tablets in the nacreous layer of mollusk shells3, 5. In this 

model, the strong calcium binding capacity of the sulfates generates the local high 

supersaturation required for nucleation of the mineral. As the oriented nucleation of the 

mineral is thought to occur on the co-immobilized β-sheet protein structure, the authors 

suggest that the Ca2+ ions are collected without being bound to specific groups. Our 

present results show that the immobilized PSS is a functional mimic of the sulfated 

carbohydrates in the natural system and an effective concentrator for Ca2+, locally 

increasing the supersaturation such that nucleation can occur. However, our data also 

show that specific binding occurs with the polymer sulfonate groups, which subsequently 

leads to the localized nucleation of ACC. Moreover, the data indicate that nucleation is 

restricted to the immobilized PSS and is not induced by solvated PSS chains in solution –

although some interaction of these polymers with the developing mineral cannot be ruled 

out.  

Our results contrast with findings from recent in situ optical and AFM studies of 

calcite nucleation on model matrices consisting of alkylthiol self-assembled monolayers 

and polysaccharide films, both of which were also negatively charged14, 21. Analysis of the 

nucleation data in both cases showed that the films significantly decreased the interfacial 
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energy that determines the free energy barrier to nucleation. Force spectroscopy 

measurements then revealed the direct relationship between the interfacial energy 

controlling nucleation and the strength of the film–crystal binding free energy. However, 

although the probability of nucleation scales exponentially with the free energy barrier, it 

also scales exponentially with a kinetic barrier associated with atomistic processes such as 

ion desolvation and binding. No insights into the effects on the kinetic barrier were 

obtained from these previous studies. The findings presented here now reveal the 

significant role that ion binding can play in directing nucleation independent of any 

controls over the free energy barriers. 

4.7 | Materials and Methods 

4.7.1 | Preparation of Ca-PSS globules and CaCO3 formation  
i. Reagents  ̶  All reagents were from Sigma Aldrich and used as received: CaCl2 (powder,

ACS reagent, ≥ 99%), poly(sodium 4-styrenesulfonate) (PSS, powder, average Mw ~70.000 

g mol–1) and (NH4)2CO3 (powder, ACS reagent, ≥ 30% NH3 basis). Ultrapure water was 

prepared by degassing Milli-Q water (18.2 MΩ, Millipore, 25 °C) using nitrogen gas to 

remove CO2 overnight.  

ii. Ca-PSS Globule solution  ̶  A 100 mL 1.25 mM CaCl2 solution was added to a bottle

containing 0.05 g of PSS powder, whereafter the mixture was vigorously stirred in a sealed 

system from the air. Then the solution was equilibrated for ~30 min. before use in 

experiments.  

iii. CaCO3 formation by the ammonium carbonate diffusion method  ̶  (NH4)2CO3

powder was used as source for increasing the carbonate concentration over time: CO2 and 

NH3 in the gas phase diffuse across the gas-liquid interface into the Ca2+-containing 

solution over time. In a second and slower step, aqueous CO2 reacts with water to form 

carbonic acid, which rapidly deprotonates into carbonate and bicarbonate ions. Next, 

calcium and carbonate are then able to react with each other to form calcium carbonate:  
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–
3
22+

3Ca + CO  CaCO
(4.1) 

At longer diffusion times, the concentration of the (bi)carbonate ions increases, and thus 

results in an increase in supersaturation with respect to calcium carbonate15. Ammonium 

carbonate powder was put either in a parafilm-covered glass vial with three small holes 

(benchtop experiments), inside a syringe connected to PEEKTM tubing towards a TEM 

liquid cell (TEM experiments), or inside tubing connected to an AFM liquid cell (AFM 

experiments). The amount of powder was roughly scaled to the surface area that the 

globule solution had in each of these experiments because the CO2 diffusion rate is 

approximately linearly dependent on the surface area of solution15. For example, in the 

benchtop experiment with a vial containing a solution surface area of 6 cm2, 

approximately 1 g of (NH4)2CO3 was used, while in the TEM fluid cell with a surface area 

of 0.25 cm2 , approximately 0.05 g was used. In addition, diffusion barriers were also kept 

roughly similar in their magnitude in each of these experiments since they were also found 

to have a profound effect on the CO2 addition rate15: punctured holes in the parafilm for 

the benchtop experiments had an area comparable to the PEEK tubing in the TEM 

experiments. Therefore, the CO2 diffusion rates should be also comparable between the 

various used systems. 

iv. CaCO3 benchtop diffusion experiments  ̶  Benchtop crystallization experiments were

carried out in a desiccator. A glass vial (diameter 28 mm) was filled with 5 mL Ca-PSS 

solution and a backetched Si3N4/Si(100)/Si3N4 substrate (Si3N4 layer of 50–100nm), 

which was plasma-cleaned for 1 minute, was placed on the bottom of the vial. Sealing of 

the vial was done with parafilm, in which three small holes were punctured using a small 

needle. Two petri-dishes filled with each 0.5 g (NH4)2CO3 were placed at the bottom of 

the desiccator and similarly covered using parafilm with three small punctured holes. 

Control experiments without the PSS were conducted according to the procedure 

described above, but instead using only 1.25 mM CaCl2 as the mineralizing solution. 

4.7.2 | Transmission Electron Microscopy (TEM) 
A JEOL 2100-F with a field emission gun was used at an acceleration voltage of 200 kV, 

in combination with a commercially available liquid flow TEM holder from 
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Hummingbird Scientific. The dose rate was estimated 1 ± 0.5 × 103 e·Å–2 s–1 (see also 

paragraph 4.5 main text).  

i. Setup of liquid cell assembly and liquid flow TEM holder  ̶  Si square-shaped top and

bottom chips containing a Si3N4 layer of 50 nm in thickness were used, each containing a 

Si3N4 electron transparent membrane 200 μm × 50 μm in size. The bottom chip 

contained a spacer of 250–500 nm in height. The top blank chip was oriented 90° with 

respect to the bottom chip to result in a cross-over of Si3N4 electron transparent area of 50 

by 50 μm for imaging (based on perfect alignment). All Si3N4 surfaces of the chips were 

washed with water and plasma cleaned for one minute prior to use to render them 

hydrophilic and free of organic contaminants. PEEKTM tubing was used for the liquid flow 

holder. Either 1.25 mM CaCl2 (control experiment), or the Ca-PSS solution was filled in 

the syringe connected to tubing with inner diameter of 100 μm and was infused at a flow 

rate of 100 μL h–1 into the assembled cell, which initially contained 0.5 μL ultrapure 

water. Then, depending on the goal of the experiments, for example, a second syringe 

containing (NH4)2CO3 was connected. The PEEKTM tubing used for the diffusion 

experiments in the LP-TEM setup had a larger diameter of 500 μm and a total length of 

approximately 40 cm, which was connected halfway to a gastight T-connector (not 

shown). Since the diffusion of gaseous CO2 in air at 20 °C and 1 atm is 0.160 cm2 s–1 as 

previously reported33, the diffusion process would take ~103 seconds to reach the cell over 

the whole length of the tubing. After passing the gas-liquid interface, conversion into 

carbonic acid and subsequently into bicarbonate and carbonate ions takes place (see 

Section 4.7.1) where the rate for this conversion is reported as 0.04 s–1 (or 25 s; see ref. 

34). Thus, the total diffusion process by itself takes about 17 minutes. However, since the 

tubing length until the T-connector (~20 cm) was pre-equilibrated with CO2 and NH3 gas 

by connecting the syringe containing the (NH4)2CO3 ~15 minutes prior to imaging, we 

expect a diffusion time of about 4 minutes. Hence, t = 0 at the start of TEM diffusion 

experiments is defined as the time the T-connector was opened. 

ii. Electron diffraction analysis  ̶  To obtain information about the crystallinity of the

sample, unless stated otherwise, nonirradiated areas were chosen for diffraction analysis. 
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Subsequently, a similar approach to this was taken for imaging in bright field TEM mode. 

The DiffTools suite (Digital MicrographTM) was used to analyze electron diffraction data. 

 

iii. TEM image/video analysis   ̶   Image J was used to measure particle sizes utilizing the 

line tool. Videos were collected at either 5 frames per second (fps) or 10 fps using 

VirtualDub video capture/processing utility (Avery Lee) (frame size: 1001 ± 1 pixels in 

width, 666 ± 1 pixels in height). Particle growth rate data was obtained using a MATLAB 

script by measuring sizes based on intensity variations in pixels. The average radii of the 

growing particles (ACC or vaterite) were obtained from a measured minimum Feret 

diameter ( F,mind ) and a maximum Feret diameter ( F,maxd ) by  

  d d
R

 
 F,max F,min

avg

0.5

2
 (4.2) 

Here, the measured Feret diameters were in pixels, and the error magnitude was ± 3 pixels 

(± 1.4 nm for the measurement of ACC size and ± 2.1 nm for the measurement of vaterite 

size due to different magnifications used) for both F,maxd  and F,mind . This procedure was 

followed since the measured particles appeared not perfectly spherical and the error 

covered uncertainty of intensity variations. 

4.7.3 | Atomic Force Microscopy (AFM) 
Experiments were performed on a Digital Instruments Multimode Nanoscope IIIa (Veeco 

Metrology, Inc., Santa Barbara, CA) using a sealed glass fluid cell. All images were 

acquired at room temperature in tapping mode using a Si3N4 cantilever (Bruker, NP-S) 

with a spring constant of 0.12 N m–1. Analysis was done with Nanoscope Analysis v.1.40 

software, and for high resolution quality of collected images a low pass filter was used. As 

the surface of the Si3N4 substrates was too rough for accurate AFM height measurements, 

having height variations larger than the globule dimensions, freshly cleaved atomically flat 

mica was used. However, at the conditions used mica and Si3N4 substrates should be 

similarly charged (see Appendix 4.4). For diffusion experiments, the inlet and outlet of the 

liquid cell were connected with tubing containing a small amount of fresh (NH4)2CO3 in 

the closed connected system. 
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4.7.4 | Fourier Transform Infrared Microscopy (FTIR) 
A Perkin Elmer Spectrum One Fourier Transform Infrared Microscopy (FTIR) 

Spectrophotometer coupled with a HATR Sampling Accessory (ZnSe crystal) was used to 

acquire spectra. Multiple acquisitions of 100 scans in each sample with a resolution of 4 

cm–1 were taken at ambient conditions between 600–4000 cm–1. 

4.7.5 | Isothermal Titration Calorimetry (ITC) 
ITC can be used to determine the heat (absorbed or released) when two solutions are 

mixed. Measurements were performed on a TA Instruments Nano ITC (New Castle, DE) 

in an adiabatic jacket. Prior to solution injection, all solutions were degassed for 20 

minutes. A 250 μL 0.15 mM PSS solution (or 250 μL Milli-Q water for control 

experiments) contained in a syringe of total volume 250 μL was used as the titrant in the 

measurements conducted with a sample cell of 1.1 mL in volume. The sample cell made 

out of 24k gold was filled with either Milli-Q water (control experiments) or a 1.25 mM 

solution of CaCl2 and stirred at 300 rpm to ensure homogeneous mixing. Injections of 5 

μL were spaced by 250 seconds to ensure equilibration. Data was acquired at 25 °C, where 

the data from the first injection was not taken in account in the data analysis due to the 

possible error from dilution effects. Baseline correction, integration of the heat flow peaks, 

normalization with respect to the amount of moles of PSS, and data fitting using the 

independent-binding-sites model were done using TA NanoAnalyze SoftwareTM. Dilution 

effects were taken into account by performing appropriate control measurements. 

4.7.6 | Dynamic Light Scattering and Zeta Potential Measurements 
A Malvern Instruments Zetasizer Nano ZS containing a 633 nm laser was used for both 

DLS and Zeta Potential determinations at a scattering angle of 173°. The sample was put 

in a clean disposable sizing cuvette and equilibrated for 1 min. prior to measurements. 

Zeta Potential measurements were performed with the use of a Dip cell kit (ZeN1002). 

