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ABSTRACT

Field and laboratory observations show that crystals commonly form by theoadditl attachment

of particles that range from multin complexes to fully formed nanoparticles. The particles involved
in these nonclassical pathways to crystallization are diverse, in cotdratassical models that
consider only the addition of monomeric chemical species. We review progresd tavderstanding
crystal growth by particlattachment processes and show that multiple pathways result from the
interplay of freeenergy landscapes and reaction dynamics. Much remains unknown about the
fundamental aspects, particularly the relationships between solutimtusty, interfacial forces, and
particle motion. Developing a predictive description that connects niatedeails to ensemble
behavior will require revisiting longtanding interpretations of crystal formation in synthetic systems,
biominerals, and patterns of mineralization in natural environments.

The central roles of crystallization in geochemical, biological, anchetintmaterials systems have
motivated decades of research into crystal nucleation and growth. Beno@d1900s, most studies
have interpreted the results through the lens of classical nucleagiany ) and the terrackedge
kink model of crystal growth2j, both of which are based on monorbgrmonomer addition of
simplechemical species. Despite the successes of classical nucleation and growth 3ndyielsa(e
are a number of phenomena associated with crystal formation that cannatteatigfbe explained
or predicted either quantitatively or qualitatively. For example, amorphousspheseaeported to
nucleate at concentrations well below those predicted by classicalav®d Equally perplexing are
the irregular and branched crystal morphologies observed in dgnthe@bcrystalsg) and the habits
and microstructures of biominerals found in organis)s $imilarly, the geologic record shows
extensive mineratleposits with unusual mineralogical and textural pattegBhsh@t are not readily
interpreted within the framework of classical mineral formation processes.

These charactistics have been attributed to nonclassi®ak(ystal growth processes that are distinct
from those envisioned by the traditional models. For example, mineralization wicbé@aembryonic
spicules proceeds by accumulation of nanoparticles of an amorphous calmibomate (ACC)
precursor, which subsequently transforms into a crystal of calditel{). Similar amorphouo-
crystalline pathways occur in diverse biominerals, including sea urchinssfif)eand teeth 13),
mammalian tooth enamell4), vertebrate bonesl%), crustacean exoskeletond6), annelid
calcareous concretiond?), and mollusk larval shellsl®). Likewise, aggregation of poorly ordered
precursors precedes formation of biogenagnetite 19) and zeolites40), and biomimetic polymers
introduced as proxies for biological macromolecules induce formation odl [péses that transform
into crystalline products through aggregation and dehydraign (

Another nonclassical mechanism of crystal growth, oriented attachment (@&¢eds by repeated
attachment events of crystalline particles on specific crystal faces that iaeentattched, either with

true crystallographic alignment or across a twin boundary or stackimty @2). Similarly,
mesocrystals, which are kinetically stabilized superstructures of natedsryin crystallographic
alignment 23, 24), form as intermediates between dispersed particles and true single crystals. They
may fuse and transform into single crystal) (or remain kinetically stabilized by adsorbatesften
polymeric—at the particle interface®)( Structuredmacromolecules can promote the OA process.
For example, mineral precursors of tooth enamel assemble in vitro intts il ceorientation
imparted by structured protein oligomers within which the mineral residesebifsion into single

crystal rods 75).
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These discoveries show that in many systems, crystallization can occur hynatthof a wide range

of species more complex than simple iofg)(1). We refer to these higherder species as particles,
broadly defined to include mulitbn complexess), oligomers (or clusters6), and nanoparticles
whether crystalline 47), amorphous 14), or liquid 21). We review the current understanding of
crystallization by particle attachme(@PA) and examine thermodynamic and dynamic mechanisms
that give rise to CPA. Our analysis also explores the intrinsic amthsxtfactors that determine
when particlebased pathways dominate growth. Although many of the principles discussedehere ar
likely to apply to organic and macromolecular crystals, such as the involvefrientid precursors,

this examination of CPA is largely restricted to inorganic systems, bothdeettaustudy of inorganic
crystal growth by CPA is more mature at this time &edause the conformational degrees of
freedom in macromolecular systems introduce dynamical factors that render idtarot drom
inorganic systems. Looking ahead, we identify areas where our mechanistidandiegsis weak
and highlight directions fduture research.

Evidence, indicators, and consequences of crystallization by particle attachment

In situ observations of crystal growth from solution at a résluwhere the atomiscale lattice and
the addition of growth units are observable are ea@ generally limited to liquipphase scanning
probe £8) and transmission electron microscope (TERF), @9, 30) studies. Consequently, there are
very few systems in which CPA has been unequivocally demonstrated, and mestevs based on
observations of crystals made after the pathway from solvated state td ptyasa has been
traversed. Nonetheless, static images showing apparent assemblies of coalignegtan@ag.
2A) have been frequently accepted as evidence for CPA via OA. Moreover, definitfirenation of
OA through insitu liquidphase electron microscop¥i¢. 2, B and ¢in both oxide and metallic
systems 7, 29) forms a basis for inferring its occurrence from features observed ex situ.

