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Stable Prenucleation Calcium Carbonate Clusters Denis Gebauer, Antje Völkel, Helmut Cölfen* Calcium carbonate forms scales, geological deposits, biominerals, and ocean sediments. Huge amounts of carbon dioxide are retained as carbonate ions, and calcium ions represent a major contribution to water hardness. Despite its relevance, little is known about the precipitation mechanism of calcium carbonate, and specified complex crystal structures challenge the classical view on nucleation considering the formation of metastable ion clusters. We demonstrate that dissolved calcium carbonate in fact contains stable prenucleation ion clusters forming even in undersaturated solution. The cluster formation can be characterized by means of equilibrium thermodynamics, applying a multiple-binding model, which allows for structural preformation. Stable clusters are the relevant species in calcium carbonate nucleation. Such mechanisms may also be important for the crystallization of other minerals. alcium carbonate has great scientific relevance in biomineralization and geosciences, forming enormous scales of biological (reefs and ocean sediments) and geological origin, which bind a huge amount of CO2 and affect the chemistry of ocean water (1) and, with it, Earth’s atmosphere and climate. Scale formation (incrustation) also affects daily life, industry, and technology and can require the addition of scale inhibitors to laundry detergents and household cleaners and in many industrial applications. Scale formation also lowers the efficiency of heating and cooling devices and can result in machine damage. CaCO3 provides a model system for nucleation and crystallization analysis of minerals for classical (2) and nonclassical crystallization (3) and has been studied for more than a century. Nevertheless, little is known about the very early stages of its crystallization, that is, the prenucleation stage. Amorphous calcium carbonate (ACC) is identified as a postnucleation-stage precursor phase in calcium
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carbonate mineralization (4, 5), in bio- (6) and biomimetic mineralization (7), and liquid precursors have been identified in some cases (8). There is growing evidence that different species of ACC exist, that is, where the amorphous phase shows a specific short-range order that corresponds to the long-range order of the particular crystalline polymorph (9–11). Besides stable biogenic species, ACC occurs as a transient precursor phase in biomineralization. Precursor species that form still earlier than ACC or liquid precursors—that is, directly after ion contact and before nucleation occurs—have been postulated (12) and suggested through modeling approaches (13). In the classical picture, nucleation is considered to take place in a solution of ions that has become supersaturated, leading to the nucleation of the solid phase by stochastic solute clustering, and the earliest crystal precursor is considered to be a cluster of critical size (14, 15). Because of the stochastic formation mechanism, such metastable clusters are a rare species. In contrast, there is increasing evidence that small polymeric species and stable clusters play a dominant role in the prenucleation stage of biomineralization and the formation of organic nanoparticles (16, 17).
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Such soluble species have been reported for the polycondensation of silicic acid (18), precipitation of aluminum oxyhydroxide (19), and aqueous solutions of hydrated ions of the transition metals iron, chromium, uranium, molybdenum, and tungsten (20). In the above examples, the prenucleation cluster formation is a polymerizationlike event, because the chemical bonds formed are mostly covalent (silica) to partly ionic (transition metals). For nonpolymerizing ionic crystals, solute clustering has been reported only for highly soluble compounds such as citric acid, urea, sodium nitrate, and potassium sulfate (21) and in supersaturated solutions (22). Cluster formation for low concentrations, that is, undersaturated and slightly supersaturated ionic solutions, has not been reported, and even advanced data analysis like induction time statistics do not allow for the accurate observation of all subcritical species present in a dilute system (23, 24). Our experiments are based on the measurement of Ca2+ concentrations at constant pH values, facilitating a quantitative determination of all species present at the different stages of crystallization while the supersaturation slowly evolves. This is achieved by slow addition of dilute calcium chloride solution