The cuvettes and cell were thoroughly cleaned and made dust-free using Nanopure water 

(Barnstead Nanopure Diamond, 18.2MΩ). 
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4.7.7 | Scanning Electron Microscopy (SEM) 
A Zeiss ULTRATM 55 field emission Scanning Electron Microscopy (SEM) was used at an 

accelerating voltage of 3 kV. Samples with crystals either from the AFM experiments on 

mica or benchtop experiments on Si/Si3N4 wafers were quenched in ethanol, dried and 

subsequently transferred to a metal stub for analysis. 

4.7.8 | Confocal Raman Microscopy 
Crystals grown on Si/Si3N4 wafers from benchtop experiments were quenched in ethanol 

and analyzed using a LabRAM ARAMIS Raman microscope (Horiba Scientific). A 100× 

objective microscope was used to image the crystals, and a laser of wavelength 532 nm was 

focused on the crystal of interest on the substrate using a D2 filter with a hole size of 300 

μm. An acquisition time of one minute was used to obtain spectra with a resolution of 4 

cm–1 in the range of 100–2000 cm–1. 

4.7.9 | Ion Selective Electrode (ISE) Measurements 
A computer-controlled titration system (Titrando 809, Methrom, Switzerland) was used 

in combination with a calcium ion selective electrode (Ca-ISE), pH electrode, and a 

Dosing unit (Dosino 807, 2mL glass cylinder). The Dosing unit contained a 10 mM 

NaOH solution to ensure a constant pH of the initial Ca-PSS solution (pH = 6.3). 

i. Calibration of the ISE and pH electrode – The Ca-ISE calibration was performed by

correlating a measured Ca2+ potential (U(Ca2+)) with known analytical Ca2+ activity, 

(a(Ca2+)) by using a Nernstian approach. The potential can be deduced from an 

electrochemical chain consisting of the Ca2+-ISE and a reference electrode (the pH 

electrode) and can be described as 

RT a
U U

F c
 

   
 

2+
2+

0
(Ca )(Ca ) ln

2
 (4.3) 

where U0 is the electrode intercept, R the gas constant, T the temperature, F the Faraday 

constant, and c⊗ the standard concentration35. Thus, by an electrode calibration the 

electrode intercept U0 and the slope RT/2F for Nernstian behavior can be determined. 

Prior to an experiment, the pH meter was initially calibrated utilizing pH 4.0, 7.0, and 9.0 



Calcium Carbonate Nucleation in a Biomimetic Matrix Driven by Ion Binding 

129 

Metrohm buffers. Subsequently, the Ca-ISE was calibrated by titrating in a 0.1 M CaCl2 

solution at a rate of 10 μL min–1. into 25 mL Milli-Q water at the same pH. In addition, 

the stirring rate was kept constant.  

ii. Determination of free calcium concentration in the Ca-PSS solution – The analysis was

performed by measuring the potential of the Ca-PSS solution (25 mL) in time at pH 6.3 

after the aforementioned calibration procedures. The potential U(Ca2+) was then 

correlated to the a(Ca2+) by using Eq. (4.3). Next, the ionic strength I, and the activity 

coefficient γ(Ca2+) via the Davies equation (Appendix Chapter 2) was determined. Finally, 

the concentration of calcium was calculated via c(Ca2+) = a(Ca2+) / γ(Ca2+).  
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A 4 | APPENDIX TO CHAPTER 4

A 4.1 | Bulk Diffusion Experiments  
Benchtop experiments in absence of PSS using Si3N4 as a substrate showed that vaterite is 

the predominant CaCO3 polymorph formed (Figure A 4.1a-c), while also some calcite was 

observed (Figure A 4.1a).  

Figure A 4.1 | Benchtop experiments of CaCO3 crystal formation using a Si3N4 wafer. (a,b) SEM 
micrographs of a typical sample from benchtop experiments using a Si3N4 wafer after 1 day of diffusion. 
These show predominantly large crystals with a typical vaterite flower morphology, clearly indicated by 
the higher resolution micrograph in (b). Some crystals contain a rhombohedral morphology as indicative 
for calcite. (c) Raman data indicates that vaterite is the CaCO3 polymorph present in such an individual 
flower crystal, selected for Raman analysis by optical microscopy (OM) (inset, scale bar 10 μm).  

A 4.2 | Effects of Physical Confinement on 

Mineralization inside the LP-TEM Cell 
Effects of confinement might be expected due to the geometry of the experimental LP-

TEM cell in which the fluid layer thicknesses are hundreds of nm to micrometers. Effects 
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of confinement on nucleation could be manifest in three ways. The first is through a 

similarity in cell dimensions to critical nucleus size1 and the second is by structuring of the 

liquid layer through proximity to the cell membranes2, 3. However, the cell dimensions are 

orders of magnitude above the ~1–10 nm critical sizes of the crystalline phases4, as well as 

the ~1 nm thickness of the hydration layers. The third is through what is better described 

as the effect of “small volume” rather than confinement. As shown in studies using both 

polycarbonate pores5 and phospholipid vesicles6, small volumes can dramatically extend 

the lifetime of ACC. Tester et al.6 concluded this effect arises because nucleation 

probabilities scale with volume and, based on measured rates on surfaces, volumetric rates 

of crystalline CaCO3 nucleation are expected to be exceedingly small4, 7. Therefore once 

ACC forms, the probability of replacement by crystalline phases is insignificant on the 

timescale of the experiments. This scenario seems unlikely in the case of our experiments, 

because previous experiments using the same LP-TEM cells – in which calcium and 

carbonate buffers were mixed to create supersaturated conditions – documented the 

formation of the crystalline phases of CaCO3, as well as the transformation of ACC to 

crystalline CaCO3 via both direct transformation and dissolution/re-precipitation on the 

timescale of ~1–10 minutes8. Consequently, the stabilization of ACC in our experiments 

must be dominated by the effect of the PSS-globules.

A 4.3 | AFM analysis of Ca-PSS globules and control 

solutions 
Figure A 4.2a indicates the presence of globules of different sizes. In general, heights were 

obtained between 0.7–2.5 nm. In contrast to bulk solutions where DLS analysis is based 

on the assumption that the globules are spherical, the height measurements show that, as 

expected, the globules have a flattened profile when adsorbed to a substrate. Because, as 

discussed above, the dimensions of the cell are far above the regime in which confinement 

effects are expected, and because it is observed for both Si3N4 and mica, the observed 

flattening must be a result of the affinity of the globules for the substrate. 
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Figure A 4.2 | Height determinations of Ca-PSS globules and background comparison with control 
solutions. (a) AFM height image (top) showing polyelectrolyte globules on a mica surface. The height 
profiles along the three colored lines are shown in the bottom graph. The blue and green line indicate 
four globules with corresponding peaks, while the red line (I) shows a typical background profile. (b) 
shows a typical AFM height image from the 0.5 g L–1 control PSS solution (top), where the inset shows a 
typical LP-TEM image from the control PSS solution (scale bar 50 nm). The black line (II) in the AFM 
image shows a corresponding height profile of the surface (bottom). (c) AFM height image from the 
control solution containing only CaCl2 on mica (top), which shows no particles on the surface. Lines (I – 
III) show height profiles of the backgrounds along the lines I-III shown in (a-c) for their comparison
(bottom). 

If we take a spherical globule in solution with a mean diameter of d = 10.5 nm in 

bulk solution (based on intensity and volume distribution in Fig. 4.4d) we can calculate a 

volume of V = 4π/3 × (d/2)3 ≈ 606 nm3. A flattened globule with a spheroidal shape, a 

similar volume (V = 4π/3 × (d/2)2 × (h/2)) and a typical height h = 1.5 nm, would have a 

lateral diameter of d ≈ 28 nm, which is in the range of the most observed (mode) 

diameters seen in both AFM and TEM.  

Furthermore, it was noticed that the background in these samples on the mica 

substrate (Figure A 4.2a) ‒ as well as the one of solely the PSS solution imaged on mica 

(Figure A 4.2b) ‒ contained a roughened pattern compared to the that of the 1.25 mM 

CaCl2 solution on mica (Figure A 4.2c). Here, the latter displayed an atomically flat 
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surface. Adsorption of a monolayer of the same PSS molecule (Sigma-Aldrich, Mw 70.000 

g mol–1) has been reported to be between approximately 0.5 and 1 nm in height9, in line 

with our data (0.5 nm appears to fit best). Thus, this roughened pattern suggests PSS 

chain adsorption onto the mica. 

Figure A 4.3 | Globule formation at various concentrations of Ca2+ and PSS. (a) [Ca2+] = 1.25 mM 
and [PSS] = 0.5 g L–1 (see also Figure A 4.2); (b) [Ca2+] = 5 mM and [PSS] = 0.5 g L–1; (c) [Ca2+] = 1.25 
mM and [PSS] = 1.0 g L–1. The insets show the height profiles of the lines shown in the images. In (c), 
the black and the pink arrow indicate globules of which the height profile is given in the inset through the 
center of the globule (line not indicated due to very small size of globules). 
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A 4.3.1 | Globule formation at other concentrations of Ca2+ and PSS 
In Figure A 4.3, AFM height images show changes occurring with increased concentration 

of Ca2+ or PSS. Increasing the Ca2+ concentration gives rise to an increased density of 

globules at the surface and, in addition, larger size globules (Figure A 4.3b). This suggests 

that more PSS chains are incorporated into the globule structure. The opposite effect is 

seen when increasing the PSS concentration: the globule density becomes lower and 

individual globules seem to become smaller at the mica surface (Figure A 4.3c). 

A 4.4 | Surface Charge Comparison of Mica and Si3N4 
For Si3N4, the point of zero charge depends greatly on the method of preparation and 

stoichiometry of the material10. The Si3N4 surface tends to hydrate into a surface of 

primary amine (SiNH2) groups and silanol (SiOH) groups, which concentrations are 

dependent on the deposition process used.  

Figure A 4.4 | Si3N4 Membrane Surface Chemistry. Raman spectra of the TEM wafer used for 
benchtop experiments, showing clear peaks at 520 cm–1 (Si) and a band 970 cm–1 (Si-OH stretch).  

The primary amines can be protonated (SiNH3
+; pKa ~10) and the amphoteric silanol 

groups can be deprotonated/protonated (SiO–/SiOH2
+; pKa ~2), which ratio on the 

surface can be used to estimate the point of zero charge (pHpzc) at a certain pH according 

to Harame’s two-site model11. Reported values of pHpzc for planar surfaces and long 

channels were 3 ̶ 6 (ref. 11-14). Taking this into account, when the surface is exposed to 

the Ca-PSS solution (pH = 6.3), we can expect the surface to have mostly (deprotonated)

250 500 750 1000 1250

Ra
m

an
 in

te
ns

it
y 

(a
.u

.)

Wavenumbers (cm1)

52
0

97
0



Appendix to Chapter 4

136 

silanol groups and thus an overall negative charge15 (as in cleaved mica16). Next, plasma 

cleaning gives rise to significant oxidation of the Si3N4 surface and renders the surface 

hydrophilic17. Indeed, from Raman analysis of the TEM wafer used for benchtop 

experiments (Figure A 4.4), the band at 970 cm–1 could be assigned to SiOH stretching 

mode of surface hydroxyls18, while significant Si-N modes seem absent. 

A 4.5 | Determination of Supersaturation from Calcite 

Growth Rates 
The supersaturation σ can be given by 

 = ln
a(Ca2+) × a(CO3

 2–)
Ksp

 (A 4.1) 

The growth of ACC at the surface can be expected to be controlled by similar physical 

processes that control the kinetics of attachment and detachment on the surface of calcite 

(in other words similar kinetic coefficients and thus barriers, which is true for a wide range 

of crystals)19. Since supersaturation is directly given by the relative attachment and 

detachment rates20, a similar supersaturation gives a similar net attachment rate at a kink 

site regardless of the phase. While on calcite the attachment rate is limited to growth at 

acute and obtuse steps, the atomically rough10 and near-spherical ACC has ubiquitous sites 

similar to kinks, and therefore the radial growth rate should be of the same magnitude as 

the calcite step speed at high supersaturation where the steps are rough. This has been 

studied in detail as function of supersaturation21-23.  

From the growth rates of the two ACC particles in the main text (16 ̶ 23 nm s–1), 

we can estimate σ to vary between 1.0 and 1.8 at 23.5 °C from Figure A 4.5 (see also ref. 

