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Abstract: Secondary nucleation, wherein crystal seeds are utilized to induce crystallization, is widely employed in industrial crystallizations. Despite its significance, our understanding of the process, particularly at the molecular level, remains rudimentary. An outstanding question is why do a few seeds give rise to a many-fold increase in new crystals? Using molecular simulation coupled with experiments we have uncovered the molecular processes that give rise to this autocatalytic behaviour. The simulations reveal formation of molecular aggregates in solution, which on coming in contact with the surface of the seed undergo nucleation to form new crystallites. These crystallites are weakly bound to the crystal surface and can be readily sheared by fluid, making the seed surfaces available again to repeat the process. Further, the new crystallites on development can in turn serve as seeds. This mechanistic insight will enable better control in engineering crystalline products to design.
It is common practice both in research and industry to employ crystal seeds to induce crystallization, a process termed as secondary nucleation.[1] This can enable the selective crystallization of a particular crystalline or chiral form, and yields a more consistent crystalline product in terms of particle size and distribution.[2] Secondary nucleation is also now considered as a key mechanism for consolidating biological homochirality post symmetry-breaking in the racemic prebiotic world.[3] What is remarkable about secondary nucleation is that the addition of a small quantity of seed crystals can result in a many-fold increase in the number of new crystals (i.e. one-to-many relationship), as if some kind of breeding of the emergent embryonic crystallites - the nuclei, occurs.[4,5] Exactly how the crystal seeds are involved in breeding new nuclei is an outstanding fundamental question.  
Supersaturated solutions exhibit a metastable region over which crystallization does not occur provided the solution is free from impurities or is not perturbed, which suggests a free energy barrier. The barrier results from the interplay between the favourable cohesive free energy of the solute-solute interactions and the (generally) unfavourable interfacial free energy characterizing the created interface between the organized molecules in the nucleus and the solvent phase. At some critical radius of the nucleus, the cohesive energy (being dependent on the number of molecules in the nucleus) overwhelms the interfacial free energy (which depends on the surface area). Thus, clusters of solute which are larger than the critical radius become stable and grow, whilst smaller ones re-dissolve. This is the basis of the classical nucleation theory (CNT) for unperturbed, homogeneous systems free from foreign particles i.e. homogenous nucleation.[6,7] Nucleation is easier on foreign particles as the solute-solvent interface is now reduced, which forms the basis for the more commonplace phenomenon termed heterogeneous nucleation.  A variation on CNT which is gaining traction is multistep nucleation theory (MNT), which includes the possibility of decoupling of the 2 main order parameters, density and structure.[8-13] Thus, a pathway to nucleation could in principle involve first an increase in density and then the development of crystallinity. 
Nucleation in the presence of crystalline solute material is termed secondary nucleation, and forms the basis for most industrial crystallization processes where crystal seeds are employed to promote bulk crystallization. It is particularly important in continuous crystallization, where a certain amount of the product crystal is always present to induce nucleation in the fresh feed.
Despite the importance of secondary nucleation, our understanding of this phenomenon remains limited. This is largely because the molecular level picture is experimentally inaccessible and the interpretation of observations and measurements requires much inference.  The fundamental experimental observations go back many decades and include: (i) seeds of a pure enantiomer or of a particular polymorphic form can induce crystallization of that particular form, confirming that the origin of the secondary nuclei is the crystal seed;[2,14] (ii) movement of a crystal in a moderately supersaturated solution or the movement of the solution past a stationary crystal surface produces copious nuclei;[15] and (iii) contact between crystals, between a crystal and the agitator, or a crystal with the vessel surface in a moderately supersaturated solution can give rise to breeding of crystal nuclei, which is termed contact breeding (or collision breeding in the earlier literature).[16-18] For example, allowing a crystal to slide along the bottom of a tilted glass vessel containing a moderately supersaturated solution yields large numbers of nuclei.[18] 
There are two main ideas that attempt to rationalize the above and other related observations. The first suggests that secondary nuclei originate from semi-ordered clusters of solute molecules at the crystal-solute interface.[4,16] The alternative proposition is that secondary nuclei originate from micro-attrition (mechanical breakage or shearing) of the rough growing surface of the seed crystal or of the original seed surface itself. Recent work of Cui & Myerson[19] indicates that nuclei can originate from both mechanisms, with mechanical attrition being promoted at higher contact/impact forces -  which is intuitive.     
We note that whilst micro-attrition has been shown as an important mechanism for nuclei generation at high contact force, these observations have mainly come from large single crystals. In stirred crystallizations involving crystal seeds in the micron-size range, micro-attrition is probably insignificant. In fact we assert that mechanical breakage of typical seed crystals (of the order of 10 m) would not occur even under harsher conditions. This particle size range is close to the critical diameter dcrit that characterises the brittle-ductile transition for most substances.[20,21] Below dcrit all impact energy is accommodated by lattice slip.