into dilute carbonate buffer to induce supersaturation, causing nucleation and precipitation of calcium carbonate. The experimental set-up is described in detail in supporting online material (SOM) section 1 (fig. S1). The increase in calcium ions is shown for a single experiment at pH = 9.25 (Fig. 1A). The red line reflects the amount of calcium ions added. However, the amount of free calcium ions detected by the calcium ion selective electrode (black line) increases considerably slower straight from the beginning of the experiment; that is, a distinct part of free calcium ions disappears due to binding. The prenucleation-stage time development is linear, indicating that the calcium binding behavior in under- and supersaturated stages of the prenucleation stage is equal. Once a critical point is reached, nucleation occurs and the amount of free calcium ions drops
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to a value that corresponds to the particular solubility concentration of the precipitated phase according to a typical LaMer diagram (25). Measurements of the time development of the amount of free calcium ions for five pH levels within an interval from 9.00 to 10.0 show good reproducibility (fig. S2). The pH range investigated is rather limited because the fraction of carbonate ions in the buffer is very low below a pH of 9.00 and hinders precipitation of calcium carbonate, while concurrent precipitation of calcium hydroxide occurs at pH values that are too high. The differences between the averages of measured free amounts and the dosed amount of calcium ions give the averaged amount of bound calcium ions (Fig. 1B). The dotted red line represents 100% binding of dosed calcium ions. Both in the prenucleation stage (i.e., before the sigmoid increase of the amount of bound calcium) and in the postnucleation stage, an increasing tendency for calcium binding with increasing pH is observed. The increasing binding tendency is based on the higher fraction of carbonate ions in the carbonate buffer at higher pH (SOM section 2.1 and fig. S3). Solid calcium carbonate, like any solid, has an activity of 1 by definition. Thus, the dissolution equilibrium is characterized by the ion product of calcium and carbonate ions, giving the solubility constant. To maintain the solubility



constant, which, however, slightly differs for the phases precipitated in different pH ranges, the solubility concentration of calcium ions is specifically lower at higher concentrations of carbonate (higher pH). In this way, the binding of calcium ions in solid calcium carbonate increases with increasing pH. Similar binding of calcium ions is observed in the prenucleation stage. About 35% of added calcium ions are bound at pH = 9.00 (~4% carbonate ions in the buffer equilibrium), whereas ~75% of added calcium ions are bound at pH = 10.0 (~25% carbonate ions in the buffer equilibrium). This shows that calcium binding during the prenucleation stage depends on the carbonate concentration, that is, calcium carbonate clusters form. It is important to note that these clusters form in both the undersaturated and supersaturated stages (Fig. 1A). An activity of 1 cannot be assigned to clusters, because they have to be considered as solutes. Basically, this is the reason for the linear increase in free calcium ions during the prenucleation stage in contrast to the postnucleation stage (Fig. 1A). After nucleation, further added calcium is consumed by the growth of particles of constant activity, giving rise to a constant solubility concentration. In the prenucleation stage, further added calcium ions are consumed by the increasing activity of clusters. The increasing fraction of carbonate ions in



Fig. 1. (A) Development of the free calcium ions measured by the calcium ion selective electrode (black line) at pH = 9.25 in comparison with the dosed amount of calcium ions (red line). The solubility concentration of the precipitated phase defines the undersaturated and supersaturated stages of the prenucleation stage. Already in undersaturated solution, calcium ions are bound. (B) Averaged amount of bound calcium ions as calculated from the difference between the measured amount of free calcium ions and the dosed amount of calcium ions shown in (A) for five pH levels. The arithmetic average of a sample of three measurements is calculated in the prenucleation stage and the postnucleation stage. Averaging during nucleation is not appropriate, and the particular developments are indicated by fine lines. Error bars depict T1 SD of a sample of three measurements; the center of the error bars gives the arithmetic average of the particular data points (see also fig. S2).