21). Thus, we estimate ACC nucleation to occur at these levels of supersaturation relative 

to ACC.  

Similarly, for vaterite the high curvature at the time of nucleation allows us to 

make the same approximation as in the case of ACC to compare initial growth rates to a 

calcite supersaturation. Therefore, we determine σ = 0.5 to σ = 0.6, i.e. vaterite nucleation 

(without PSS) to occur at these levels of supersaturation relative to vaterite. 
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Figure A 4.5 | Calcite step speeds at various supersaturation values. Calcite step speed versus 
supersaturation for different temperatures at pH = 8.5, ionic strength 0.1 M and [Ca2+] : [CO32–] = 1 : 1 
for (a) the obtuse steps and (b) the acute steps. Data adapted from ref. 21. 

A 4.6 | Determination of Diffusivity from the 

Diffusion Equation and Relation to Supersaturation 
Since we observe the ACC growth only in lateral dimensions, we cannot acquire direct 

information on the obtained heights. Since ACC particles reported often have a spherical 

shape, this would (also energetically) be a logical choice. However, from rather noisy 

intensity profiles along the particles we could not distinguish between the growth of a 

(hemi)sphere and growth of a flat cylindrical plate on the substrate. In this section, we 

calculate and discuss the differences between both cases in terms of supersaturation and 

diffusivity. 

Diffusion equation in 3D for spherical symmetry 

If we assume the ACC to grow in a spherical fashion, the quasi-stationary solution of the 

diffusion equation over a sphere24 of radius 

     R ≡ SD0.5t0.5  (A 4.2) 

with S a dimensionless ‘reduced radius’, D the diffusivity, and t the time, can be given as 

Φ(S) – Φ(∞) ≡ AF(S) (A 4.3) 
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where Φ(S) is the concentration at the radius S and Φ(∞) the concentration at infinity. 

Here, F(S) is given as function of S 

F(S) = S–1e–1
4S2

– 1
2

π
1
2 1 – erf 1

2
S  (A 4.4) 

with A given as 

A = 1
2

qS3 exp 1
4

S2  (A 4.5) 

where q is the volume fraction of solvent or impurity in the old phase at the surface of the 

newly formed crystal. According to Frank24, in the ideal case that solvent or impurity is 

totally expelled from the new phase (ideal crystallization), then  

q =Φ(S) (A 4.6) 

Thus for the latter, we can write  

Φ(S) =
1

1+CeM
' (A 4.7) 

and furthermore 

Φ(∞) =
1

1+C∞M' (A 4.8) 

with M’ = 0.001 × MCaCO3 (molar mass in g mol–1 of CaCO3) and Ce and C∞ in moles of 

Ca2+ per liter of solution so that M’Ce and M’C∞ are in kg L–1. Then both concentrations 

are in kg of water per kg of solution. 

After substitution of (7) and (8) into (3), and rearranging we can find 

C∞

Ce
	=	

1+ 1+ 1
M'Ce

 AF(S)

1 – 1+ 1
M'Ce

 AF(S)

(A 4.9) 

from which we can subsequently determine the supersaturation in the case of spherical 

growth by 
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s	=	ln
C∞

Ce
	=	ln

1+ 1+ 1
M'Ce

 AF(S)

1 – 1+M'Ce  AF(S)
(A 4.10) 

with MCaCO3·H2O = 118 g mol–1 and Ce = 2.8 × 10–2 mol L–1 for a 1:1 mixture of CaCl2 and 

NaHCO3 (pH = 8.4), we get M’Ce
 = 3.3 × 10–3 and Φ(S) 	= 0.997. The values of S and 

F(S) can be approximated by a constant for the two ACC particles (Fig. S15). Here, S is 

determined from Eq. (A 4.2) by using our experimentally determined average particle 

radius in time, and the diffusivity of water (2.3 × 10–5 cm2 s–1). F(S) can then subsequently 

be determined from Eq. (A 4.4). 

Figure A 4.6 | Linear approximations for S and F(S) for ACC 1 and ACC 2. Values of S and F(S) for 
ACC 1 (black) and ACC 2 (red) with a linear fit (dashed; green for ACC 1 and blue for ACC 2) showing 
S and F(S) can be fairly well approximated by an average of 9.4 × 10–5 and 1.1 × 104, respectively. 

Having obtained the value of S, we can derive A = 4.1 × 10–13 from Eq. (A 4.5) 

and Eq. (A 4.6). Since both AF(S) and M’Ce are << 1, we can approximate  
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Equation y = a + b*x

Adj. R-Square 0.99312 0.95124

Value Standard Error

S Intercept 9.38594E-5 --

S Slope -5.86494E-7 7.28097E-7

S Intercept 9.38594E-5 --

S Slope -1.06853E-6 2.52396E-7

 

F(
S)

time (s)

Equation y = a + b*x

Adj. R-Square 0.99024 0.9608

Value Standard Error

F(S) Intercept 11280.42 --

F(S) Slope -135.06641 99.51074

F(S) Intercept 11280.42 --

F(S) Slope 118.97782 26.8387
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1+
1

M'Ce
AF(S) ≈

AF(S)
M'Ce

 (A 4.11) 

and 

1
1 – 1+M'Ce AF(S)

≈ 1+AF(S) (A 4.12)

Using Eq. (A 4.11) and Eq. (A 4.12) and substituting those approximations into Eq. (A 

4.10) we find 

σs = ln
C∞

Ce
 ≈ ln 1+

AF(S)
M'Ce

+AF(S)+
AF(S) 2

M'Ce

(A 4.13) 

Recognizing that in Eq. (A 4.13) only the first two terms are significant, and AF(S) and 

M’Ce << 1, we can simplify 

σs = ln
C∞

Ce
≈

AF(S)
M'Ce

 (A 4.14) 

which gives a supersaturation σs = 1.4 × 10–6. 

Obviously this is an odd value for a supersaturation, from which we can conclude 

the diffusion analysis for radial growth cannot be applied to the geometry of our 

experiments in a straightforward manner. The only way S can be so much in error is if the 

diffusivity D is orders of magnitude lower. Consequently, if the supersaturation estimates 

obtained in Section 4.5 are used, AF(S) can be determined from Eq. (A 4.10) to be 5.6 × 

10–3 (σ = σs = 1.0) and 1.6 × 10–2 (σ = σs = 1.8). Using these values in Eq. (A 4.4) and (A 

4.5) we find S to be 1.1 × 10–1 (σ = σs = 1.0) and 2.0 × 10–1 (σ = σs = 1.8). Here it can be 

observed that S is already at least three orders of magnitude higher. If Eq. (A 4.2) is 

rearranged to give 

D = 
R2

S2t
 (A 4.15) 

then, using the values of R and t from the measurements gives diffusivities (mean ± 

standard deviation) of: D = (1.6 ± 0.3) × 10–11 cm2 s–1 (σ = 1.0, ACC 1), D = (1.7 ± 0.9) × 
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10–11 cm2 s–1 (σ = 1.0, ACC 2), D = (5.2 ± 0.9) × 10–12 cm2 s–1 (σ = 1.8, ACC 1), and D = 

(5.5 ± 0.3) × 10–12 cm2 s–1 (σ = 1.8, ACC 2). 

Interestingly, if we take the growth rates of vaterite and calculate its diffusivity in 

a similar manner by estimating the supersaturation (σ = 0.5 to σ = 0.6), we find no 

substantial difference in D (D = 1.5 × 10–11 cm2 s–1 (σ = 0.5, vaterite 1) and D = 1.2 × 10–11 

cm2 s–1 (σ = 0.6, vaterite 1)). This suggests that the PSS does not influence the diffusivity 

in a significant manner. Moreover, the changes in estimated diffusivity over time can be 

attributed to a synergistic effect of variation in both the Ca2+ content, as well as CO3
2– 

levels through the polymer and the solution. 

Diffusion equation in 2D for cylindrical symmetry 

Since the globule height determined using AFM in Figure A 4.2a and Figure A 4.3a is 

only a few nanometers, it is possible that the ACC growth can be more accurately 

approximated by the growth of a cylinder in lateral dimensions. Consequently for this 

case, the crystal growth is controlled by two-dimensional diffusion and we can define  

according to Frank14 for a cylinder of radius 

R ≡ SD0.5t0.5  (A 4.16) 

and height h (with again S a dimensionless ‘reduced radius’, D the diffusivity, and t the 

time), the diffusion equation as  

Φ(S) –Φ(∞) ≡ A2F2(S)  (A 4.17) 

As in the spherical case above, here Φ(S) is the concentration at the reduced radius S and 

Φ(∞) is the concentration at infinity. F2(S) is given as function of S where 

    F2 S ≡ –
1
2

Ei –
1
4

S2  (A 4.18) 

which for small values of S can be expanded to 

F2(S)	=	ln
1.4984

S
–

1
2

1
2

S
2

+
1

2∙2∙2!
1
2

S
4

–
1

2∙3∙3!
1
2

S
6

+ ⋯ (A 4.19) 

Furthermore, A2 is defined as 
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A2 =
1
2

qS2 exp
1
4

S2  (A 4.20) 

in which q represents once again the amount of the diffusing entity expelled on the 

formation of unit volume of the new phase. In the ideal case that solvent or impurity is 

totally expelled from the new phase (ideal crystallization) we can write for the 

supersaturation in 2D cylindrical growth (in a similar manner as derived from Eq. (A 4.6) 

– Eq. (A 4.10))

σc	=	ln
C∞

Ce
=	ln

1+ 1+ 1
M'Ce

 A2F2(S)

1 – 1+M'Ce  A2F2(S)
(A 4.21) 

with M’Ce
 = 3.3 × 10–3 as addressed in the spherical case. Thus, the fraction that σc varies 

from σs can be expressed using Eq. (A 4.14) as  

σc

σs
	=

ln
1+ 1+ 1

M'Ce
 A2F2(S)

1	–	 1+M'Ce  A2F2(S)

ln
1+ 1+ 1

M'Ce
 AF(S)

1 – 1+M'Ce  AF(S)

(A 4.22) 

In the case of S = 1.1 × 10–1 that was found for σs = 1.0, we can now obtain for this value 

of S via Eq. (A 4.22) and Eq. (A 4.23) A2F2(S) = 1.6 × 10–2. Therefore via Eq. (A 4.21) we 

can determine σc = 1.79. Since at this value of S we determined AF(S) to be 5.6 × 10–3 (σs 

= 1.0), the ratio σc/σs in Eq. (A 4.22) takes the value of 1.79. Similarly, for the value of S = 

2.0 × 10–2 at σs = 1.8, we obtain σc = 2.61 and σc/σs = 1.45.  

To find the diffusivity D in the 2D case for cylindrical growth where σ = σc = 1.0 

and σ = σc = 1.8 as determined in Section 4.5, we then obtain S = 5.9 × 10–2 and S = 1.1 × 

10–3 respectively. Since D ∝ S–2 (Eq. (A 4.15)), values for the diffusivity are approximately 

3.6 (σ = σc = 1.0) to 3.1 (σ = σc = 1.8) times higher than those reported for spherical 

symmetry growth; i.e. Dc = 3.6 Ds (σ = 1.0) and Dc = 3.1 Ds (σ = 1.8). 
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A 4.7 | Determination of carbonate concentration 

inside globules vs. vaterite without PSS 
To estimate carbonate concentrations, the supersaturation σ as described in Eq. (A 4.1) is 

used. σ is dependent on the solubility product for ACC Ksp ACC, besides our known Ca2+ 

concentration bound by PSS (0.70 ± 0.07 mM). A value of 10–6.393 M2 for Ksp ACC was 

reported by Brěcević and Nielsen25, however, recent literature describes the finding of a 

lower Ksp under differently used experimental conditions4, 26. Nevertheless, as a first 

estimate we take the solubility product of ACC from the literature. Having c(Na+) = 2.43 

mM, c(Ca2+) = c(Ca2+
free) = 0.55 mM, c(Cl–) = 2.5 mM, and estimated c(CO3

2–) of 

maximal 5 mM, the ionic strength at pH 9.0 and T = 25°C according to the MINTEQ 

program27 can be approached as I ≈ 0.0046 M. We can then calculate activity coefficients 

for calcium and carbonate (γ(Ca2+) ≈ 0.75; γ(CO3
2–) ≈ 0.93), respectively, and thus express 

a(CO3
2–) ≈ 0.93 × c(CO3

2–) and a(Ca2+) ≈ 0.75 × c(Ca2+). Using Eq. (A 4.1) with c(Ca2+) = 

0.70 mM as the concentration calcium bound in the globules, we can estimate c(CO3
2–) to 

be 1.95 mM (σ = 1.0) and 4.34 mM (σ = 1.8), corresponding to a Ca2+ : CO3
2– ratio of 

approximately 1 : 3 to 1 : 6, respectively. 