Electron microscopy-particularly cryogenic TEM (cryd EM)—of synthetic crystals has provem t

be highly valuable for characterizing features associated with GRA ». TEM images have
revealed primary particles ranging from crystallifrgg( 2, A to F to partially orderedHig. 2, | and

L) to wholly amorphousHig. 2K). These images have provided indicators of CPA in both secondary
particles and fully formed crystals, including chainlikeig( 2A) and branched Hg. 2Q
morphologies that defy expectations based on crystal symnieyy4, A, F, G, I, and Y Other
indicators provided by TEM are rounded protrusions comparable in size to the pparéicjes
residing in the crystallizing solutiofrig. 2, B, C, and | to ), internal poresKig. 2H), the retention of
apparent interfaces between primary partickég.(2, D to G, and incorporation of defects at these
inferred interfaces. Defects can consist of dislocatibits ¢D) that form due to small isalignments
during attachmentHig. 2B) and twin planes or stacking faults that reflect attachment of particles
along symmetryelated lattice vectorsF{g. 2F. Defects can also be eliminated through the
rearrangement or recrystallization of primary particles after #gygiregationKig. 2, C, I, J, and .

The potential role of CPA in biomineral formation has been widely discussed atehicohjectured
based on external morphologies and/or internal microstructure. linocegises, evidence comes from
both nanoscale imaging and spectroscopic documentation of ph@s&3 (4, 15) (Fig. 3. As in the
case of synthetic crystals, the resulting structures exhibit unexpected rogipbdtig. 3, A to D

and internal microstructuré&ig. 3, A to D. In all of these cases, the primary particles are amorphous
(Fig. 3, A, B,and E

Although external morphology (e.gFi¢. 2, | and Jand Eig. 3D), microstructure, and texture
provide important evidence of attachntbased growth, they alone do not prove formation by a
particlebased growth process. In fact, such features can be misleading. For examglaariror
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branched morphologies can form through dendritic and spherulitic grovetiamiems from solution

at high supersaturatior3{). Such solids can retain pores, branches, and rounded features formed
during growth. Moreover, crystals grown though classical mechanisms withgical templates3p)

or with the addition of organic polymer33j can exhibit similar mahologies to those seen in natural
biominerals and in synthetic crystals attributed to CPA, so interpretitigypatelike morphologies

in terms of pathways requires other substantiating evidence.e@ahy, even when formation
pathways are dominated Iparticle addition in the early stages, coarsening or recrystallizesion
subsequently obliterate characteristic signatu@g. (Thus, the absence of such features is not
conclusive evidence of monomiey-monomer growth. As a result, a holistic suite of characterization
techniques is essential to building a strong case for CPA in any given systebin&ams of direct
imaging, scattering, and spectroscegyarticularly déa collected at different time points throughout
crystallization that can detail the kinetics of growdimply that CPA is a prevalent growth
mechanism at the early stages of crystallizatipil, 35-37).

Particlebased pathways have important consequences for the structure and propertiesials mat
They can lead to unique morphologi€sy( 2, A and G td, andFig. 3, A, C, and [ nonequilibrium
symmetriesig. 2, F to H andFig. 3, D and F;, distinct internal defect distributionsi¢. 2, C to
andFig. 3, A, B, and ) and organignorganic hybrid structures in which the coaligned nanoparticles
are surrounded by organic matt& 88, 39) (Fig. 2H and Fig. 3, E and )= In addition, crystals
formed by CPA can presumably exhibit heterogeneous distributions of reeroemposing the
crystals, either becaugbe primary particles have distinct compositions or because species that
formerly resided on primary nanoparticle surfaces are incorporated iateéhface generated during
attachment events. The stability, mechanical behavior, surface adsdrpispot, catalytic activity,

and optical properties of nanomaterials should all depend critically on sueittehistics.

Interplay of thermodynamics and kinetics lead to key features of CPA

Despite the structural diversity of the particles involved in O, features of many crystallization
pathways can be understood by considering the interplay okffrergy landscapes and reaction
dynamics Fig. 4). The first of these determés the thermodynamic preference for the structure,
shape, and size distribution of particles at various stages of assembly.i©ymaoesses, in turn,
including monomer and particle diffusion and internal particle relaxation,ndegmhether this set
of preferences occurs or whether an alternate, kinetically controlled gpatbwaversed.

Monomers dispersed in solution that interact through Brownian motion gaegade to form larger
structures via a wide variety of pathwajg( 4, A to B, which can be correlated with distinct points
in typical phase diagrams (identified by the labels A to Eign 4F). These pathways may be simple,
comprising monomeby-monomer addition to incipient nuclei that display a single structeige (
4A). However, they may also be complex, involving particlesy.(4, B and ¢ that may be
structurally distinct from the final, thermodynamically stable, bulksph@.g.Fig. 2, G, K, and L
andFig. 3, A and B.

The magnitude of the freenergy barrier to nucleation with respect to the thermal enks@yis a
crucial factor in determining the number and nature of particles produced. Asdladrgy barrier
varies in shape and magnitude, there is a change from mohasext fig. 4A) to particlebased
(Fig. 4, B to B pathways 40). At low supersaturation-(g. 4A), the freeenergy barrier is relatively
large. The generation of a critical nucleus is then a rare event, and any particlesctbate are
unlikely to see other particles in theimmediate vicinity. Thus, one observes a monehbyer
monomer nucleation-and-growth pathway assumed by classical nucleation t(i§ories
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As supersaturation increaseBig. 4D), the freeenergy barrier to phase change diminishes and
particles are generated in greater numbers. They can then grow (o) bgremchanging monomers
with other partites, as well as through collision and occasional collision and coalescence éyents (
When supersaturation is increased until the-&eergy barrier is comparable wikgT, the solution
undergoes spinodal decompositiei2,(43), at which point the particles arergrated in such large
numbers that growth by direct collision and coalescence with otherd@aitan dominate=(g. 4D).

