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Abstract

:

Classical nucleation theory (CNT), which was established about 90 years ago, represents the most commonly used theory in describing nucleation processes. For a fluid-to-solid phase transition, CNT states that the solutes in a supersaturated solution reversibly form small clusters. Once a cluster reaches its critical size, it becomes thermodynamically stable and is favored for further growth. One of the most important assumptions of CNT is that the nucleation process is described by one reaction coordinate and all order parameters proceed simultaneously. Recent studies in experiments, computer simulations, and theory have revealed nonclassical features in the early stage of nucleation. In particular, the decoupling of order parameters involved during a fluid-to-solid transition leads to the so-called two-step nucleation mechanism, in which a metastable intermediate phase (MIP) exists in parallel to the initial supersaturated solution and the final crystals. These MIPs can be high-density liquid phases, mesoscopic clusters, or preordered states. In this Special Issue, we focus on the role of the various MIPs in the early stage of crystal nucleation of organic materials, metals and alloys, aqueous solutions, minerals, colloids, and proteins, and thus on various scenarios of nonclassical pathways of crystallization.
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1. Role of Local Structure Ordering and Crystal–Liquid Interface in the Nucleation Pathways and Formation of Metastable Intermediates


Nucleation is a fascinating phenomenon that is related to our daily life; it is observed in snowing and raining, in the formulation of pharmaceutical drugs, and even in foods, to name a few examples. We have understood the nucleation event based on classical nucleation theory (CNT) to be the result of competition between thermodynamic driving forces and interface kinetics via density fluctuation. Although CNT has successfully explained the formation of crystal nucleation in many different kinds of liquids, it has often failed to elaborate the nucleation rate and to predict metastable intermediate phases preceding stable phases. These failures have caused researchers to suspect that assumptions in CNT are too simplistic. That is, the spherical shape of crystal nuclei may not be true, the crystal-liquid interface structure may be more complicated than we expected, and the role of local ordering of atoms or molecules may be underestimated.



Such a viewpoint has necessitated more sophisticated theoretical and experimental developments of the nucleation process. In a simulation study, ten Wolde and Frenkel [1] suggested that the order parameter (i.e., density) for nucleation in CNT is possibly divided into two parts, showing a sequential process of density and structural ordering; this two-step nucleation (TSN) process results in taking more various pathways for the nucleation. The precursors for TSN have been reported in many other systems [2,3,4]. As another case showing new insight into nucleation, Tanaka’s two-order-parameter model (i.e., density and bond orientational orders) [5] has shown that nuclei are not of spherical shape; i.e., it has shown the anisotropic property of the interface which may lead to intermediate metastable phases. This is consistent with experimental observations in colloidal liquid [6]. Moreover, the model demonstrated that the formation of stable crystals occurs through the transient formation of crystalline-like nuclei [5], originated by Ostwald [7]. Experimental findings further support this scenario; the structural similarity between a metastable liquid and crystal could significantly reduce crystal-liquid interfacial free energy [8], which could cause the formation of metastable quasicrystals detouring the nucleation pathways from liquid metals [9], aqueous solutions [8,10], and even water under high pressure [11]. Recently, the importance of the local ordering and crystal-liquid interfacial energy have been extended to explain glass-forming ability [12,13]. Furthermore, the influence of interface structure of solvent or hydration on nucleation or aggregation has been recognized and investigated [14,15,16].



These studies require a new perspective of nucleation and manifest that local ordering of liquids and crystal-liquid interface structure play a key role in determining nucleation pathways across the metastable intermediate phases. Therefore, many questions should be addressed with more detailed experimental and theoretical studies: What is the local order of the prenuclei or dense liquid region in the TSN? What is the origin of stability for the prenuclei or dense liquid region? What are the thermophysical characteristics and kinetic behavior of the prenuclei? How do different interfaces between crystals and prenuclei and solution form? How does the interface of the crystal/prenuclei or liquid/prenuclei influence the nucleation rate and the formation of metastable intermediate phases? Further studies need to be pursued for a profound understanding of nucleation beyond CNT, which was recognized by Ostwald [7] more than a century ago.




2. Perspectives of Molecular Simulations for Understanding Nucleation


Indeed, CNT is a macroscopic theory, essentially modeling nucleation only by two parameters to describe the interface and bulk energy as functions of surface area and bulk volume, respectively. Considering the small size of forming nuclei before reaching post-critical size, it is compelling to employ theoretical and modeling methods to shine some light onto molecular-scale details. This is how molecular dynamics simulation approaches became indispensable to state-of-the-art analyses of nucleation and prenucleation phenomena [17].



Over the past 25 years, simulation models and simulation technology have experienced exciting developments. The pioneering studies addressed simplified models that would describe the molecules as spherical particles with hard boundaries or interacting via effective, often Lennard-Jones type, potentials [1,18,19,20,21,22]. On the basis of molecular resolution, these studies paved the way to understanding the interplay of energy and entropy in desolvation phenomena [1], the assessment of phase diagrams [18], and the determination of gradual ordering processes that govern the evolution of forming nuclei [18,19,20,21] and secondary nucleation from seeds [22]. Moreover, such colloidal models were consequently extended to more detailed accounts of explicit molecules. To one end, this involved other shapes like rods and two-particle models to mimic stick-like molecules, hence enabling the analyses of mismatching species at nuclei–solvent interfaces [23,24].