Since the difference between the normal growth rate of vaterite and the step speed 

of calcite is within the range of step speeds for calcite at a given supersaturation28, we can 

expect a low σ when the observed growth rates are low. Therefore, carbonate 

concentrations related to vaterite (without PSS) are expected to be significantly lower than 

for ACC growth. Indeed, when we use c(Ca2+
free) ≈ 0.75 × 1.25 mM and Ksp vat  = 10–7.913 

M2 as the vaterite solubility product25, we get a Ca2+ : CO3
2– ratio of 1 : 0.019 (σ = 0.5) 

and 1 : 0.022 (σ = 0.6).  
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CHAPTER 5 
From a Classical Polymer-Mediated Crystal Growth 

Mechanism to a Mesocrystal-like Morphology 

Abstract 
Growth by oriented assembly of nanoparticles is a widely reported phenomenon for many crystal 

systems. While often deduced through morphological analyses, direct evidence for this assembly 

behavior is limited and, in the calcium carbonate (CaCO3) system, has recently been disputed. 

However, in the absence of a particle-based pathway, the mechanism responsible for the creation 

of the striking morphologies that appear to consist of subparticles is unclear. We therefore used in 

situ AFM to investigate the growth of calcite crystals in solutions containing a polymer additive 

known for its ability to generate crystal morphologies associated with mesocrystal formation. We 

show that classical growth processes that begin with impurity pinning of atomic steps, leading to 

stabilization of new step directions, creation of pseudo-facets, and extreme surface roughening, 

are responsible for the microscale morphology previously attributed to non-classical processes of 

particle assembly. 

This chapter will be submitted as: P.J.M. Smeets, K.R. Cho, N.A.J.M. Sommerdijk and J.J. De Yoreo, 

From a Classical Polymer-Mediated Crystal Growth Mechanism towards a Mesocrystal-like Morphology. 
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5.1 | Introduction 
Assembly of nanoparticles, molecular clusters, or other solution species that are more 

complex than simple ions, is now recognized as a common mechanism for crystal growth 

in a wide range of materials1-3. Dissolved macromolecules have been reported to drastically 

alter these pathways and their associated rates of formation. Examples – particularly with 

the use of acidic (poly)peptides4 and proteins5 ‒ include the stabilization of amorphous 

precursor particles6, (either solid7, 8 or liquid-like9, 10), and the promotion of nanoparticle 

assembly with crystallographic co-alignment to form so-called “mesocrystals”1, 11 with 

exotic morphologies12. 

The concept of a mesocrystal was initially introduced to describe the co-aligned 

assembly of calcite nanocrystals into a three-dimensional kinetically stabilized 

superstructure in the presence of the organic additive polystyrene sulfonate (PSS)11. Since 

then many examples of mesocrystals have been reported11, 13-17. Recently, a critical re-

investigation of calcium carbonate mesocrystals grown with polymer additives similar to 

PSS was performed by applying a large range of analysis techniques and showed there was 

no compelling evidence for the involvement of crystalline precursor particles in the 

formation of the apparent mesocrystal structure18. In fact, although observations of 

characteristic morphologies, rough nanoparticulate surface structures, high surface areas, 

and line broadening of powder XRD (PXRD) patterns have commonly been considered 

indicators of a mesocrystal structure, the detailed synergistic analyses from that study led 

to the conclusion that the investigated calcite/PSS-MA (calcite/poly(4-styrene sulfonate-

co-maleic acid)) crystals did not fit the definition of a mesocrystal.  Moreover, despite their 

outer mesocrystalline morphology, the crystals were demonstrated by TEM imaging to 

have internal single crystal character and a strikingly similar morphology was also achieved 

through bulk overgrowth experiments on calcite single crystals18, 19. Consequently, the 

growth mechanism responsible for the creation of the exotic morphologies commonly 

attributed to mesocrystal structures remains unclear. 

Therefore, in this work we use in situ atomic force microscopy (AFM) to 

investigate the overgrowth mechanism of calcite crystals utilizing PSS as the growth-

modifying polymer. We show that the introduction of PSS leads to the formation of the 

exotic structures and morphologies ‒ previously attributed to mesocrystal formation ‒ 
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through stabilization of new step directions, coupled with step pinning that generates 

extreme roughening of the surface and broadening of crystal edges into pseudo-facets. 

Neither in situ AFM, cryo-TEM or light scattering data provide evidence for the 

attachment of nanoparticles of either amorphous or crystalline calcium carbonate to the 

growing crystal. Hence, we conclude that the final morphology arises through completely 

classical growth mechanisms.  

5.2 | Bulk Diffusion Experiments 
In our control benchtop experiments without PSS, after one day of CO2 diffusion from 

the solid (NH4)2CO3 source into a solution of 1.25 mM CaCl2 within a desiccator, 

rhombohedral calcite crystals grew on a Si3N4 substrate (Figure 5.1a) alongside a 

population of vaterite crystals20. In contrast, when PSS was introduced to the mineralizing 

solution, after one day of diffusion the typical rhombohedral morphology was modified 

through the flattening of the (001) face11, 21 and the three adjacent crystal edges, resulting 

in a triangular (001) facet with a tri-radiate pattern of (018) facets (Figure 5.1b and 

Appendix 5.1). The observed smaller size of the calcite-PSS crystals (14 ± 4 μm instead of 

48 ± 9 μm; average ± s.d. of the distribution) after 1 day of diffusion shows that calcite 

formation was significantly inhibited by the introduction of PSS (Appendix 5.1). By 

placing the Si3N4 substrate perpendicular to the sedimentation direction in the diffusion 

setup, we ruled out obtaining crystals from bulk solution by sedimentation and we 

confirmed that the crystals nucleated and grew directly on the substrate (Appendix 5.1).  

In all of the experiments, we found spherical vaterite ‒ next to the obtained 

calcite-PSS crystals after longer diffusion times ‒ as determined by Raman microscopy 

(Appendix 5.2). A depletion region was observed surrounding the calcite-PSS crystals 

(Appendix 5.2), indicating that the vaterite likely dissolved and reprecipitated as the 

thermodynamically more stable calcite seeds grew.  

Despite the morphological changes and rough appearance of the (001) and (018) 

faces (which were determined by measuring angles in SEM images (see Section 5.5)), at 

this early stage of growth the (104) facets appeared surprisingly smooth (Figure 5.2a), and 

etching experiments in deionized water revealed dislocation etch pits on the (104) facets 

characteristic of single crystal calcite22 (Figure 5.2b). However, the (001) plane dissolved 
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more rapidly, hinting towards a locally increased polymer content at these sites18, 21. Upon 

increasing the diffusion time (Figure 5.1c-e), the size of the (001) and (018) facets 

increased while the (104) facets became roughened, producing the overall shape and 

morphology previously considered to be an indicator of mesocrystal formation11, 21. 

Figure 5.1 | SEM analysis showing development of calcite-PSS crystals grown in carbonate-
diffusion experiments at the micron-scale. (a) Single crystal of calcite obtained in control (PSS-free) 
experiment (1.25 mM CaCl2) after 1 day. (b-f) Calcite-PSS crystals grown in solutions containing 1.25 
mM CaCl2 and 0.5 g L–1 PSS after (b) 1 day, (c) 2 days, (d) 3 days, and (e) 5 days. (f) Calcite-PSS crystal 
acquired from overgrowth experiment after 4 days (5 days including seed growth, see Materials and 
Methods), with indicated glide planes (yellow) and corners formed by convergence of wither obtuse (+/+) 
or acute (-/-) steps in red.  Scale bars (a-c) 5 μm, (d-f) 10 μm. 

The resemblance of the smooth (104) facets to those of single crystal calcite 

motivated us to perform overgrowth experiments on single crystal calcite seeds using the 

same diffusion method (similar to the experiments of Kim et al.18; Materials and 

Methods). After diffusion times similar to those used in the nucleation and growth 

experiments, we found a remarkable resemblance in size, orientation, and morphology of 

the resulting crystals, with the (001) facet and adjacent (108) facets again expressed and 

the (104) faces highly roughened (Figure 5.1f, Appendix 5.1). Confocal Raman 

microscopy confirmed that also in the overgrowth experiments the end product was calcite 

(Figure 5.3).  
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Figure 5.2 | Etching experiments of calcite-PSS crystals. (a) A typical calcite-PSS obtained after 1 day 
diffusion and (b) shows a typical example of a calcite-PSS crystal after 1 day of diffusion etched for 2 
hours in DI water. The yellow arrows indicate typical observed etch pits at the (104) facets. Scale bars are 
5 μm. After etching, the (104) planes still appear smooth and largely unaffected, save for the formation of 
typical single crystal etch pits. On the contrary, the (001) facet still appears rough and has been reduced 
significantly, indicating that the etch rate on the (001) is larger than on the (104) facets. Additionally, the 
triradiate facets (identified as the (018) faces) seem to be etched to a larger extent than the (104) faces. 
We attribute these effects to 1. A higher polymer content both near the (001) and the (018) as compared 
to the (104). 2. The higher surface energy of the (001) and (018) planes compared to the (104).  

Figure 5.3 | Raman spectra of calcite-PSS crystals in diffusion bulk experiments vs. overgrowth 
diffusion experiments. (a,b) Optical microscopy images of obtained crystals after (a) 4 days of diffusion 
in the overgrowth experiments on single crystal calcite seeds and (b) 5 days of diffusion in the regular 
bulk experiments which were imaged with the Raman microscope and selected for spectroscopy. The 
corresponding spectra are given in (c) where the red curve represents the spectrum of the crystal in (a) and 
the blue curve that of the crystal in (b). Scale bars in (a-b) are 10 μm. 
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5.3 | In Situ Calcite Growth Modification by PSS at 

the Nanoscale 
Although the experiments described above clearly demonstrate that the typical calcite-PSS 

crystal morphology observed in our nucleation and growth experiments can be obtained 

through overgrowth on pre-formed single crystal calcite seeds (Figure 5.1), the final crystal 

morphology provides little information about the growth mechanism18. Therefore, we 

used in situ AFM to study the overgrowth on the (104) face of a cleaved single crystal of 

calcite, in a PSS-containing solution generated by mixing PSS-CaCl2 and NaHCO3 

solutions at controlled pH (Materials and Methods). The crystals exhibited growth 

hillocks formed at screw dislocations with discrete obtuse and acute steps typical for (104) 

calcite faces (Figure 5.4a). Step heights were determined to be 6.4 ± 0.6 Å (mean ± s.d. of 

the distribution, see also Appendix 5.3), in good agreement with the expected value for a 

screw dislocation having a Burgers vector m = 2 (6.2 Å, see ref. 23).  