Whilst nuclei breeding has been linked with dislodging of formed crystalline structures from the seed surface, its catalytic nature has been given little consideration. A relatively recent computational study revealed that a curved surface (serving as a seed) can act as a catalyst.[22] Pre-critical nuclei were observed to form on the curved surface, which on further growth became strained and then detached, leaving the surface available for the next event. The detached clusters underwent homogeneous nucleation in the solution.   
To uncover the molecular level processes in secondary nucleation, we employed molecular dynamics (MD) simulations,[23,24] wherein the trajectories of interacting molecules are simulated. The solute and solvent molecules were represented by simple, single-particle models based on the Lennard Jones (LJ) interaction. Such simple models are appropriate since the nucleation processes of interest are generic, being observed in a wide class of materials. These models have been successfully employed by us earlier to probe other crystal nucleation problems including the design rules for nucleation inhibitors.[25,26] 
A series of large-scale MD simulations were carried out in which a crystal slab (approximate size 43.7 x 43.7 x 91.0 nm, comprising 172800 molecules) representing a seed crystal, was immersed in a set of solutions of increasing supersaturation (see Figure 1). The solution concentration was kept fixed at approximately 17.6 % (124080 solute, 703120 solvent molecules), with supersaturation being varied via the LJ solute-solvent affinity parameter (solute-solvent). A solute with a low affinity for the solvent would be poorly soluble. Therefore, setting the affinity to a low value for a fixed solute concentration yields a more supersaturated solution. Five different supersaturations were considered.
The simulations revealed three distinct supersaturation regimes (Figure 1). At low supersaturation (Lennard Jones solute-solvent affinity parameter  = 3.5 kJ mol-1), the simulations reveal (rough) growth of the crystal slab on both surfaces and no primary or secondary nucleation events, which is entirely as expected (Figure 1b). At high supersaturation (Lennard Jones solute-solvent affinity parameter  = 2.5 kJ mol-1), one observes spontaneous nucleation in the solution phase, with some of these nuclei interacting with the crystal surface (Figure 1d). This too is expected as the chemical potential of the solution is sufficient to induce homogenous nucleation events in the bulk solution. 
The fascinating observations come from the intermediate supersaturation regime defined by the Lennard-Jones solute-solvent affinity parameter  = 3.0 kJ mol-1, where the solute molecules form spherical clusters in solution but do not nucleate (Figure 1c). The clusters that are close to the crystal seed surface, on making contact with the surface, immediately nucleate. Any clusters that come in contact with the newly formed nuclei also nucleate. Thus we have individual crystallites and aggregates of crystallites attached to the seed surface. A particular feature of interest is that the contact area between the crystallites and the slab surface and that between any two tethered crystallites is rather minimal, reflecting the contact between a sphere and a flat surface or between two spheres, respectively. The implication is that the nuclei are bound rather weakly to the seed surface or between themselves.
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Figure 1. Snapshots from molecular dynamics simulations of a crystal slab (representing the seed crystal) immersed in a supersaturated solution of solute, illustrating the three supersaturation regimes: crystal growth, surface-induced nucleation of clusters, and spontaneous nucleation in solution. The system consists of 172800 molecules of solute within the crystal slab, 124080 of molecules of solute in solution, and 703120 molecules of solvent representing a solute concentration of about 17.6%. The simulations utilised 3-dimensional periodic boundaries to eliminate surfaces. Consequently, corresponding parts of structures that are cut by the simulation cell edges appear at the opposing cell surface. The solvent is not shown. (a) Starting configuration. (b) Low supersaturation (Lennard Jones solute-solvent affinity parameter  = 3.5 kJ mol-1): giving rise to (rough) crystal growth of the seed crystal at both the top and bottom surfaces (135 ns into the simulation). (c) Moderate supersaturation (Lennard Jones solute-solvent affinity parameter  = 3.0 kJ mol-1): solute clusters form in solution and nucleate on coming into contact with the crystal surfaces or with the previously nucleated clusters attached to the surfaces (225 ns); note the low contact area between nuclei and between nuclei and crystal surface. (d) High supersaturation (Lennard Jones solute-solvent affinity parameter  = 2.5 kJ mol-1): spontaneous nucleation occurs in the solution phase, along with some events involving nucleation of disordered clusters when they make contact with the seed surfaces (225 ns).