However, a particularly important step forward in computer simulations of nucleation is the development of accurate interaction models with atomic resolution [25]. This enables direct comparability to the experimental setups, including boundary conditions like temperature and pressure [17]. Moreover, the fine details of hydrogen bonding, salt-bridges, and intramolecular deformation allowed mechanistic insights going beyond current experimental capabilities. Seminal studies unraveled the competition of energy and entropy during calcium carbonate precipitation [26,27], hence providing a profound mechanistic account of the nonclassical nucleation of apparently simple inorganic compounds [28].



In parallel to improving the details of the solute and solvent models, a number of dedicated sampling techniques were also pushed forward to extend the scope of exploring (pre)nucleation events in molecular dynamics simulations [17]. While direct molecular dynamics simulations of million-atom systems barely reach the microsecond time scale, smart approaches to focus on events of particular interest have been created. For example, the crossing of energy barriers may be promoted by artificial yet controlled driving forces such that solute–solute coordination numbers are biased to facilitate desolvation [29]. Additionally, Monte Carlo type approaches to particle insertion and docking to forming aggregates help to overcome the time scale problem inherent to diffusion processes in solutions of low solute concentration [27,30].



The current forefront of modeling nucleation processes encompasses the subtle differences of molecular crystal polymorphs, hence offering exciting perspectives on tailoring the formulation of pharmaceutical compounds [31,32]. Moreover, efficient methods to mimic the quantum mechanics of redox reactions facilitate the study of metal ion reduction upon precipitation [33], and combined quantum/molecular mechanics routes allow pH-dependent analyses of proton transfer processes at the crystal/nucleus–solvent interface [34]. On this basis, various mechanisms of two-step nucleation have become accessible, effectively separating solute desolvation, preordering, and, upon increasing aggregate size, the evolution of intramolecular alignment and ripening reactions [17].




3. The Contribution of Proteins to the Understanding of Nucleation


Among other crystallization systems, i.e., small molecules and organic and other macromolecules, proteins (representing here all biological macromolecules and complexes) are also the best representative of systems recalcitrant to crystallize. At least, this is one of the reasons typically found in many articles in which protein crystallization is defined as more an art than a science. However, as we will be able to read within this Special Issue, the inherent complexity of protein molecules has been a key factor in understanding the complexity of the nucleation process. It is also envisaged that the fragile equilibrium between the folded and unfolded state of proteins will contribute to understanding other density fluctuation processes such as the naturally occurring unfolded protein aggregation, directly linked to several diseases [35,36,37] and strongly correlated with the nucleation mechanism we are revising here.



In 1989, Mikol and co-workers observed the formation of aggregates of different sizes in the early stages of lysozyme crystallization using dynamic light scattering [38]. The size of these aggregates increases from dimers to octamers with higher supersaturation [39] according to the CNT. However, the existence of stable aggregates in solution does not necessarily imply their identification as growth units, as pointed out [40]. Niimura et al. (1995) [41] found that the growth of the nuclei occurs from monomeric units even though larger aggregates exist in solution. It was Rosenberger, in 1996 [42], who proposed an analysis of the data in terms of colloid theory, more in line with the possible interactions present in a solution of macromolecules in which the intermolecular distances are of the order of or even inferior to those of the crystal itself. Differential scanning calorimetry [43] and transmission electron microscopy [44] demonstrated the presence of different prenucleation clusters approaching the colloid theory in which a stationary distribution of concentration fluctuations is assumed. Further investigations using magnetic nuclear resonance supported the fact that the formation of nuclei is a transient process and not a steady-state process [45,46]. It then became clear that the CNT fails to explain observed nucleation rates and nucleation kinetics curves or the presence of other phases in solution. From there on, a series of studies have dealt with the aggregation of protein molecules into a variety of condensed phases (clusters, fractal aggregates, etc.) which may or may not produce crystalline material, as has been summarized in several reviews [47,48,49]. The multiple nucleation paths have been exemplified using orthorhombic lysozyme for which both classical and cluster-mediated nucleation pathways were observed [50] and with glucose isomerase which followed the classical theory during the formation of the P2(1)2(1)2 form but nucleated via a one-step or cluster-mediated mechanism when crystallizing in the I222 crystal form [51].



More recently, a broader picture of protein nucleation has been drawn by Houben and co-workers, who used ferritin as a model protein [52]. They described the so-called “gradual ordering” mechanism to distinguish it from the multistep mechanism described by Vans Driessche et al. using glucose isomerase [53]. They suggested that because of the differences in protein structure and therefore their corresponding crystallization conditions, proteins present different desolvation dynamics resulting in a variety of mechanisms of crystallization, which may include the two-step nucleation theory [54]. Although this concept seems new, it was previously described by Duran-Olivencia and co-workers using a theoretical model with two parameters (accounting for changes in the size and inner density of the cluster), demonstrating that the cluster distribution function obtained with their model corroborates the existence of intermediate nucleation states. These precursors are temporarily stabilized by the small-scale kinetics of matter inside the nucleation cluster, highlighting the role of kinetics in nucleation as a unique consequence of a complex energy landscape [55].