When PSS was introduced into the growth solution, obtuse and acute steps were 

progressively modified over time by step pinning, presumably due to the poisoning of kink 

sites (Figure 5.4c). Moreover, when comparing the growth hillock after PSS inflow (Figure 

5.4b) with the one before (Figure 5.4a), we observe significant changes in the 

morphologies of both the obtuse and the acute steps, in terms of lateral dimensions, 

spacing, and height (Appendix 5.3).  Most significantly, step pinning by PSS leads to a 

vastly roughened expression of the acute steps, while the obtuse steps attain a more 

rounded appearance. The convergence of these roughened steps results in a broadening of 

the acute-acute growth hillock boundaries.  In addition, while the angle between the two 

obtuse steps ( 441  and 481 ) had a value of ~103˚ (vs. theoretical value of 101.9˚, see 

ref. 24) before PSS inflow, after its introduction, this angle progressively increased leading 

to the creation of pseudo-[001] steps.  
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Figure 5.4 | Calcite growth modification by PSS at the nanoscale and its relation to creation of 
new facets. (a) In situ AFM image of the PSS-free solution showing a calcite growth spiral at σcalc = 2.53 
(see Materials and Methods), where the c-glide plane is indicated by the yellow dashed line. Acute and 
obtuse step directions are indicated with a minus and plus sign respectively in yellow. +/+ and +/- indicate 
kinks moving towards the obtuse/obtuse and obtuse/acute corners of the growth hillock. (b) AFM image 
of the morphologically modified growth spiral at σcalc = 1.70 after flowing in the solution containing 
0.1 g L–1 PSS. (c) Series of consecutive in situ AFM images (i-iv), for which influx of the PSS-containing 
solution begins between images (i) and (ii), showing modifications to obtuse and acute steps (i-iii). By 
image (iii), the stabilization of pseudo-[001] steps is evident and, by image (iv), the extreme pinning of 
the acute steps and roughening of the growth surface has occurred. (d,e) Schematic illustrating the 
geometry of the obtuse steps (in red, blue and green) relative to the facet edges (dotted lines) that form 
the [001] apex of the crystal (d) before the PSS modification of growth hillocks, and (e) after PSS 
modification. (e) illustrates generation of the three-fold pseudo-(001) facet through stabilization of the 
three [001] step directions and creation the (018)-family of pseudo-facets (black arrows) through 
convergence of the highly roughened steps.  Scale bars in (a-c) are 500 nm. 

We were also able to observe the step poisoning process in more detail (Figure 

5.5a-c). In the presence of PSS, the measured 6.3 ± 0.5 Å height of the steps (Figure 5.5d-

f) is in excellent agreement with the step height of 6.4 ± 0.6 Å determined without the 

added polyelectrolyte (Appendix 5.3). However, on the terraces between the steps, the 

fluctuations in height in the presence of the polymer are 0.70 ± 0.17 Å as compared to 

0.24 ± 0.06 Å for the calcite surface in pure solution, with the difference attributable to 
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adsorption of PSS molecules to the crystal surface (see ref. 20, 25 and Figure 5.5d-f).  The 

individual growth layer also exhibited the rounding of the obtuse steps and extreme 

roughening of the acute steps observed overall for the entire growth hillock. 

Figure 5.5 | Modification of a single calcite growth layer by PSS. (a-c) AFM images of evolving 
growth steps in time (indicated by yellow dashed border) at (a) t = 0 s, (b) t = 175 s and (c) t = 342 s. A 
line profile is measured along the step (red dashed line) in the direction of the red arrow, and on top of 
the growth layer (blue dashed line) in the direction of the blue arrow. The corresponding height 
differences for images (a-c) along both lines are indicated in the graphs in (d-f). 

5.4 | Role of ACC in Calcite-PSS Crystal Formation 
Given the extensive literature reporting the involvement of ACC during growth of calcite, 

an obvious question is whether there was direct involvement of ACC in the growth of the 

calcite-PSS crystals reported here. In the in situ AFM overgrowth experiments, the 

supersaturation with respect to ACC (σACC) was calculated by determining the 

concentration of free Ca2+ in solution (c(Ca2+)free) using a calcium ion selective electrode 

(Ca-ISE). Here, the PSS partially complexes Ca2+-ions in solution due to electrostatic 

interaction with the SO3
– groups20. We find that, on average, 0.25 ± 0.05 Ca2+ are bound 
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per SO3
–, effectively lowering c(Ca2+)free. However, the largest part of the total Ca2+ added 

is present in form of ions in the bulk solution (~92%) (Figure 5.6a). Consequently, we 

find that σACC = –3.11, i.e. the solution is heavily undersaturated with respect to ACC. 

This is in line with our AFM measurements, in which we do not observe growth on the 

calcite surface by addition of detectable ACC particles. Additionally, when investigating 

the growth solution by cryo-TEM and DLS we could not detect any ACC particles besides  

Figure 5.6 | Investigation of (ACC) particle formation in the growth solution. (a) Free calcium 
concentrations as determined by a Ca-ISE as a function of time for the overgrowth solution: without PSS 
(red line), containing the PSS (black line), and difference between both (blue line) as a result of Ca2+ 
binding by the PSS. Error bars are corresponding standard deviations. PSS binds 0.12 ± 0.05 mM Ca2+ 
(mean ± s.d. of the distribution) of the total present calcium in solution (or in percentage 8.0 ± 3.3%). 
(b) cryo-TEM image of the overgrowth solution, with PSS particles indicated by yellow arrows. The inset 
shows a zoom-in of the image in (b) with two additional particles indicated by the yellow arrows. Scale 
bars are 10 nm. (c) DLS Volume distribution. The low count rate, as indicated, is in agreement with the 
low concentration of globules as observed by cryo-TEM. In both DLS and cryo-TEM, no evidence was 
observed for the presence of larger (ACC) particles.  
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the presence of a minor quantity of small ~6–10 nm structures, which are presumably 

smaller Ca-PSS globules, in line with our previous findings20 (Figure 5.6b,c). Therefore, 

we conclude that the calcite crystals formed in the presence of PSS do not grow through 

the addition of amorphous CaCO3.   

5.5 | Discussion
Comparing the in situ AFM images to the SEM images of crystals from the benchtop 

diffusion experiments, we are now able to translate the modifications of growth hillock 

morphology from the nanoscale to the microscale, where the bulk calcite-PSS crystals 

exhibit roughened (104) faces bounded by roughened, three-fold (001) faces and 

elongated (018) faces (Figure 5.1f). The data clearly show that the roughened (104) faces

arise from pinning of the individual atomic steps and the three-fold (001) faces are, in fact, 

pseudo-facets formed by pseudo-[001] steps created through polymer-poisoning of the 

obtuse steps. The triradiate pattern of (018) faces lies at the convergence zone of highly 

roughened steps from adjacent crystal faces. Here, in analogy to the broadened region of 

the growth hillock boundaries that is created by convergence of the acute steps from 

adjacent hillock sectors (Figure 5.4b), a broadened region is generated along the crystal 

facet boundaries by convergence of roughened steps from adjacent crystal faces. The width 

of that boundary is of the same order of magnitude as the lateral undulations of the step 

fronts in the direction of the facet edges (Figure 5.4b,d,e). In the early stage of this process 

captured in the AFM experiments, these step undulations are of order 1 µm, as is also the 

case for the (018) pseudo-facets during the early stages of formation in the diffusion 

experiments (compare Figure 5.1b and Figure 5.4b). The resulting crystal pseudo-facets lie 

at an angle of ~27˚ with respect to the (001) plane, which, as expected, matches that of the 

(018) planes for which this angle has a theoretical value of 26.23˚ (see ref 26). Indeed, 

regarding external faces, we find a great resemblance of the calcite-PSS crystal with a 

simulated single crystal of calcite cleaved along the (001) and (018) planes (Figure 5.7).
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Figure 5.7 | Comparison of calcite-PSS crystals with cleaved single calcite crystals. (a) Grown 
calcite-PSS crystal obtained by bulk diffusion experiments after 5 days (scale bar 10 μm) (b) Simulated 
calcite single crystal (SHAPE V7.3) with cleaved (001) and (018) family planes modified and oriented to 
match the crystal in (a). (c) Grown calcite-PSS crystal obtained by overgrowth diffusion experiments on 
single crystal calcite seeds after 4 days (scale bar 10 μm). (d) Simulated calcite single crystal with cleaved 
(001) and (018) family planes modified and oriented to match the crystal in (c).  

The growth mechanism revealed by these experiments (summarized schematically in 

Figure 5.8) clearly demonstrates the dominance of classical growth processes in producing 

the exotic crystal morphology with roughened patterns previously attributed to 

mesocrystal formation. However, the results do not directly reveal the atomic-scale 

mechanism that causes the acute steps to exhibit greater roughening and bunching than 

the obtuse steps, which indicates there is a greater degree of binding of PSS to the acute 

steps. There are two potential reasons for this difference. The first is simply that the 

configuration of the acute step results in better binding to the sulfonate groups of PSS. 

This mechanism is illustrated by the case of aspartic acid (Asp) on calcite for which even a 

switch from left-handed to right-handed Asp led to change in binding energy due to 
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differences in the relative geometry of the Asp molecule and the mineral step edge27. These 

structure-dependent effects led to enantiomer-selective modification of the two acute steps 

and better overall binding of both enantiomers to the acute steps than to the obtuse steps. 

However, for larger molecules, a second mechanism associated with the energy associated 

with removing waters of hydration can play a significant role in determining differences in 

binding. For the peptide polyaspartate (Aspn), previous work found that molecules with 3 

or more residues (n ≥ 3) preferentially bound to the obtuse steps, because fewer water 

molecules needed to be removed. Thus the dehydration energy was smaller for binding to 

the obtuse than the acute steps28. The number of water molecules released depends of 

course on the specific configuration of lowest energy and thus the effect should vary 

significantly from system to system.  Thus the same reasoning would imply that while PSS 

binds to both the obtuse and acute steps, the dehydration energy at the acute step is 

smaller than at the obtuse step. 

Figure 5.8 | Illustration of calcite-PSS formation mechanism. (1) After hours of diffusion, abundant 
vaterite crystals nucleate, which partially dissolve and reprecipitate as calcite, as evidenced by the 
appearance of a depletion zone (dashed circle). Once the calcite has nucleated, PSS (red strings) attaches 
at kink sites (inset) and (2) roughens the acute steps (inset) and modifies the obtuse steps to create 
pseudo-[001] steps, which (3) yield the characteristic (001) pseudo-facet. At the convergence zone of 
these steps the triradiate pattern of (018) faces is formed (inset, black arrows). The calcite-PSS crystal then 
grows at the expense of free Ca2+ and CO32–, partially from vaterite that continues to dissolve, and PSS in 
solution. 



From a Classical Polymer-Mediated Crystal Growth Mechanism to a Mesocrystal-like Morphology

157 

Figure 5.9 | Illustration of the arrangement of ions in the calcite (104) plane and Ca2+ density 
along the [001] step direction. View is normal to two monomolecular layers (bottom layer is 
transparent). Red dashed lines indicate the calcium density along a (001) step (for this given arbitrary step 
length 4 Ca2+ ions), with the [001] direction indicated by the red arrow. The green dashed line represents 
the calcium density along the steps of the (104) plane. A red dashed line with a similar length is shown 
along the (001) plane, from which it follows that along the (104) the density is lower compared to the 
(001) (3 Ca2+ vs. 4 Ca2+, respectively). The {001} planes contain a high density of 4.5 calcium ions per 
nm2 (ref. 29), while both polar and terminated by either a layer of calcium ions or a layer of carbonate 
ions. 

To understand the generation of the pseudo-[001] steps that define the (001) 

plane, we propose two possibilities.  First, PSS exhibits a different binding affinity to the 

left vs. the right facing kinks (Figure 5.4a), leading to a change in step shape. Maruyama et 

al.30 found that the addition of L-aspartic acid during calcite growth led to different 

lengths for the originally symmetric 441  and 481  obtuse steps. They proposed that the 

effect could result from a difference in the resistance to incorporation into the two distinct 

kink-types ̶ designated here as +/+ and +/- to indicate kinks moving towards the 

obtuse/obtuse and obtuse/acute corners of the growth hillock  ̶  due to kink blocking by 

the aspartic acid.  A preferential poisoning of the +/+ kinks will reduce the speed of the 

step towards that corner and thus lead to a flattening along the [001]. The second 
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mechanism  ̶  perhaps acting in combination with the first  ̶  is related to the calcium 

density along the [001] step direction: As the shape of a newly formed step fluctuates 

during its advance, deformations towards the [001] direction will present an increased 

fraction of exposed Ca2+ sites and a net positive charge (see Figure 5.9). Therefore, 

complexing of the negatively charged sulfonate groups of PSS will be favored, thus 

promoting the stabilization of the (001) pseudo-steps.  

Undoubtedly, the polar nature of a positively charged (001) facet will additionally 

contribute to its stabilization due to the electrostatic binding of PSS, as proposed in 

numerous other studies11, 21, 31, 32. Molecular dynamics simulations of PSS adsorption onto 

calcite surfaces32 showed a preference onto the polar (001) facet, where the sulfonate 

interaction takes place through direct and solvent-mediated binding, in comparison to the 

(104), where the binding of the sulfonate to the surface is mediated by one or two layers of 

water molecules.  Because the structure of a [001] step and an {001} face are closely 

related, these two phenomena are likely to be related to one another and, as such, 

formation of the (001) pseudo-facets should reinforce PSS binding to the (001) plane and 

vice versa.   