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the buffer at higher pH promotes cluster formation and in this way increases calcium binding (principle of LeChatelier). This is evidence that calcium carbonate clusters of the prenucleation stage form on the basis of equilibrium thermodynamics. These clusters are thermodynamically stable and not metastable as classically considered, because an equilibrium constant of cluster formation exists, which corresponds to a minimum in Gibbs energy (Fig. 2). Indeed, the binding of carbonate ions in the clusters can be quantitatively evaluated by constant pH titration. The binding of carbonate ions in the clusters (and in particles after nucleation) requires titration with dilute NaOH to maintain constant pH (SOM section 2.1 and fig. S4). Analyses show that calcium binding (Fig. 1B) is congruent to carbonate binding within experimental accuracy at all pH values investigated (SOM section 2.2 and fig. S5), that is, the formed clusters are neutral on average. The thermodynamics of cluster formation cannot be quantitatively characterized assuming the equilibrium z × Ca2+ + z × CO32- ⇌ [CaCO3]z, because an excess of variables remains unknown, that is, the number of ions combined in clusters (z), the equilibrium constant of cluster formation, and the clusters’ ([CaCO3]z,aq) activity. Such equilibrium is valid for all concentrations of calcium and carbonate ions; thus, clusters form in the undersaturated stage (Fig. 1A) and most likely also in the presence of solid calcium carbonate, and the solubility product of calcium carbonate may account for a low concentration of clusters in the presence of solid CaCO3. The prenucleation-stage clusters can be independently detected by means of analytical ultracentrifugation (AUC) (SOM section 2.3, fig. S6, and table S1). The clusters cannot be detected in the undersaturated stage of the experiments, while their existence is evidenced by potential



Fig. 2. Schematic illustration of the free reaction enthalpy DRG versus the reaction coordinate. In the classical view (bold line), metastable clusters form and nucleation occurs when the critical nucleation enthalpy DG* is overcome. In fact, stable clusters (dashed line) are formed with an activation barrier negligible compared to thermal energy. The structure and depth of the indicated minimum remain unknown, as well as the height of the activation barrier for nucleation.
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measurements and constant pH titration (Fig. 1). Proximately, the cluster concentration is too low for detection by AUC in this stage. A cluster species with a hydrodynamic diameter of ~2 nm can be detected with good statistical significance in the supersaturated stage and close to nucleation. This size corresponds to roughly 70 calcium and carbonate ions combined in single clusters on average. A second, larger cluster species (hydrodynamic diameter ~4 nm) can be detected, too, although with low statistical relevance. In fact, an even larger cluster species (hydrodynamic diameter ~5 to 6 nm) can be detected in the early postnucleation stage. The smaller cluster species cannot be detected anymore after nucleation; however, the concentration of these species may be too low for detection. These findings suggest that nucleation takes place through cluster aggregation. The cluster equilibrium can be quantitatively characterized by means of a multiple-binding model usually applied in protein/ligand binding equilibria (26) (SOM section 2.4 and figs. S7 to S10). The derived binding parameters are pH-dependent and relate to the binding strength in clusters. This pH-dependent change of binding strength (fig. S11) gives a possible basis for structural preformation and the nucleation of different ACC species discussed above, which later transform into the particular crystalline poly-



morph. ACC is initially nucleated as revealed by polarized light microscopy (fig. S12), and the analysis of the time development of ion products (Fig. 3) shows that, in fact, two different ACC phases are precipitated—a more stable phase (ACC I) at high binding strength in clusters (pH = 9.00 to 9.50) and a less stable phase (ACC II) at low binding strength in clusters (pH = 9.75 to 10.0). WAXS (wide angle x-ray scattering) analysis of the crystalline particles finally formed at ambient conditions shows that pure calcite (the stable polymorph of calcium carbonate) forms at pH-values corresponding to high binding strength in clusters and that predominantly vaterite (the least stable polymorph) and traces of calcite form at pH-values corresponding to low binding strength in clusters (fig. S13). Both polymorphs finally form in parallel at intermediate binding strength, whereas aragonite (the intermediate stable polymorph) could not be detected. This suggests that ACC I may relate to an amorphous phase exhibiting calcitic short-range order and that ACC II may relate to an amorphous phase exhibiting vateritic short-range order. The solubilities (Fig. 3) show a discrete differentiation of the ACC phases in between pH 9.50 and 9.75, whereas distinct amounts of vaterite are precipitated when the ion product is still dominated by ACC I (pH = 9.40) (fig. S13). In our opinion,



Fig. 3. Time development of the free ion product. Shown are averaged values obtained from a sample of three measurements. Because averaging is not appropriate during nucleation, the particular developments are indicated by dashed lines. We find two different ACC phases with solubility products of ~3.1 × 10−8 M2 (ACC I) and ~3.8 × 10−8 M2 (ACC II), corresponding to the pH dependency of the prenucleation cluster equilibrium. Also given are the solubilities of vaterite, aragonite, and calcite (27) (SOM section 2.5.)