In the cases described abo¥eg( 4, A and D), the freeenergy landscape displays a barrier (large in
the nucleation regime and small or nonexistent in the spinodal regime) buhaloeghibit any
features that would suggest thestence of multiple particles during nucleation. Thermodyndiyica
speaking, the system should prefer to grow as one large particle sTiesduse particles have no
special thermodynamic status: They are neither stable nor metastablg; thay donot reside in a
global or a local freenergy minimum. Nonetheless, multiple particlesy(4D) appear for dynamic
reasons, and this gives rise to partioésed pathways

If the freeenergy landscape exhibits local mininfag( 4B), the formation of particles of particular
sizes or morphologies becomes thermodynamically favored, and obsenve asembly pathways
involving thermodynamically metastable particles that need not appear ok Hade diagram.
Examples of such intermediates include the metastable aggregates of particliesnthby the
association of calcium phosphate complexes at high supersaturations,theifoteansformation to
amorphous calcium phosphatg, @4), and wssibly the polymeric states predicted for calcium
carbonate solution26).

Another type of complex assembly pathway involves thermodynamit@ligistable bulk phases that
are subsequently replaced by more stable pha&gs(kig. 40. There are at least two distinct
examples of this type of pathway. In the first, a metastable solid phaseldeoause the barrier to its
nucleation is smaller than that opposing nucleation of the stable phaseatidncof the stable phase
eventually occurs either heterogeneously amirf) the metastable particles or homogeneously in the
surrounding solution, leading to dissolution or recrystallization of thestable phase, as is often
observed, for example, in the calcium carbonate sys88m46-48). This pathway is commonly
referred to agshe Ostwaledlussac rule of stages or the Ostwald step rule. In the second example,
monomers associate in an unstructured way, resulting in the formation gfhemsrparticles or, in

the case of spinodal decomposition, of moneri@r liquid droplets thasubsequently crystallize.
Such twestep pathways are seen during crystallization of prote#®y, (of some inorganic
electrolytes such as MgQ@%0), and in simple computer models of spheres with isotropic attractions
(51). Two-step pathwgs via liquid precursors are also proposed for the GasyStem based on
electron microscopy5@), calorimetry and nuclear magnetic resonance (NMR) studi®s éand
molecular dynamics simulationéQ).

When the internal relaxation of metastable species is suffigi slow, the formation of lontived
metastable or nonequilibrium materials such as gels becomes possible forcdyemnnsKig. 4E)
either before or instead of the formation of a stable crysfx Koreover, hierarchical pathways that
result in growth by OA reflect dynamic factors that bias attachment on spfaciéis, despite the fact
that the global minimum in free energy is independent of such factors.

Thus, weltknown physical mechanisms lead generically to a range of hierarchidaialtistep
assembly pathways, including monorgrmonomer addition, often occurring simultaneoudly, (
30). Nonetheless, interpretations of recent experimental observations amldtisins raise new
challenges to the classifications described above. For example, proposed pathwaying
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aggregatia of stable “prenucleation cluster” specié,(55) are inconsistent with the existing
undestanding of phase change that considers subcritical clusters to bdau(istablA) or, perhaps,
metastableKig. 4B).

Theinfluence of surface energy on pathways

When the freeenergy landscape includes multiple minima representing different polysofpihe
same crystalKig. 4D), the interfacial free energy (or surface energy) can have a large influence on
pathways of CPA, because it affects the size of thedineegy barrier. (Here, we use the term
polymorph to include hydrated phases of an otherwise identical coiopgdit the surface energy of
the metastable polymorph is much smaller than that of the stable phasestvaitd® step rule is
likely to be observed. However, if the differences in thermodynamidistabnd hence surface free
energy, of two polymorphs are subtle or the supersaturations with respech tpobohorphs are
high, then the freenergy barriers to nucleation of either can be so small that both will famicl&
particle interaction and aggregation events can then involvelpartf dstinct phasessg, 57) (e.g.,
Fig. 2, G and LandFig. 3, A, B, and k

Although the relative stability of the polymorphs depends on bulk properties sudh exsthialpy of
formation and miar volume, the contribution of surface free energy often results in a dependf
stability on crystal size5g, 59). This dependence can even invert the sequence of polymorph stability
relative to that observed for the bulk phadey.(Thus, primary particles may be a polymorph that is
only stable at a small size, while the secondary particles have the structure ofléhieuskafiorm (34,

56, 57, 60). That is, the freenergy barrier to nucleating small particles possessing a form that is
metastable in the bulk phase will be lower than the barrier to ningjgadrticles of the same size
possessing the stable bulk form. For CPA to gaeesingle crystals in such systems, the attachment
events must accommodate the structural differences between the two phases, reitiggr @h
structural match at the interfad®) or through postattachment phase transformadns, 57).