5.6 | Conclusion 
The findings presented here show that both the ammonium carbonate diffusion technique 

and the method of mixing CaCl2 and NaHCO3 to prepare CaCO3 crystals with use of 

certain organic additives can eventually result in a morphology previously attributed to 

‘mesocrystal’ formation, in agreement with other recent work19, 33. Here, by comparing the 

outcomes of both methods with in situ AFM observations of growth, we have directly 

translated the resulting morphology from the nanoscale to the microscale and shown how 

it arises through completely classical growth mechanisms. Although we have demonstrated 

this for the specific case of PSS-modified calcite, these results may serve as a more general 

basis for extending classical growth mechanisms to the formation of other complex crystal 

morphologies. In addition, they re-emphasize that proposals of non-classical pathways 

based solely on observations of crystal morphology and surface roughness must be carefully 

considered. 
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5.7 | Materials and Methods 

5.7.1 | Reagents 
All reagents were from Sigma Aldrich and were used as received: Calcium chloride 

dihydrate (powder, ACS reagent, ≥ 99%), poly(sodium 4-styrenesulfonate) (PSS, powder, 

average Mw ~70.000, DP = 340), ammonium carbonate (powder, ACS reagent, ≥ 30% 

NH3 basis), sodium chloride (powder, ACS reagent, ≥ 99%), NaOH (pellets, ACS 

reagent, ≥ 97%) and sodium bicarbonate (powder, ACS reagent, ≥ 99.7%). All aqueous 

solutions were prepared using Milli-Q water (18.2 MΩ, Millipore, 20 °C). 

5.7.2 | CaCO3 bench-top diffusion experiments 

5.7.2.1 | In the presence of PSS 

Bench-top crystallization experiments were carried out in a desiccator by utilizing the 

ammonium carbonate diffusion method as described in our previous work20. A glass vial 

(28 mm diameter) was filled with 5 mL Ca-PSS solution, which was prepared by 

combining 0.05 g PSS powder with a 100 mL 1.25 mM CaCl2 solution after vigorously 

stirring in a bottle. As a substrate, either a back-etched Si3N4/Si(100)/Si3N4 wafer (Si3N4 

layer of 50–100 nm) or a cleaved mica substrate was used, which were plasma-cleaned in 

air atmosphere for 1 minute. This substrate was then placed at the bottom of the vial. 

Sealing the vial was performed using parafilm with three small holes punctured by a small 

needle. Two petri-dishes with each 0.5 g (NH4)2CO3 were placed at the bottom of the 

desiccator and similarly covered with parafilm containing three punctured holes. 

5.7.2.2 | In the absence of PSS 

Control experiments without the PSS were conducted according to the procedure 

described above, but instead using only 1.25 mM CaCl2 as the mineralizing solution. 

5.7.3 | CaCO3 overgrowth bench-top diffusion experiments 
The crystals obtained by the control diffusion experiments on the Si3N4 wafer after 1 day 

of diffusion as described in Section 5.7.2.2 were quenched in ethanol. The wafer was dried 

by supplying a gentle N2 stream and subsequently used again for overgrowth experiments, 
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where the procedure in Section 5.7.2.1 was repeated in the desiccator with newly injected 

similar concentrations of growth solution (1.25 mM CaCl2; 0.5 g L–1 PSS). 

5.7.4 | Confocal Raman Microscopy 
The CaCO3 crystals grown on the Si/Si3N4 wafers in the bench-top unseeded and 

overgrowth experiments were quenched in ethanol and analyzed using a LabRAM 

ARAMIS Raman microscope (Horiba Scientific). A 100× objective was used to image the 

crystals in the optical microscope, and a laser (wavelength 532 nm) was focused on the 

crystal of interest on the substrate using a D2 filter with a hole size of 300 μm. An 

acquisition time of one minute was used to obtain spectra with a resolution of 4 cm–1 in 

the range of 100–2000 cm–1.  

5.7.5 | Atomic Force Microscopy 
A Digital Instruments Multimode Nanoscope IIIa (Veeco Metrology, Inc., Santa Barbara, 

CA) was used to perform in situ experiments in a sealed glass fluid cell. All images were 

acquired at room temperature and pressure utilizing a Si3N4 cantilever (Bruker, NP-S, 

spring constant 0.12 N m–1) with a substrate and acquisition mode used depending on the 

experiments described below. Image analysis was performed with Nanoscope Analysis 

v.1.40 software. 

5.7.5.1 | Overgrowth experiments on calcite 

All images in the overgrowth experiments were performed using contact mode AFM. A 

freshly cleaved Iceland Spar single calcite crystal (Ward’s Scientific, Chihuahua, Mexico) 

with dimensions of approximately 10 × 10 × 3 (l × b × h) mm was glued using a two-

component epoxy glue on top of a 12 mm diameter AFM metal specimen disk (Ted Pella, 

Redding, CA). An O-ring, which was inserted into the glass fluid cell, sealed the gap 

between the calcite face and the glass. The supersaturated growth solutions were made by 

the dissolution of reagents NaHCO3 and CaCl2, and NaCl into milli-Q water and adjusted 

by addition of 0.5 M NaOH to a final pH of 8.5, either in the presence or absence of PSS. 

The PSS-free solution contained concentrations of 2.2 mM CaCl2, 4.4 mM NaHCO3 and 

37.1 mM NaCl, while the PSS-bearing solution contained 1.5 mM CaCl2, 3 mM  
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NaHCO3, 41.1 mM NaCl and 0.1 g L–1 PSS. The ionic strength of all solutions was set to 

~0.05 M. The supersaturation σ was defined as 

 = ln
a(Ca2+) × a(CO3

  2–)
Ksp

 (5.1) 

where a(Ca2+) and a(CO3
2–) are the calcium and carbonate activity respectively, and Ksp is 

the solubility constant. Here, the solubility constant for calcite Ksp, calc = 10–8.48 M2 (after 

ref. 34) and Ksp, ACC = 10–6.39 M2 (after ref. 35) at room temperature. Using Visual 

MINTEQ software36, the values of σ were determined with respect to calcite (σcalc) and 

ACC (σACC). 

In the case of the addition of PSS to the growth solution, due to Ca2+ binding to 

the sulfonate groups20, the actual Ca2+ activities/concentrations were determined using a 

Ca2+ ion selective electrode (Ca-ISE, see Section 5.7.6), and the calculated supersaturation 

was corrected accordingly. Reactant solutions were continuously pumped into the flow cell 

at a flow rate of 0.3 mL min–1.  

5.7.5.2 | Diffusion experiments in the AFM fluid cell 

The fluid cell was injected with growth solution (1.25 mM CaCl2; 0.5 g L–1 PSS), and the 

inlet and outlet of the liquid cell were connected with tubing containing a small amount of 

fresh (NH4)2CO3 in the closed connected system. Imaging was performed on a freshly 

cleaved mica substrate. After a certain diffusion time, the substrate with the obtained 

CaCO3 crystals was quenched in ethanol and dried by supplying a gentle N2 stream. 

5.7.6 | Ion Selective Electrode Experiments 
For Ca2+ concentration determinations, a computer-controlled automated titration system 

(Titrando 809, Metrohm, Switzerland) was used with a calcium ion selective electrode 

(Ca-ISE), pH reference electrode, and two Dosing units (Dosino 807, 2 mL glass 

cylinder). One Dosino contained a 10 mM NaOH to ensure a constant pH of 8.5.  

5.7.6.1 | Calibration of the ISE and pH electrode 

By using a Nernstian approach, the Ca-ISE calibration was performed by the correlation 

of measured calcium potentials (U(Ca2+)) with known analytical concentrations. The pH 

meter was initially calibrated using pH 4.0, 7.0 and 9.0 Metrohm buffer solutions, while 
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the Ca-ISE was calibrated by titrating in a 0.1 M CaCl2 solution at a rate of 10 μL min–1 

into 25 mL milli-Q, which was stirred continuously at a constant rate. 

5.7.6.2 | Determination of free calcium concentration in the growth solutions 

The potential of 25 mL growth solution either in the presence or in the absence of PSS 

under similar conditions (1.5 mM CaCl2, 3 mM NaHCO3, 41.1 Mm NaCl, including or 

excluding 0.1 g L–1 PSS) was measured at pH 8.5 after the aforementioned calibration 

procedure. The Davies equation was used to convert the measured Ca2+ activities into 

concentrations by determination of the activity coefficients, which were additionally 

verified by Visual MINTEQ. 

5.7.7 | Scanning Electron Microscopy 
Imaging was performed using a Zeiss ULTRATM 55 field emission Scanning Electron 

Microscope (SEM) with an accelerating voltage of 3 kV. Crystals obtained from bench-top 

(overgrowth) diffusion experiments on mica or Si3N4 were quenched in ethanol and 

subsequently dried by supplying a gentle N2 flow and transferred directly transferred to a 

metal stub for analysis without further treatments. 

5.8 | Bibliography 

[1] De Yoreo, J. J., Gilbert, P. U. P. A., Sommerdijk, N. A. J. M., Penn, R. L., Whitelam, S., 
Joester, D., Zhang, H., Rimer, J. D., Navrotsky, A., Banfield, J. F., Wallace, A. F., Michel, F. 
M., Meldrum, F. C., Cölfen, H. and Dove, P. M., Science, 2015, 349, 498. 

[2] Penn, R. L. and Banfield, J. F., Science, 1998, 281, 969. 

[3] Li, D., Nielsen, M. H., Lee, J. R. I., Frandsen, C., Banfield, J. F. and De Yoreo, J. J., Science, 
2012, 336, 1014. 

[4] Masica, D. L., Schrier, S. B., Specht, E. A. and Gray, J. J., J. Am. Chem. Soc., 2010, 132, 
12252. 

[5] Suzuki, M., Saruwatari, K., Kogure, T., Yamamoto, Y., Nishimura, T., Kato, T. and 
Nagasawa, H., Science, 2009, 325, 1388. 

[6] Gal, A., Kahil, K., Vidavsky, N., DeVol, R. T., Gilbert, P. U. P. A., Fratzl, P., Weiner, S. and 
Addadi, L., Adv. Funct. Mater., 2014, 24, 5420. 

[7] Nudelman, F., Sonmezler, E., Bomans, P. H. H., de With, G. and Sommerdijk, N. A. J. M., 
Nanoscale, 2010, 2, 2436. 

[8] Kato, T., Adv. Mater., 2000, 12, 1543. 



From a Classical Polymer-Mediated Crystal Growth Mechanism to a Mesocrystal-like Morphology

163 

[9] Cantaert, B., Kim, Y.-Y., Ludwig, H., Nudelman, F., Sommerdijk, N. A. J. M. and Meldrum, 
F. C., Adv. Func. Mater., 2012, 22, 907. 

[10] Gower, L. B., Chem. Rev., 2008, 108, 4551. 

[11] Wang, T., Cölfen, H. and Antonietti, M., J. Am. Chem. Soc., 2005, 127, 3246. 

[12] Deng, Z., Habraken, G. J. M., Peeters, M., Heise, A., de With, G. and Sommerdijk, N. A. J. 
M., Soft Matter, 2011, 7, 9685. 

[13] Wang, T. X., Antonietti, M. and Cölfen, H., Chem. Eur. J., 2006, 12, 5722. 

[14] Cölfen, H. and Antonietti, M., Angew. Chem., Int. Ed., 2005, 44, 5576. 

[15] Lenders, J. J. M., Dey, A., Bomans, P. H. H., Spielmann, J., Hendrix, M. M. R. M., de With, 
G., Meldrum, F. C., Harder, S. and Sommerdijk, N. A. J. M., J. Am. Chem. Soc., 2011,  

[16] Seto, J., Ma, Y. R., Davis, S. A., Meldrum, F., Gourrier, A., Kim, Y. Y., Schilde, U., Sztucki, 
M., Burghammer, M., Maltsev, S., Jager, C. and Cölfen, H., Proc. Natl. Acad. Sci. USA, 2012, 
109, 3699. 