Fig. 4. Schema of the classical and novel view on precipitation (not to scale). Prenucleation-stage calcium carbonate clusters provide an early precursor species of different ACC phases giving rise to an alternative crystallization-reaction channel. www.sciencemag.org
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both ACC phases are precipitated in parallel at intermediate binding strength, that is, the system is not yet in thermodynamic equilibrium (Gibbs’ phase rule). The coexistence may not be resolved by the development of the ion product (Fig. 3) because ACC II may become crystalline fast, and the solubility of ACC I may be covered by ACC II because the solubility is dominated by the most soluble species. This is also true for minimum binding strength (pH = 9.75), at which traces of calcite are still obtained. The correlation between binding strength in clusters and the kind of amorphous phase and polymorph finally formed furthermore suggests that the clusters are direct precursor species of ACC, in which the particular structure may be also preformed. The accurate mechanism, that is, whether the nucleation of different ACC phases is under thermodynamic or kinetic control, remains unknown. The proposed mechanism of calcium carbonate precipitation allows for early structural preformation during the prenucleation stage conveyed into the postnucleation stage (Fig. 4). The classical view, in contrast, does not facilitate such early structural preformation because ionic solutions form clusters randomly. The classical critical stage is characterized by the stochastic formation of clusters of critical size, which are thermodynamically able to grow without limit but are in fact a rare species. The growth of these clusters is then considered to take place by the addition of single ions, and the formation of different polymorphs is considered to be under thermodynamic or kinetic control. We have shown that prenucleationstage clusters form on the basis of pH-dependent equilibrium thermodynamics (Fig. 4). The clusters show an average size of ~70 ions (pH = 9.00), which is larger than expected from the classically considered, exponentially decreasing cluster size distribution. A precise cluster size distribution, however, is yet unknown. Also a precise (pHdependent) cluster structure remains unknown, but it is apparent that prenucleation-stage clusters exhibit “solute character.” This means that not surface tension, which is a characteristic property of phase boundaries and is classically attributed to clusters, but hydration energy taking solvent effects into account can be ascribed to clusters. The surface tension characterizing a phase interface establishes when the critical stage is reached, and amorphous CaCO3 is precipitated at first. It remains unknown whether the clusters form critical nuclei that grow classically by single-ion attachment or aggregate and then precipitate and how the precipitation of different ACC phases at different pH values can be explained precisely, because several options exist (Fig. 4). In fact, AUC experiments provide evidence that the clusters are the nucleation-relevant species, because small cluster species cannot be detected after nucleation. In our opinion, nucleation is most probable cluster aggregation, supported by the detection of larger clusters in the early postnucleation stage and close to nucleation by means of AUC. Comparing the classical and novel view,
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it is furthermore crucial to note that a distinct part of the nucleation driving force given by the change in Gibbs energy is already released by stable cluster formation (SOM section 2.6, fig. S14, and Fig. 2). Prenucleation-stage cluster formation on the basis of equilibrium thermodynamics can be qualitatively shown also for the biominerals calcium phosphate and calcium oxalate (SOM section 2.7 and fig. S15) and suggests a similar nucleation mechanism for these minerals. The clusterformation mechanism on the basis of equilibrium thermodynamics can be speculatively explained by entropic solvent effects. The probable release of water molecules from the hydration layer of ions caused by cluster formation may result in an increased number of degrees of freedom of the system. In classical nucleation theories, only enthalpic effects (interaction potentials) are taken into account, and entropic solvent effects are neglected. In the end, a pH-dependent change of ionic hydration layers may explain the pH dependency of cluster-formation thermodynamics. References and Notes 1. R. E. Zeebe, J. C. Zachos, K. Caldeira, T. Tyrrell, Science 321, 51 (2008).