Recent computational work suggests that the solvent plays important molesdiating particle
interactions and attachment even®&)( CryoTEM observations showing coaligned arrays of
particles that appear separated by a solvent layer underline the importaresa¥émt in mediating
attachment2). Because the solvation energy of a surface generally becomes more exothermic with
increasing surface energy9), the dynamics of CPA should also be affected by surface energies. In
particular, highenergy surfaces with loosely held solvent may be more reactive toward other species
in the solution, including other particles. Meanwhile, surfaces to whiclatemiviayers are strongly
bound may resist attachment, thus biasing OA to occur on specific faceghtite influence of
kinetic barriers rather than attractive forc8s, (61). Understanding the role of surface energies in
phase selection and structural transformation dynamics and redatiiage and solvation energies to
nucleation, reactivity, andssembly are major challenges still to be addressed.

Precursor phases

The inherent size dependence of thermodynamic drigér&§) and the kinetic constraints placed on
nucleation of polymorphs by the barriers in the energy landscape render prebasses a ubiquitous
feature of crystallizing system$&q, 59). Consequently, pathways to a final stable phase via CPA
often involve precursor particleBi¢s. 1and4). Precursors can include one or more solid amorphous
nanoparticles30, 57, 60, 63). Each results in a distinct growth history, but whether or not the final
outcomes arelso distinct should depend on the extent to which montmeronomer addition
competes with the particlttachment pathways and coarsening or recrystallization processé#g mod
the structure and morphology of the growing crystal.
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Amorphous phases

Mineral systems may crystallize through an amorphous precursor at suffi¢iggttl supersaturation
carbonate formed abiotically from aqueous solution, the ACC precursor phastiaily hydrated

(64, 66). In the bulk, hydrated ACC is stable in dry conditions but crystallizes inchcomdtions or
upon heating with the release of watés,(70). Although the observed coexisterafecrystalline and
amorphous material within early stage nanoparticles both in solu@nafhd under Langmuir
monolayers 47) suggests that sokstate crystallization may occur at the onset of the transition, ACC
confined in small volumes remains stable for very long times even in the presenc& ofabar,
indicating that a heterogeneous nucleator for one of the crystalline grplysnmay be required?,

72). Transformation therypically occurs through local dissolution and reprecipitatiéd). (Because

the crystalline polymorphs have a much lower solubility than ACC, in envirosnfieze of bulk
water, the release of water upon initiation of crystallization of the hgdrphase might then induce
local dissolution and reprecipitation. Thus, water release and dgatiath may be connected and
could result in the appearance of microfacets duringtaliization 86, 48). However, ACC can also
dehydrate before the onset of crystallizati@),( in which case faceting may not occur. The
generality of this behavior is unclear because the extent to which amorplases phother materials
contain solvent as a structural element is unknown. Moreover, when crystalétebestbmes
sufficiently small, the possibility that some materials may exist in ancamh across structural states
from crystalline to amorphous has been suggestad (

In biomineralization, crystallization from transient amorphous precyradicles is believed to be a
widespread strategy that enables the efficient transport of mineraitwenist with lowsolubility to
the crystallization site76). In cases involving ACC, research indicates that the nanopartialeieh

in their initial, hydrated ACC form may be liquidr geHlike but later dehydratelikely serve as the
initial precursor phase and become a sgiloeg material (76). The full mechanism of the
transformation to crystal remainsabject of investigationL(, 36, 77).

Denseliquid droplets

Protein and polymer solutions often exhibit partial miscibility, with a densédliphase49, 78) that

can act as a precursor to crystal formation. The emergence of such a state, however, does not
necessarily imply its active participation in crystallization. Aqueousrelgte solutions malso

undergo liquidiquid phase separation at elevated temperatifeg9). In addition,a combination of
calorimetry, nanoparticle tracking, NMR experimerii8) (and in situ liquid phase TEM3(), and
theoretical investigationsi@) have provided evidence that a liqliguid phase separation occurs

near room temperature in the CaC¥ystem. Liquid droplets produced by this mechanism should
undergo aggregation events due to diffusion and colliglon7g8), but mechanisms by which dense

liquid droplets transform to crystalline phases are largely unexplored.

Crystalline nanoparticles

Crystalline particles are distinct from the aforementioned precurdsases due to their ordered
structure. Depending on symmetry, a crystal may have heterogeneous surfaceest@adtu
distribution of surface charge, as well as a net dipole moment. Nanocrystals cas flessxpected
equilibrium morphologies or have rough surfaces and nonequilibrium shapes. Such maraholog
characteristics can substantially influence the parfialticle interactions that precede attachment, as
well as the structurenal microstructure of the resulting single crystals.