[17] Xu, A. W., Antonietti, M., Cölfen, H. and Fang, Y. P., Adv. Funct. Mater., 2006, 16, 903. 

[18] Kim, Y.-Y., Schenk, A. S., Ihli, J., Kulak, A. N., Hetherington, N. B. J., Tang, C. C., Schmahl, 
W. W., Griesshaber, E., Hyett, G. and Meldrum, F. C., Nat. Commun., 2014, 5. 

[19] Ihli, J., Bots, P., Kulak, A., Benning, L. G. and Meldrum, F. C., Adv. Funct. Mater., 2012, 23, 
1965. 

[20] Smeets, P. J. M., Cho, K. R., Kempen, R. G. E., Sommerdijk, N. A. J. M. and De Yoreo, J. J., 
Nat. Mater., 2015, 14, 394. 

[21] Schenk, A. S., Zlotnikov, I., Pokroy, B., Gierlinger, N., Masic, A., Zaslansky, P., Fitch, A. N., 
Paris, O., Metzger, T. H., Cölfen, H., Fratzl, P. and Aichmayer, B., Adv. Funct. Mater., 2012, 
22, 4668. 

[22] Mehta, B. J. and Pandya, J. R., Surface Technology, 1982, 15, 141. 

[23] Teng, H. H., Dove, P. M. and De Yoreo, J. J., Geochim. Cosmochim. Acta, 2000, 64, 2255. 

[24] Karuppasamy, M., Karimi Nejadasl, F., Vulovic, M., Koster, A. J. and Ravelli, R. B. G., J. 
Synchrotron Radiat., 2011, 18, 398. 

[25] Zhu, M., Schneider, M., Papastavrou, G., Akari, S. and Möhwald, H., Langmuir, 2001, 17, 
6471. 

[26] Pokroy, B., Kapon, M., Marin, F., Adir, N. and Zolotoyabko, E., Proc. Natl. Acad. Sci. USA, 
2007, 104, 7337. 

[27] Orme, C. A., Noy, A., Wierzbicki, A., McBride, M. T., Grantham, M., Teng, H. H., Dove, P. 
M. and De Yoreo, J. J., Nature, 2001, 411, 775. 

[28] Elhadj, S., Salter, E. A., Wierzbicki, A., De Yoreo, J. J., Han, N. and Dove, P. M., Cryst. 
Growth Des., 2006, 6, 197. 

[29] Falini, G., Fermani, S., Gazzano, M. and Ripamonti, A., Dalton Trans., 2000, 3983. 



Chapter 5

164 

[30] Maruyama, M., Tsukamoto, K., Sazaki, G., Nishimura, Y. and Vekilov, P. G., Cryst. Growth 
Des., 2009, 9, 127. 

[31] Wang, T., Antonietti, M. and Cölfen, H., Chem. Eur. J., 2006, 12, 5722. 

[32] Shen, J.-W., Li, C., van der Vegt, N. F. A. and Peter, C., J. Phys. Chem. C, 2013, 117, 6904. 

[33] Hong, M., Moreland, K. T., Chen, J., Teng, H. H., Thalmann, R. and De Yoreo, J. J., Cryst. 
Growth Des., 2015, 15, 129. 

[34] Plummer, L. N. and Busenberg, E., Geochim. Cosmochim. Acta, 1982, 46, 1011. 

[35] Brečević, L. and Nielsen, A. E., J. Cryst. Growth, 1989, 98, 504. 

[36] Felmy, A. R., Girvin, D. C. and Jenne, E. A. MINTEQ - a Computer Program for Calculating 
Aqueous Geochemical Equilibria. (Washington D.C. , 1984). 



A 5 | APPENDIX TO CHAPTER 5

A 5.1 | Bulk Diffusion Experiments  

Figure A 5.1 | Growth of calcite-PSS crystals on the Si3N4 substrate. (a) Schematic of the CaCO3 

bench-top diffusion setup, where the inset shows the orientation of the Si/Si3N4 wafer (90˚ with respect 
to the countertop), on top of which calcite-PSS crystals nucleate and grow. This rules out sedimentation 
of formed crystals onto the substrate. (b) SEM image of a typical calcite-PSS crystal after 1 day diffusion 
(scale bar 5 μm), with (c) a zoom-in of the typical roughened (001) facet (scale bar 5 μm). 

The overgrowth diffusion experiments were started by using single crystal calcite seeds 

(Figure A 5.2b, Materials and Methods) and after a day of diffusion a typical calcite-PSS 

morphology was formed (Figure A 5.2c). However, simultaneously a large portion 

of crystals existed that contained a typical island-growth pattern on the (104) facets 

(Figure A 5.2d), as an indication of a somewhat different crystallization pathway towards 

the calcite-PSS crystals compared to the regular bulk diffusion experiments.  
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Figure A 5.2 | Size and morphology of calcite-PSS crystals in diffusion bulk experiments compared 
to overgrowth diffusion experiments on calcite seeds. (a) Size of the calcite-PSS crystals (expressed by 
the maximum Feret diameter: dFe max) vs. diffusion time. The blue data points correspond to 
measurements for the bulk experiments (1.25 mM CaCl2; 0.5 g L–1 PSS as mineralizing solution) as from 
the SEM images in Figure 5.1. The red data points represent measurements for overgrowth experiments. 
A logistic function is used to fit each set of data points. The error bars represent the standard deviation. 
The red data points are labeled b-e, where the sizes at specific diffusion time correspond to the (b-e) SEM 
images on the right. (b) is a typical single crystal calcite seed as in Figure 5.1a (scale bar 5 μm) (c-d) are 
examples of overgrown seeds after two days of diffusion. The inset in (d) shows a zoom-in of the white 
square (scale bars 10 μm). (e) shows a typical calcite-PSS crystal after five days of total diffusion (scale bar 
10 μm).  

Teng et al.1 showed that when the supersaturation σ exceeded a critical value in 

the calcite growth mechanism, steps began to be generated by what appeared to be a 

homogeneous (or two-dimensional) surface nucleation mechanism. At intermediate σ, 

growth originated from both hillocks and by two-dimensional surface nucleation, where 

the latter formed predominantly within flat areas on the surface rather than on terraces of 

spiral hillocks. Thus, at higher σ the nucleation rate and density of 2D nuclei increased, 

showing that the surface nucleation mechanism was increasingly dominant. In our seeded 

experiments, we use an initially higher initial calcium concentration (1.25 mM) compared 

to the unseeded version, since in the latter part of the initial calcium concentration of 1.25 

mM is used to nucleate the calcite crystals. Therefore, in the presence of the seeds the 

effective supersaturation is higher. This difference in σ we attribute to trigger the 2D 
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surface nucleation mechanism, which we do not directly observe in the unseeded variant. 

However, after 5 days of total diffusion, the island growth appears to have been vanished 

(Figure A 5.2e), indicating island growth is present only in a certain regime of the reaction 

process. This behavior would explain the more roughened appearance of the (104) facets 

from the overgrowth diffusion calcite-PSS crystals compared to those in the regular 

diffusion experiments. Nevertheless, the similarity of the end product is evident. 

A 5.2 | Formation of Vaterite on the Substrate 

Figure A 5.3 | Presence of vaterite after longer diffusion times on mica and Si3N4. (a) SEM image of 
CaCO3 crystals after 5 days of diffusion on Si3N4, which shows – in addition to three clear calcite-PSS 
crystals – numerous vaterite crystals (examples are indicated by yellow arrows), distinguishable by their 
rounded morphology (scale bar 20 μm). (b) SEM image of grown CaCO3 crystals after 5 days of 
diffusion on mica; examples of vaterite crystals are indicated by yellow arrows. The inset shows a clearer 
zoom-in of a calcite-PSS crystal with similar morphological features as those in (a). Scale bars are 20 μm. 
(c) Raman spectrum taken of a typical rounded crystal in the inset (scalebar 10 μm) shows vaterite peaks 
(in red). The peaks at 520 and 970 cm–1 (in black) are present in the background, originating from the 
Si3N4 wafer, of which the Raman spectrum is shown in (d). The peaks at 520 cm–1 belong to Si and a 
band 970 cm–1 to the Si-OH stretch (ref. 2). 
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Figure A 5.4 | Nucleation of calcite-PSS crystals by dissolution-reprecipitation of vaterite. (a-c) 
SEM images of the reaction progress in the AFM fluid cell on mica after different diffusion times (a) 
vaterite crystals formed after ~2h of diffusion (scale bar 10 μm), (b) vaterite formed after ~4h of diffusion 
(scalebar 10 μm) with an observable calcite-PSS crystal on the surface, indicated by the yellow arrow and 
enlarged in the inset (scalebar 1 μm) and (c) diffusion of ~1 day leads to more calcite-PSS crystals 
indicated by the yellow arrows (scale bar 10 μm). (d-e) show crystals obtained by bulk diffusion 
experiments after 5 days of diffusion (scale bars 50 μm), indicating observable depletion zones by the 
yellow arrows. (d) results from regular diffusion experiments, surrounding two calcite-PSS crystals. (e) 
shows the crystals obtained by overgrowth diffusion experiments, where the amount of vaterite that has 
nucleated is substantial and the depletion zones surrounding the calcite-PSS crystals are even more 
apparent. The inset shows a zoom-in of such a depletion layer (scale bar 10 μm). 

A 5.3 | Height Changes in Calcite Step Directions 
As shown in Figure A 5.5, the acute steps seem to be much more roughened compared to 

the obtuse steps, pointing towards a preferential pinning site for the PSS at the acute steps. 
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Figure A 5.5 | Modification of obtuse and acute steps by PSS as imaged by in situ AFM. (a) 
Normalized height profile along the obtuse steps without PSS (solid black line) and with PSS (solid green 
line) and (b) normalized height profile along the acute steps without PSS (dashed black line) and with 
PSS (dashed green line), as measured by corresponding line-scans in the AFM height images of (c) and 
(d), respectively. Here, (c) is the calcite screw dislocation without PSS added and (d) with PSS added in 
the growth solution. Scale bars in (c) and (d) are 500 nm. 
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CHAPTER 6 

Epilogue and Perspective 

“In God we trust. All others must bring data”

– W. Edwards Deming
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6.1 | Epilogue 
This thesis titled “Towards Understanding Pathway Complexity in Calcium Carbonate 

Mineralization” takes on the challenge of gaining a deeper understanding of the 

crystallization behavior of calcium carbonate under ambient temperature and pressure, 

inspired by processes that occur in biomineralization. To this end we took two different 

approaches. 

In Chapter 2 and 3 we studied CaCO3 crystallization in pure solutions where we 

carefully controlled supersaturation levels by slowly adding calcium to a carbonate buffer 

at constant pH using an automated titration setup. The slow addition, with concomitant 

slow increase in ion activity product, serves as a suitable method to avoid high 

supersaturation levels and allows us to observe nucleation at supersaturations where the 

free energy barrier is likely to be substantial. In this way the binodal regime in the phase 

diagram, as proposed from experiments and simulation data discussed in Chapter 1, is 

reached leading to the nucleation of a dense liquid phase. We do not find evidence 

(neither from computational nor from experimental work) for prenucleation clusters at 

conditions where according to previous literature reports a significant fraction of the ions 

should be contained within such clusters in solution. Instead, our data allows us to 

propose that the DLP nucleates from the aggregation of ions and ion pairs, as described by 

classical nucleation theory. Indeed no such clusters are found in the lean solution 

surrounding the DLP, neither in high resolution cryo-TEM, nor in molecular dynamics 

simulations. The forming crystals via such a dense liquid, as also has been observed in, e.g. 

protein systems, may decrease the barrier to nucleation by many kBT and increase 

nucleation rates by many orders of magnitude1. Similarly our data suggests that vaterite is 

the first solid phase to form  ̶  as anticipated from the employed supersaturation 

conditions  ̶  directly from the dehydration of the dense liquid. 