4. Connection between the Phase Diagram and the Possible Pathways of Nucleation in Protein and Colloidal Systems


In protein crystallization assays, it is often observed that various metastable intermediate phases, such as clusters, aggregates, and protein-rich liquid phases, appear before nucleation starts. Once crystals are formed, crystal growth consumes these intermediates. While recent progress in the study of the nonclassical nucleation process has provided new insights into the early stage, the exact role of these intermediates in protein crystallization remains unclear.



In the last two decades, it has been established that the effective interactions in protein and colloidal systems, in particular the attractions between particles, are often short-ranged in comparison with their size, which leads to a metastable liquid–liquid phase transition (LLPS) with respect to crystallization. A typical phase diagram is shown in Figure 1, where the gas (G) and liquid (L) phases correspond to a low and high concentration of particles in solution. For systems exhibiting a metastable LLPS, crystal nucleation may follow different pathways.



The pioneering work by ten Wolde and Frenkel in 1997 [1] has inspired research in theory, simulation, and experiment on the understanding of nucleation pathways. Using a model for globular proteins with short-range attractive interactions, their Monte Carlo simulations of the homogeneous crystal nucleation suggested that the presence of a metastable fluid–fluid critical point drastically changes the pathway for nucleation. Close to the critical point, the free-energy barrier is strongly reduced and the nucleation rate increases by many orders of magnitude. Furthermore, the energy landscape indicates that order parameters (density and structure) may develop separately, leading to a two-step nucleation pathway. This two-step nucleation mechanism has been further discussed as a more general process, thus providing a consistent microscopic view of crystal nucleation with a metastable intermediate phase [27,28,47,53,56,57,58,59].



Based on the phase diagram in Figure 1, four different pathways can be identified. Path 1 represents quenching the system into a region near the critical point of LLPS where the density fluctuation leads to the two-step nucleation as initially proposed by ten Wolde [1]. In Path 2, the system is quenched into the two-phase coexistence region where LLPS occurs before nucleation via a spinodal decomposition and both dilute and dense phases are liquid-like. Crystal nucleation inside of the macroscopic dense liquid phase may be difficult but does not conflict with the two-step theory. Path 3 suggests that for a deeper quench, the binodal of the high-density branch is intercepted by the glass line, resulting in a nonequilibrium state of the dense phase. In this case, nucleation within the dense phase is hindered due to the extremely slow dynamics.



Furthermore, outside the LLPS region, near the solubility line, the region marked by the blue ellipse represents another scenario of a nonclassical nucleation pathway (Path 4). This region is often called the nucleation zone or the crystallization gap [60,61,62], where protein clusters with mesoscopic length scale and long lifetime (up to seconds) may serve as nucleation precursors [47,59]. These mesoscopic protein clusters can be either purely liquid-like or exhibit a certain preordering which may further reduce the energy barrier and favor two-step nucleation. Experimental studies following these pathways are discussed in [49].



The pathways discussed above are based on an ideal situation of crystallization, i.e., crystallization via homogeneous nucleation. In practice, very often these metastable phases do not contribute to nucleation directly; instead, they serve as a reservoir, indicating the dominating role of heterogeneous nucleation in these cases. Under this condition, experimentally one observes that once crystals are formed, the crystal growth is favored via vapor deposition from dilute solution, as in the phase diagram the gas–solid transition is thermodynamically stable. This process is analogous to the Bergeron process of ice formation [63]: the Bergeron process for the climate describes ice growth in clouds via vapor deposition at the expense of supercooled water droplets. For this to happen, the temperature must be below the melting point and the liquid state must be supercooled. Due to the fact that vapor saturation relative to ice is lower than that relative to water, ice growth follows the gas–solid phase transition. Experimental examples of protein and colloidal crystallization following the Bergeron process have been recently reported [64,65], suggesting that the Bergeron process indeed provides a unique pathway of crystal growth in the presence of intermediate phases.




5. Outlook


Certainly, in spite of the significant progress, many questions are still open for further investigations. For example, the structural and dynamic evolution of MIPs needs to be understood at the molecular level, and further study should address the role of hydrate water in precursor formation and its release upon crystal nucleation, the local preordering due to specific coordination and oriented attachment, the role of different pathways on crystal polymorph selection, etc. All these issues require further development of simulation and theoretical models and advanced experimental techniques that enable real-time observation in the corresponding pico- to microsecond and nano- to micrometer time and length scales, respectively.
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Figure 1. Schematic concepts of nonclassical pathways of crystallization for a system exhibiting a metastable liquid–liquid phase transition (LLPS) in the phase diagram. Here, G, L, and C are the gas, liquid, and crystal phases; B2* is reduced second virial coefficient. The gas (G) and liquid (L) phases correspond to a low and high concentration of particles in solution. 
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