Atomic bonding, particle morphology, surface reconstruction, and particléasigdy determine the
structure of a nanoparticle. However, nanoparticle structure is nat stafhanges in responseits
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environment, as demonstrated by-nfB ZnS nanoparticles upon adsorption of water, organic
molecules, and inorganic iong4( 80). Similarly, nanoparticle structure is sensitive to aggregation
state, as evidenced by the reversible ordering/disordering structurgleshsgen upon aggregation
and disaggregation of small ZnS nanoparticl&d.(In some cases, increasing size can result in
decreased internal strain and defect contg®t Finally, in systems for which there is a switch in
phase stability with particle size, as discussed above, nanoparticles ofaseenpdty initially form
and transform to the bulk phase as they aggregate and grow {84%i%6, 57, 60). For example ~1

nm ferrihydritelike primary particles structurally rearrange upon attachment to the surface o
magnetite crystals to merge with the magnetite crystal strud@udyel such systems, the structural
differences may be accommodated if a match between the lattice planes of the twoptiages can

be achieved, as was reported for anatase and rutile (6, or may also result in disordered
aggregates, as in the case of akaganéite assembly to formcsiyregéé hematite34). However, after
becoming part of the larger mass, the primary particles must transform tulth@hase. If the
interphase boundary is coherent, the transformation can lead to the growthcbeldraimgle crystals;
this may also result in twin boundaries or stacking faults at the branch sites Hig.g20.
Alternatively, if the boundaries are incoherent, a single crystal canreslyt if ecrystallization
removes the boundaries, potentially obliterating any structural evidenceAaf32P

Oligomers, polymers, and gels

In some systems, the monomers can form complexes or polymerize or aggregatesiets lokfore

the formation of a new phasg, @8, 44, 68). Consequently, the solution may contain a distribution of
monomers, complexes, awtlsters, all of which may play an active role in nucleation and growth,
complicating identification of one species as the fundamental ultérnatively, all but one of the
observed species may be spectators, with the active species being consumed as quickly as they are
produced. Thus, detectable species may not substantially contribute tationcéend growth. If, for
dynamical reasons, complex species form interconnected networks, theyeaatey ardynamically

arrested gel state, which only crystadkzupon heating=(g. 4E) (83).

The dynamics of postnucleation growth by monomersand particles

After the nucleation stage, the newly formed phases grow and coarsen, pgtesidiathany
competing processe§i@. 5. Whether or not CPA dominates over monomer addition depends on
numerous factors associated with both the-&neergy landscape and the kinetics of the system.

The extent to which monomers participate in the postnucleation stageldepethe relative rates of
attachment and detachment. When surfaces araiatlly rough, the growth rate is controlled by
diffusion. For faceted interfaces, the attachment and detachment rates degendiok site density

and the energy to create new kin&4)( In both limits, the theory of growth is well develop&d)(

Conventional understanding of partiglarticle interactions relies on the theory of Derjaguandau,
Verwey, and Overbeek (DLVO) for colloidal particles that aypidally much larger than the
nanoparticles involved in crystal growtb( 86). Classical DLVO theory considers the surface charge
repulsion and the van der Waals interaction between two particles, withgsimaplfications in the
mathematical derivation. Although successh interpreting some observations of colloids, DLVO
theory is unable to predict the orientation dependence of nanoparticlengvawiOA. This is
attributed in part to neBLVO forces, such as solvation, and the omission of Coulombic interactions
betwee interacting particles. For inorganic nanoparticles in close proximity, Cbidoamd Lewis
acid/base interactions predominate over van der Waals interactions and rarmemaB forces,
thereby guiding the interacting particles to find energetically faverabjstallographic orientations
for attachmentg7—89). Molecular energetic calculatiopsedicted preferred attachment surfaces and
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crystal growth orientations for more than 30 crystals that largely agteexgperimental result$g),
demonstrating the importance of Coulomb interactions duringZO/6().

Because monomer attachment ratedeswith solubility, it is arguably the most important parameter
determining relative contributions of monont®rmonomer addition or addition of nanoparticles. For
example, as the solubility drops from molar levels to submicromolarsleatkequivalentalues of
supersaturation the rates of monomer addition drop by a factor df {a%). However, the
translational and rotational diffusivity of particles is strongly attesuidly particle size, varying as
R andR” respectively. Because critical nucleus size also increases with ingreatubility, these
strong dependencies again reduce the likelihood that CPA dominates ailbilitys

Even when CPA dominates, crystallization is unlikely to proceed without the centcprocess of
Ostwald ripeningkig. 5 (28). This is because particle solubility increases as the radius decreases via
the Gibbs-Thomson relatiodX). Both attached and dispersed particles with radii of cureamaller

than the ensemble average will tend to dissolve, whereas those with largetlrgdow. Therefore,

the competition between monorr®r-monomer growth and growth by attachment of particles of
different sizes must be considered. In poorly misgstems, the local curvature of nearby particles
can determine this competition. For example, although small particles near dugled regions of
larger ones may aggregate with little competition from Ostwald ripertingetnear flat or negatively
curved regions may rapidly dissolve, resulting in net transfer of monomides lerger mass4).

Because initial nucleation from solution most often produces adigplrse population of
nanoparticles, their assembly typically leads to irregular crystipmology with protrusions,
branches, and pores. The extent and pattern of these structures dependslegretheto which
monomer attachment and detachment is rapid entm@moothen the interface, filling regions of
negative curvature formed by attachment events. Therefore, the developmeperahertal model
systems, simulations, and ultimately a theory that predicts grdvaghes kinetics, crystallinity, and
the resuing defect structure depends on an ability to account for the compsintribution of
monomers and particles to postnucleation growth and coarsening.