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Shock-Wave Exploration of the High-Pressure Phases of Carbon M. D. Knudson,* M. P. Desjarlais, D. H. Dolan The high–energy density behavior of carbon, particularly in the vicinity of the melt boundary, is of broad scientific interest and of particular interest to those studying planetary astrophysics and inertial confinement fusion. Previous experimental data in the several hundred gigapascal pressure range, particularly near the melt boundary, have only been able to provide data with accuracy capable of qualitative comparison with theory. Here we present shock-wave experiments on carbon (using a magnetically driven flyer-plate technique with an order of magnitude improvement in accuracy) that enable quantitative comparison with theory. This work provides evidence for the existence of a diamond-bc8-liquid triple point on the melt boundary. he high–energy density behavior of carbon has received increased attention of late, in part due to its relevance to planetary astrophysics. The outer planets, particularly Neptune and Uranus, are thought to contain large quantities of carbon (as much as 10 to 15% of the total planetary mass). The carbon is mostly in the form of methane (1) that has been shown to decompose at high pressure and temperature (2). The freed carbon may condense in the form of diamond at high pressures and densities within the planet’s ice layer (2, 3). Diamond is also being considered as an ablator material for inertial confinement fusion capsules.
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Consequently, understanding the melt properties of diamond at high pressures and densities achievable through compression by large-amplitude shock waves is paramount for designing capsules and drive-pressure pulse shapes that minimize the possibility of microstructural effects during the implosion phase of the capsule. Such effects could lead to heterogeneities that would seed instabilities capable of quenching the implosion (4). Previous models for carbon based on the chemical picture framework have shown great variation in the diamond melt boundary (5–8). The melt boundary of diamond has also been explored within the framework of quantum calculations by Grumbach and Martin (9, 10) and Wang et al. (11). Both groups predicted a maximum in the melt curve for diamond near
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500 GPa and ~8000 to 9000 K. More recently, Correa et al. (12) used ab initio molecular dynamics (AIMD) simulations to explore the phase diagram, considering both the diamond and bc8 solid phases. They also predicted a maximum in the diamond melt curve, in reasonable agreement with Grumbach and Martin (9). Furthermore, as can be seen in Fig. 1, Correa et al. (12) predicted the existence of a diamond-bc8-liquid triple point at ~850 GPa. Romero and Mattson (13) used AIMD methods to determine the Hugoniot of carbon, the locus of end states achievable through compression by large-amplitude shock waves (14), in the pure solid (diamond) and liquid phases, suggesting that the Hugoniot would enter the pure liquid phase at a pressure above the triple point. Concurrently, the melt properties of diamond have been explored experimentally with the use of large laser facilities. Using the Omega laser, Bradley et al. (15) observed a rapid increase of reflectivity with shock velocity that reached saturation at ~1000 GPa. This saturation was interpreted as evidence for the completion of melt along the principal Hugoniot. More recently, groups from Japan (16), using the Gekko laser, and France (17), using the Laboratoire pour l’Utilisation des Lasers Intenses (LULI) laser, obtained Hugoniot measurements in the pressure ranges of 500 to 2000 GPa and 600 to 1500 GPa, respectively. The results from these studies largely agree within experimental uncertainty. However, to reach the required energy densities, the laser spot size was a few hundred microns, resulting in a restriction in the sample thickness of
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