The picture that emerges is that, under conditions when seeding is employed, the seed surface induces nucleation of pre-existing clusters, and that these newly formed nuclei are weakly bound to the surface and can be readily mechanically sheared by the agitated fluid. Indeed the simulations reveal rocking motion of the nucleated structures as they are buffeted by the solvent, confirming the fragile nature of the nuclei-crystal surface contacts. Once the surface nuclei have been displaced, the surface is again available to serve its catalytic role in inducing further nucleation. An important observation is that clusters can nucleate on coming in contact with other nuclei (that are attached to the surface), rather than nucleating only as a result of contact with the primary seed surface (see Figure 2). Thus the detached nuclei also have the potential to serve as seeds, further propagating nucleation of the solution. Both aspects, the surface acting as a catalyst and the recursive behavior of the new nuclei developing and serving as seeds, explain the observed autocatalytic nature of secondary nucleation. These observations also completely rationalize the earlier key experimental observations i.e. copious nuclei being produced as result of movement of a moderately supersaturated solution past a stationary crystal, and on gentle contact between crystals or between a crystal and an agitator or a vessel surface.
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Figure 2. Snapshots from a molecular dynamics simulation trajectory showing the stepwise formation of crystalline structures on the surface of the seed crystal for the moderately supersaturated system (Lennard Jones solute-solvent affinity parameter  = 3.0 kJ mol-1). (a) Configuration showing the emergence of clusters of solute molecules in the solvent (15 ns into the simulation); the solvent is not shown. (b) Nucleation of a solute clusters on coming in contact with the crystal surface (120 ns). (c) Nucleation of a solute cluster on coming in contact with a previously nucleated structure in contact with the seed crystal surface (135 ns). (d) Yet another nucleation event as a disordered cluster nucleates on coming in contact with the aggregated crystallite structure (225 ns). 
We augmented the simulations with experiments where we examined the surface of large single crystals (of the drug bicalutamide, polymorph A) after exposure to a supersaturated solution within the metastable region. The crystals were mounted on a glass fibre and gently rotated within the solution. The exposed crystals were washed quickly with water and then dried in a gentle stream of nitrogen. Scanning electron microscopy images of the dried crystal surface (Figure 3) reveal the surface being completely covered by small crystallites – a feature which is very similar to that revealed by the simulations. From surface energy considerations, such a topology cannot result from the drying of the crystal. The foundations for it must have been laid when the crystal was in solution, though we expect some relaxation of the structures on drying. 
How might such a topology emerge? There are two possible options: (i) spontaneous nucleation in the solution resulting in new crystallites which subsequently attach to the crystal surface; (ii) crystal surface-induced nucleation of solute clusters pre-existing in solution. Spontaneous nucleation and subsequent attachment would result in random orientations of the crystallites, which as the image in Figure 3 shows is clearly not the case as the crystallites show almost identical alignment– thus we discount spontaneous nucleation. A homogeneous solution without clusters (transient or otherwise) would lead to conventional crystal growth. 
Figure 3. Scanning electron micrograph of the surface of a large crystal of form A of bicalutamide which had been exposed to a supersaturated solution of bicalutamide. The surface reveals attached crystallites of form A with a headstone-like morphology. Note that in almost all cases the crystallite headstone orientation is upside down and the contact with the crystal surface is along a narrow edge.
The existence of persistent pre-nucleation clusters in supersaturated solutions is increasingly gaining support, both from experimental data and from simulations,[9,12,13,27-32] representing an important tenet for multistep nucleation theory (MNT).[9-11] Particularly notable is the study of Sleutel and Van Driessche[32] which presents strong evidence for the existence of long-lived (order of tens of seconds) pre-nucleation clusters in protein solutions. These clusters were observed to form 3D crystalline islands (also referred to as ‘closed looped macrosteps’) on coming into contact with the crystal surface, akin to clusters nucleating as they come into contact with the seed crystal in the current simulations. Crystallites resulting from spontaneous nucleation in solution were also observed, but these did not fuse with the growing protein crystal surface. Earlier AFM studies of protein and virus crystal growth mechanisms also similarly revealed the attachment of 3D clusters onto the growth surface.[33] 
The simulations reported here reveal the formation of rigid but weakly tethered nuclei. Our expectation of real systems, however, is a broad spectrum of behavior depending on the solute (more specifically, the nature and strength of its molecular interactions), supersaturation, and the crystal-solvent interfacial energy. For a weakly-interacting solute molecule, the solute clusters could for instance integrate with the crystal surface as reported for proteins[32] rather than form rigid nuclei. The strength and nature of the contact of the emerging crystallites with the crystal surface could also vary.  Finally, we note that in principle, the secondary nucleation processes on a seed crystal could be accessed using a cryo–TEM (transmission electron microscope).[30]
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	Molecular dynamics simulations uncover nuclei breeding factory responsible for secondary nucleation in crystal growth. We now know why a few crystal seeds give rise to a many-fold increase in new crystals. This mechanistic insight will enable better control in engineering crystalline products to design.
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