Effect of extrinsic factors: Surfaces, impurities, and confinement

The presence of a foreign surface in a crystallizing system can dramatically alteattiway of
crystallization for the simple reason that barriers to nucleation caoweedd due to a reduction in
the interfacial free energy3,(44). In the case of calcite, the rate of heterogeneous nucleation on
functionalized surfaces has been predicted to be 20 orders of magnitude heyhethdt of
homogeneous nucleatioB, (73). A similar result was found for calcium phosphatelaation on
collagen b). Consequently, although pathways via precursor phases and particle aggreusti
dominate in a system free of preexisting interfaces, the presence of aaceteain redirect the
nucleation pathway toward the classical monolmemonomer process at low supersaturation.

A more complex situation exists for monomers confined in restricted volsfoesexample, in
crevices and small pore81( 92). Where the pore surface is wetted by the nucleus, nucleation rates
should be enhanced over thase flat substrates for pore dimensions on the order of the critical
nucleus size, because the curvature of the pore enables a larger fraction ofeth® tiouok in contact
with the substrate. However, dramatic effects on the stability cdstadtle phas within confined
volumes that are orders of magnitude larger than the length scale expedieel ¢atical nucleus
have been reported for solutions confined between crossed cylifide£S8) and in liposomes7@,

94). [The latter may be representative of sea urchin emb8&)s Possible factors to whicthe
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observed stabilization was attributed include statistical effects associgtesihall volumes and low
probabilities for nucleating the stable phases, exclusion of heterogeneaegarsclrestriction of the
mobility and presence of water, lack of contact with the solution phaseeedor transformation,
and/or an inability to aggregate into larger particles for which the thdkehas greater stability.
Moreover, solute and solvent activities, ion mobilities, and ion distributiamsl thus intedcial free
energy and supersaturatieare all likely to depend on pore size and the nature of the pore surface
for sufficiently small pores. Thus, the effect of confinem@mnihucleation pathways and rates is only
beginning to be understood.

Organic moleules in solution can also affect pathways and rates of crystal formatiotivAsde.g.,
polymers and surfactants) that colloidally stabilize nanoparticlesetieséd to promote nanoparticle
assembly into superlattices and mesocrystals39, 96), with stabilizng ligands residing at the
nanoparticle interfaces3Y), although recent investigations highlight the difficulty in detaing
whether a crystal possesses the attributes mesocrystal33). Several mechanisms of nanopatrticle
alignment by organics have been proposed, including directed nucleation or atthahma
prealigned organic matrix9), such as collagen97) or chitin, or alignment through physical
interactions 9, 38).

Organics have also been shown to modulate the kinetics of inorganic imnckead growth. In fact,
macromolecules, particularly those that are acidic such as polyacrylic acid anticaspd glutamic
acidrich (poly)peptides and proteins, can dramatycalicrease induction times9g), stabilize
amorphous precursorsd, 99), induce formation of dense liquid phasgs, (L00), and modify crystal
size and shapel(l) in vitro. Several soluble proteins in biomineral systems are presunteal/¢o
similar effects in natural sysms, although there are very few biomineral proteins whose function in
vivo has been clearly identified, and most proposed functions arearpyinbased on in vitro
observations102—105).

Both inorganic and organic additives can play key roles in determining tretusél pathways of
nucleation and growth in systems where the final crysttaicture consists of an open framework
(e.g., zeolites). The use of organic or inorganic species as strdotroeng agents (SDASs) is a
common method to facilitate the formation of microporous materials. In tleeofazrganic SDAs
(106), their size and structure tend to be commensurate with the pores and/or cludintingls
structures they direct. The organic is often occluded within the pores ofydtael @s it growsand
there is good evidence that the building blocks are complex units consisting of disihretered
particles that order upon addition to the framework or preformed oligomeric urthe &famework
(Fig. 5. Whether these SDAs simply promote the kinetics of certain molecular asgsatiilays or
create local minima in the fraanergy landscape remains unknown.

Challenges and directionsfor thefuture

Although geologicamaterials provided early examples of CRAY), efforts to establish the scope of
this process in natural environments have barely begun. Pédiséel mineral formation may have
particular importance for the biogeochemical cycling of nutrients and medsalswell as
environmental remediation. The environmental mineral phases involvecernmemial uptake and
release, such as the iron oxides, are aggregates of primary hoi&e metal sorption, encapsulation,
and release properties are highly size depend@ntsg). Furthermore, climate reconstructions are
based upon the chemical and morphological characteristics of biological ag@hicaminerals in the
sedimentary record. In addition to a better understanding of the origins and avafitkeletal
structures particlebased pathways may finally explain the enigmatic textures and compositions of
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carbonate deposits that formed as Earth transitioned from ayainio to a biological worldg( 108).
Interpreting the patterns in these ancient materials, however, will prestipienchallenges because
the pathway from precursor particles to final stable phase occurred miltioeven billions) of years
in the past.