The second approach in the mineralization procedure was the introduction of the 

soluble macromolecule PSS which led to significant kinetic effects on CaCO3 nucleation 

(Chapter 4) and growth (Chapter 5). Specifically, through its charged sulfonate groups 

that nearly instantly bind solute calcium ions, PSS acts as an ion-adsorbent material, 

concentrating the solute material and leading to locally high supersaturation values. At the 

same time, the PSS inhibits the nucleation of both ACC and vaterite (for the latter both in 
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and outside the globules), compared to the experiments without the PSS where vaterite 

particles nucleate almost instantly. Thus, PSS directs not only where mineral formation 

occurs, it also determines how this occurs. The outcome of these experiments might be 

related to biological systems, which may be able to use the ion binding capability of 

biomacromolecules to tune the effective kinetic barrier for nucleation, rather than using 

templating surfaces that decrease the interfacial free energy in a thermodynamically 

controlled pathway. In addition, PSS is also able to modify the growth of calcite crystals, 

producing exotic morphologies that previously were attributed to mesocrystal formation. 

We show that these morphologies instead are formed by completely classical growth 

mechanisms including classical step pinning of the PSS at atomic steps leading to new 

stabilized step directions and the formation of new pseudo-facets.  

In conclusion, using controlled reaction conditions in combination with 

advanced microscopic techniques we obtained a deeper fundamental understanding of 

nucleation and growth processes of CaCO3, including the transformation of precursor 

phases and the use of polymeric additives and find that these processes altogether can be 

explained by classical concepts of nucleation.  

6.2 | Perspective 
The overview of the different classical and non-classical pathways of crystal formation 

presented in Figure 1.7 summarizes the crystallization mechanisms that now have been 

(partially) unraveled for a range of (inorganic) materials. While this scheme is likely to be 

incomplete, several of these pathways have been proposed for the CaCO3 system and the 

relevance of some of them has been investigated in the experimental chapters of this thesis. 

Now we will give a future perspective which can help to obtain further insights into 

pathway complexity in CaCO3 mineralization, but may also find use to improve our 

understanding in crystallization mechanisms in other materials. 

Particularly striking is the fact that while an increasing body of literature exists 

on CaCO3 crystallization involving non-classical pathways, the work in this thesis mostly 

provides evidence for mechanisms which fit completely within the classical framework of 

nucleation and growth. Controlling the solution chemistry by the use of titration setups 

and ion selective electrodes, in combination with time resolved (quasi) in situ microscopy 
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and other (e.g., spectroscopic) analysis techniques will help to understand formation 

pathways for CaCO3 and other systems within a wide range of temperatures and 

compositions. 

One aspect that clearly needs to be taken into account when performing LP-TEM 

experiments – especially when imaging and quantifying of nucleation and growth rates – is 

one of the largest artifacts that the analysis technique currently offers: As we discussed in 

Chapter 4, many systems are clearly sensitive to the interaction of the high-energy electron 

beam with water in terms of the total electron dose (e nm–2) and to the rate that electrons 

are deposited (e nm–1 s–1). H2O as solvent is able to dissolve electrons and reduce positive 

ions to form, e.g., hydrogen gas bubbles through radiolysis processes2-4, thus (locally) 

changing pH values in the system. Even for pure water, mathematical computer models 

predict 79 reactions of different species, with their concentration dependent on the used 

electron dose5. Therefore there is a drive towards faster, lower dose (rate) acquisition and 

extracting quantitative information from either a single, or a series of images.  Currently, 

there are approaches to controlling dose in TEM  ̶  although limited  ̶  through either 

hardware and/or software. For example, the electron dose can be decreased by at least 

order of magnitude in the 3D imaging of beam-sensitive specimens using a direct electron 

detector6. Furthermore, scanning TEM (STEM) by a combination of reduced pixel dwell 

times and beam currents can achieve radiation doses comparable with low-dose TEM7. 

Arguably the largest complexity in LP-(S)TEM experiments arises due to the 

geometrical environment of the fluid cell. The relatively large Si3N4 surface significantly 

influences diffusion rates within small reaction volumes8-10. Additionally, it is difficult to 

quantify precise reaction solution conditions when considering the mixing of liquids, as it 

is currently unclear in which manner fluid streams flow and where and to what extent 

mixing occurs11. Thus, for future advances in the imaging of CaCO3 mineralization 

processes, acquiring quantitative data is the key  ̶  so results can be compared with ex situ 

experiments, beam interactions must be understood, and the liquid geometry must be 

controlled. 

It is also important to gain more insight on the molecular scale in the role of 

hydration in phase-separated liquids like the DLP. The experimentally and 

computationally deduced large amount of bound water within the DLP may indicate that 
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a larger range of hydrated structures could exists with intermediate levels of hydration of x 

H2O / CaCO3, with x varying from ~1.4 (where we assume ACC ≤ 1.4 H2O / CaCO3; see 

ref. 12) through ~7, prior to dehydration and subsequent crystallization. For bulk 

solutions containing ACC, Radha et al. concluded from calorimetry determinations that 

synthetic and biogenic hydrated ACC contained a similar enthalpy of crystallization, and 

that transformations to calcite are able proceed through a sequence of phases of decreasing 

energetic metastability13. Importantly, the dehydration of ACC was found to be largely 

exothermic so that dehydration can be considered as an irreversible process. Similar 

titration calorimetry measurements can also be carefully carried out for systems that form 

a DLP (by, e.g., titration of CaCl2 into a carbonate buffer in a similar manner to our 

titration experiments), which would provide valuable quantitative thermodynamical data 

to confirm hydration/dehydration behavior and help us to relate changes in short/long-

range order of the dense liquid. Furthermore, the free energy barrier to liquid phase 

separation at different conditions (concentrations, temperatures, pH, etc.) can be 

determined and be related to our proposed energy barrier for liquid-liquid phase 

separation of a few kBT in simulations, and finally improve our understanding of such 

pathways in calcium carbonate mineralization and mineral formation in general. 

Our investigation of CaCO3 nucleation and growth behavior in a PSS-based 

biomimetic matrix in LP-TEM highlights the possibilities for the dynamic investigation of 

biomineralization processes. As many biomineralization matrix systems in Nature consist 

of insoluble biopolymers (mostly polysaccharides) with associated acidic proteins, it would 

be insightful to extend experiments beyond the use of simple model polymers by, e.g., 

functionalizing the Si3N4 surface of the fluid cell membrane with such biomacromolecular 

systems. The analogy of the thin liquid layer inside the liquid cell with the confined space 

in biomineralization processes is an intriguing one and raises the exiting question to what 

extent we will be able to rebuild parts of the biological machinery inside the microscope.  

6.2.1 | Imaging CaCO3 Formation Pathways within 3D Templates 
In biomineralization, matrixes are often porous, fibrous, and hydrated three-dimensional 

organic networks within which inorganic materials nucleate and grow. In these systems the 

matrix constituents become intimately associated with the resulting crystals and even may 

become incorporated, leading to composites with unique mechanical, optical or structural 
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properties14-16. Hydrogels, such as the silk fibroin matrix material involved in nacre 

formation in mollusks17 (see Chapter 1) illustrate an excellent example of 3D templating 

structures containing small confining volumes that can significantly influence mineral 

formation.  

Within a gel environment, diffusion is the dominant mechanism determining the 

mass transport of solutes, while laminar flow, and convective currents are suppressed. 

Additionally, time-dependent gradients are formed as reactants diffuse though the gel18, 

which contribute to experimental complexities not addressed by classical nucleation 

theory19. In such a non-equilibrium system, the diffusion-limited supply of reactants often 

gives rise to a reduced probability for nuclei to reach the critical size. To induce such 

nucleation events, in turn a relatively high threshold supersaturation is needed, which 

depends on the solubility of the salt, the porosity of the medium and the supersaturation 

rate20. Chemical functionalities within the gel network itself can additionally affect 

supersaturation levels through physical interactions with solutes, including, but not limited 

to, ion binding, hydrogen bonding or hydrophobic forces. 

The characterization of gel structures is inherently complex due to the high 

solvent content on one side and low organic content on the other. Consequentially, 

sample preparation and/or characterization often involve drying artifacts, possibly resulting 

in a non-representative condition of the gel structure as compared to that during crystal 

formation21-23. For example, the gel structure can collapse during drying and freezing 

techniques can introduce ice crystals, which may cause structural distortion of the gel 

network21. Additionally, the dynamic aspects of the structural changes that occur during 

crystal growth also complicate characterization. Therefore, the exact role of such gels in the 

mineralization process is not yet understood24. 

To circumvent these complicated matters, we took initial approaches to the 

(quasi) in situ investigation of CaCO3 mineralization within an alginate gel by using cryo-

TEM. This method allows us to image a gel network under low electron dose conditions 

in its near-native hydrated state when keeping humidity conditions at 100% at all times. 

Alginate is a naturally occurring linear anionic polysaccharide which consists of 

homopolymeric blocks of β-D-mannuronate (M) and α-L-guluronate (G) residues. The 

guluronate residues have the ability to form strong a physically crosslinked gel by 
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introduction of divalent cations such as calcium ions, as demonstrated by high selectivity 

coefficients25. Indeed, exploratory experiments employing a careful gelation procedure on a 

TEM grid (Figure 6.1a) within an environment of 100% humidity, visualize such a 

crosslinked calcium-alginate gel structure in its native state (Figure 6.1c).  

Mineralization of CaCO3 within the gel matrix can then be explored by, for 

example, utilizing the ammonium diffusion method (again in a 100% humidity controlled 

environment26; see Figure 6.1b), increasing supersaturation levels within the gel layer, such 

that within time the evolution of the gel morphology and structure, as well as the pathway 

of the mineralization process can be monitored (Figure 6.1d-f). Preliminary experiments 

show a concentric ring at 3.03 Å in the electron diffraction pattern matching the (104) 

plane of calcite, presumably resulting from calcite nanocrystals within the gel environment 

(Figure 6.1e,f). Control experiments without exposure to CO3
2– did not show such new 

phase with long-range order (Figure 6.1c, inset). By e.g. varying alginate and CaCl2 

concentrations, cross-linking densities can be regulated, which in general determine the 

pore size of the gel polymerized network27, 28. Thus, pore sizes can be tuned, and the 

interactions of the network with the nucleated mineral can be visualized by applying low-

dose cryo-TEM imaging, and/or tomography. It is important to emphasize that these 

results serve as a first indication of the possibilities of exploring time-resolved CaCO3 

crystallization pathways within a 3D template, similar as was done for the mineralization 

of calcium phosphate within collagen fibrils29, but that the reproducibility of the system is 

still under investigation. 

Recreating and understanding (parts of) biomineralization systems in a similar 

manner as we explored in this thesis generally not only shed light on important biological, 

biomedical and geochemical processes, but may also enable us to explore routes to the 

production of unique hybrid materials. 
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Figure 6.1 | Approach to imaging CaCO3 formation in a created 3D hydrogel matrix. (a) Schematic 
of the procedure to create a calcium-alginate crosslinked gel where initially a 3 μl drop of alginate 
solution (Mw 12.000–80.000 g mol–1; M/G ratio = 1.56) is applied on a TEM grid (step 1), which is 
subsequently blotted by filter paper using an FEI VitrobotTM system (step 2). Next, CaCl2 is added (step 
3) and subsequently a second blot removes excess solution, to end up with a thin layer of calcium alginate
gel (step 4). All these procedures are performed at 100% humidity. (b) Diffusion method within the 
VitrobotTM chamber at controlled 100% humidity, where a vial containing solid (NH4)2CO3 is placed, 
which can decompose in gaseous CO2 and NH3 and mineralization of calcium carbonate can occur 
within the gel. (c) Cryo-TEM image of a gel network formed after 15 min. of crosslinking reaction 
between 1.2 wt% alginate and 200 mM CaCl2, with in the inset the corresponding electron diffraction 
pattern that shows the absence of any long-range order. (d) Cryo-TEM image of a gel network of 1.8 
wt% alginate and 1 M CaCl2 after 15 minutes of the diffusion method illustrated in (b), with (e) the 
corresponding electron diffraction pattern showing polycrystalline behavior. The indicated ring by the 
yellow arrow indicates a d-spacing of 3.03 Å, likely resulting from calcite (104). More research is needed 
to appoint other rings. (f) shows a higher magnification cryo-TEM image at 15 min. diffusion, with 
particles indicated by yellow arrows. Scale bars (c) 50 nm, inset 2 nm–1 (d) 500 nm (e) 2 nm–1 (f) 20 nm. 
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