A predictive understanding @PA also promises advances in nanomaterials design and synthesis for
diverse applications. This mechanism of crystallization is beliewelominate solutichased growth

of important semiconductor, oxide, and metallic nanoparticles, such as He@;, CeQ, ZnO,

SnQ, CdSe, PbSe, ZnS, PbS, ;Tey, Bi,Tes, Au, Ag, Pt, and BFe ©0, 88, 109), and can be
exploited to produce hierarchical structures that retain thedsjzendent properties of the nanoscale
building blocks $6). The branched nanomaterials that can result from GRA 2G are of particular
interest because they can have short electron mean free pHEijysldrge photon absorption cross
sections 111), and complex patterns of tgal scattering 112), all of which can improve
photovoltaic and photocatalytic efficiency.

Similarly, the nanoparticle architecture of mesocrystals and superlakige&If) results in enhanced
or novel thermoelectric, photonic, catalytic, and photovoltaic properli€?).(The intrinsically
anisotropic directional properties of the nanoparticle building blockslghmomote directional
amplification of physical properties and fields. Open framework nads¢eike zeolitesKig. 2, | and
J) and metal organic framework compounds, some of which are known to be formed byI@RA (
exhibit pore dimensions dngeometries well suited to G@apture, H storage, emissions control,
catalysis for biomass conversion, and molecular separation for refrifi@ardehumidification and
biofuel purification (15).

For natural and synthetic materials alike, efforts to decipher sigrmetis greexisting particles will
require an understanding of mineralization from both forwardrewelse perspectives. That is, direct
observations and simulations of crystals that are developing by pangdiated mechanisms will
provide mechanistic insights into formation processes, andigiastudies that revisit the structure
and compositionof preexisting crystals will be needed to critically reevaluate -kiagding
assumptions about the conditions of their formation.

Despite the numerous implications of CPA in diverse systems, kmmwledge gaps remain. We do
not understand the structuoé solvent and ions at solgblution interfaces, nor how this structure
evolves as a function of interparticle separatkein.(6). The fields and forces at these interfadesirt
scaling as assembly proceeds, and their translation into pantitiens are unknown. The nanoscale
physics and chemistry operating within the interfacial regetwéen particles that govern alignment
and attachment events are poorly understoodl tse size dependence of surface energy, solvation
energy, and phase stability. Moreover, a complete picture of crystallizatienintlude classical
monomerby-monomer dissolution, precipitation, and ripening, which are convolved in spdce an
time with the dynamics of particle motion, collision, and aggregatfag. (5. Given the inherent
feedback between the dynamics of solvent and ion distributions in the irgtieragion and the
motion of particles, a predictive description must cross scales to seamlessigtomolecular details
with ensemble behavior. Thus, although models of particle interactionsggnegation in simple
colloidal systems are mature, they cannot diescCPA due to the complexities of energy landscapes
and anisotropies in shape, atomic structure, surface charge, and adsorbedgecaas well as the
dynamic nature of dense liquid, gel, and amorphous patrticles.

11


http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-8�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-108�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-60�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-88�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-109�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-96�
http://www.sciencemag.org/content/349/6247/aaa6760.full#F3�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-110�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-111�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-112�
http://www.sciencemag.org/content/349/6247/aaa6760.full#F3�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-113�
http://www.sciencemag.org/content/349/6247/aaa6760.full#F3�
http://www.sciencemag.org/content/349/6247/aaa6760.full#F3�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-114�
http://www.sciencemag.org/content/349/6247/aaa6760.full#ref-115�
http://www.sciencemag.org/content/349/6247/aaa6760.full#F7�
http://www.sciencemag.org/content/349/6247/aaa6760.full#F6�

To address these knowledge gaps, in situ measurements will be critical. Powerfekperimental
approaches based onray spectroscopy and scattering, electron microscopy, and scanning probe
methods hold promise for exploring the dynamics of CPA. When combined with ege1giieculas
to-mesoscale modeling techniques, these methods promise to reveal new insigiis natre of the
interface, the source of the forces driving aggregation, the role of salvand the dynamics of
particle movement, alignment, and attachment. To explegetmew tools, an important challenge is

to identify crystal systems that are amenable to a combination ofideesnto facilitate
comprehensive morphological and structural characterization of cizetiath pathways.

Looking ahead, a multidisciplinary effort will be required to decipher traptexity of particle

attachment pathways. Only through integrative approaches will a molecular amditagive
understanding emerge that is comparable to the classical nucleation andtgemnits that advande
our understanding over the past 50 years. A complete physical picture of @3yttallithat
encompasses the diversity of potential pathways must now be developed if the matific Skis

in which crystallization is a common phenomenon are to réeehfull potential.

Note added in proof: During the development of this article, a review of oriented attachment was
published by Ivanoet al. (120).
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Fig. 1 Pathwaysto crystallization by particle attachment.

In contrast to monomeyy-monomer addition as envisioned in classical models of crystal growth
(gray curve), CPA occurs by the addition of higher-order species ranging futiman complexes to
fully formed nanocrystals. (The final faceted bulk crystal is a schematic represenfatiofinal
singlecrystal state. A$-igs. 2and 3 show, the final crystal can have more complex morphologies,

including spheroidal.)
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Fig. 2 Examples of inorganic crystalsformed by CPA.

(A) Nanoparticles of anatase (L)Qvith perfect alignment after apparent attachment event witb the
axis oriented along the long dimension of the aggreddf®.((B andC) Sequential in situ images
showing oriented attachment of ferrihydrite with creation of an edge digac(yellow lines) and
resulting tilt of lattice planes above and below the edge dislocation ffiesy &7, 30). (D to F) TiO,
nanocrystals showing defects incorporated through CPA, includinip@Bangle tilt boundaries, (E)
screw dislocaons, and (F) twin planes. In (E), the variations in contrast and slightiisHéttice
fringe clarity and alignment indicate incorporation of defe@he blue lines highlight the orientation
and shift in lattice fringe alignment to either side of thgion that contains the dislocations; the
bright-dark contrast is consistent with a dislocation having a screw compo@nBranched
nanowire of rutile (TiQ), where each branch occurs on a set of twin boundaries (i6Sgt)(H)
Singlecrystal honeycomb superlattice formed through oriented attachment of PbSe rtaimitrysn
octahedral symmetry. The equilateral triangle shows theramge ordering of the structure, athe
inset shows the relationship of the crystalline axes with therlafice pattern39) (I) Cryo-TEM
micrograph of a single zeolite nanoparticld ). (J) Atomic force micrograph of a zeolite surface
showing that its growth proceeds by attachment of silica nanopart2&egK) Calcium phosphate
prenucleation complexes aggregating to form amorphous calcium phosphate ndespéiriset)
Amorphous calcium phosphate nanoparticle is replaced by outgrowths of cdigfigient
octacalcium phosphates)( (L) Magnetite crystal growing through the accretion of disordered
ferrihydrite-like nanoparticlesH7). (M) Goethite mesocrystal formed by the assembly of nanocrystals
shows lattice fringes that correspond to (021) plaé®s (

[— |

030 60nm
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Fig. 3 Examples of biogenic crystals proposed to form by aggregation of nanosized particles.

(A) Photoelectron emission microscopy component map of the mineral phasesa inrchin
embryonic spicules: ACEI,0 (red), ACC (green), and calcite (bluélL). (B) Component maps of
sea urchin spicules at three different developmental stages: #iu8§, the dominant phase is ACC
H,O; at 48 hours, it is ACC; and at 72 hourdsitalcite. C) Cryo-fractured surface of a sea urchin
spicule fromStrongylocentrotus purpuratus. The inset shows a lower magnification micrograph of the
same portion of a spiculeD) Field-emission scanning electron microscope-&HEM) micrograph of
teraced nacre tablets from the mollusk shellRdfctada fucata, which are made of aragonite
nanoscale building block418). (E andF) Cryo-SEM micrographs of the bone growtbne in high
pressure frozen fin tissue of the zebrafifhario rerio). Newly deposited, nonmineralized bone
matrix contains large, minerbkaring globules, which fuse into the mineralizing bone matrix (black
arrow) (L19). These globules fuse into the mineralizing bone. Spectrosc@gisurements show that
the edges of the forming bone are amorphous calcium phosphate, whereas the bone region is
crystalline hydroxyapatite. (F) Higher magnification of area deleteéty the box in (E), showing
postattachment particulate substructure of a globule.
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Fig. 4 Crystallization by awide variety of pathways.

The possible pathways by which monomers form a stable bulk crystahepthysical mechanisms

that give rise to them, can have thermodynarmic¢o(C) and kinetic D andE) origins. Each of the
pathways inFig. 1 can be associated with the mechamsishown here. (A) Classical mononiwst
monomer addition. (B) Aggregation of metastable particles, such ad, ligmiorphous, or poorly

crystalline particles, or of oriented (and nearly oriented) attanhmwf metastable nanocrystals. (C)

Crystallization va the formation of a metastable bulk phase, such as a ligswlid polymorph. (D)
Kinetically dominated aggregation of clusters or oligomers. (E) Aggmyati unstable particles
whose internal structures are not those of equilibrium phases. The phase di&yraits Or without
a spinodal region, reflect thermodynamic controls on assembly. As indicatbdp&dhway in (A)
through (E) corresponds to a similarly labeled point in these phasardagModified aftergl).
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Fig. 5 Multiple growth mechanisms can occur simultaneously within a single crystallizing
system, depending on the values of global parameters such as super saturation, local factorsthat
include interface curvature, and materials parameters such as phase stability versus particle
size.

(A) In this diagram, the arrows indicate the direction of motion of monomersersiusr surfaces,
and the dashed lines give the crystallographic orientations of nanaeryidtalexpanded oval shows
molecularscale processes. OR, Ostwald ripening; MA, molecular attachment; CA, clustbnagnt;

A, amorphous addition; OA, oriented attachment; NOA, -n@n semioriented attachment; RC,
recrystallization. The phaseare denoted by uniform blue for an amorphous crystal, wavy lines for a
poorly ordered crystal, and solid lines for a welllered crystal.B) Twins, stacking faults, and
dislocations can result from the attachment of crystalline particles.
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Fig. 6 Major gapsremain in the under standing of CPA.

Nanoparticle assembly is influenced by the structure of solvent and ions atddotidn interfaces
and confined regions of solution between solid surfaces. The ddtaitdution and solid structure
create lhe set of forces that drive particle motion. However, as the particles move,dhsttacture
and the corresponding forces change, taking the particles from a regime-cdrigegto shostange
interactions and eventually leading to partiateachmenevents.
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