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Introduction

Crystals surround us in our daily life. They form integral parts of our body (e.g.
bones), they make up all the ground we stand on (our, as well as any other
rocky planet consists of crystals), and they play important roles in a large array of
industrial processes and technologies (from table salt over concrete to biomedical
nanoparticles). Accordingly, the formation mechanisms and properties of crystals
have been the subject of extensive studies since the early days of science, not
least due to the aesthetic beauty and fascinating structural perfection of single
crystals like those shown on the cover page of this book. While there are long-
standing theories on both the birth of crystals (nucleation) and their later evolution
(growth, recrystallization and/or transformation), many central questions remain
unanswered, and meanwhile, there is a vast amount of evidence suggesting that
the traditional view on crystallization is way too simplified. This notion has been
corroborated by numerous excellent studies over the past two decades, witnessing
a true renaissance in the field and providing completely new perspectives on the
underlying physical processes. Today, the scientific interest in the nucleation and
growth of mineral phases appears to be greater than ever, due to the relevance of
crystallization phenomena across various disciplines such as chemistry, physics,
biology, geology, medicine or material science.

In this context, the aim of the present book is to illustrate, based on a number
of exemplary spotlights, the current state of the art in crystallization research. By
bringing together contributions from leading experts in their particular areas, we aim
to guide the reader through the complex world of crystallizing systems, highlighting
only recently discovered aspects that moved into the focus of ongoing investigations.
The individual chapters outline the results of studies related to:

1. Different types of materials (from classical minerals like calcium carbonate over
iron oxides all the way to organic crystals and smoke particles)

2. Different stages of the crystallization process (homogeneous solution, nucle-
ation, phase transformation, aggregation, growth)

3. Different possible phases (clusters, liquid and/or amorphous precursors, crys-
talline intermediates)

vii



viii Introduction

4. A range of advanced methods (both experimental and theoretical) to study the
occurring processes at unprecedented levels of detail

5. The relevance of crystallization for different fields of research including biomin-
eralization, geochemistry and industrial applications

Chapter 1, authored by De Yoreo and colleagues, sets the stage for this
discussion by introducing a variety of experimentally observed pathways for mineral
nucleation from solution. The authors compare the concepts of classical nucleation
theory (CNT) with alternative mechanisms such as spinodal decomposition or the
aggregation of preformed ion clusters and indicate the conditions under which
one or the other pathway becomes operative on a thermodynamic level. They
further show that the formation of stable crystals often involves multiple steps,
which can be influenced dramatically by polymeric additives or the presence of
surfaces. Despite these, and many other, observations evidencing that the classical
model of nucleation may not adequately describe the real situation, the theoretical
community still mainly uses CNT as dominant conceptual framework. In Chap. 2,
Lutsko addresses this issue and presents a novel theoretical description, which is
based on the understanding that nucleation is a non-equilibrium process for which
equilibrium approximations (as employed by CNT) are of limited applicability. This
alternative theory reproduces the results of CNT in appropriate limits, but at the
same time, it also allows integrating the new paradigms resulting from experimental
studies and simulation work.

The following four contributions deal with the crystallization of calcium carbon-
ate — arguably the most extensively studied mineral in the recent past — with each
of the chapters focusing on different stages of the precipitation process. Wolf and
Gower (Chap. 3) start out by introducing liquid-like mineral phases and discuss
the so-called polymer-induced liquid-precursor (PILP) process from a nonclassical
point of view, where solution crystallization is replaced by pseudomorphic solidifi-
cation. This pathway provides efficient means for controlling mineral morphologies
in a bio-inspired manner, ranging from thin films to hierarchical superstructures. The
authors address mechanistic aspects of PILP formation and transformation, aiming
at an improved physicochemical understanding and emphasizing the relevance of
classical concepts of colloid chemistry in any such liquid-precursor pathway. In
Chap. 4, Fernandez-Martinez and co-authors continue with non-crystalline solid
precursors and address the important case of amorphous calcium carbonate (ACC).
Based on a combination of advanced experimental and modelling techniques, they
provide insight into the static structure of ACC and highlight the crucial role of water
in this context. The authors further describe how impurities such as magnesium
ions can influence the structure and thus the stability of ACC, thereby introducing
us to the fascinating field of “polyamorphism”. Finally, it is discussed whether
and how structural variations in ACC may affect the characteristics of crystalline
CaCO; polymorphs formed from these amorphous precursors. This latter aspect is
taken up by Rodriguez-Blanco et al. (Chap. 5), who provide an overview of the
formation of ACC and vaterite (a metastable crystalline CaCOj3 polymorph) as key
intermediates on the way to calcite (the stable polymorph). The authors describe
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the influence of important parameters like pH, temperature, supersaturation and the
presence of (in)organic additives on the structures, compositions and morphologies
of both phases. In addition, possible mechanisms for the transformation of ACC
into vaterite and/or calcite are explained. In Chap. 6, at the end of our CaCOj;
journey, another interesting example for the structural variety and complexity of
calcium carbonate phases — even in the crystalline state — is presented. Based on ab
initio modelling, Demichelis et al. show that vaterite can exist in multiple polytypic
forms that are energetically very similar and thus can interconvert readily under
ambient conditions. This finding rationalizes seemingly contradictory experimental
observations and clears up long-standing confusion about the actual structure(s) of
vaterite. Apart from that and on a more general level, the authors introduce the
reader to the approach and use of atomistic simulations in predicting the structures
and properties of crystalline phases.

Chapter 7 leads us away from mineral nucleation and metastable precur-
sor/intermediate phases towards the later stages of crystal growth. As in the case of
nucleation, “classical” and “nonclassical” concepts have been proposed for growth
processes. Andreassen and Lewis outline the differences between both paradigms
and demonstrate how these are often confusedly used or applied. By presenting
a number of illustrative examples from various inorganic systems, the authors
show that the two mechanisms are differently influenced by process variables such
as supersaturation, temperature or additives, making one or the other operative
(much like in the case of nucleation). It is concluded that detailed knowledge
of the growth mechanism is key to predict crystallization rates in industrial
applications as well as biomineralization processes. In Chap. 8, Rao and Colfen
follow up on this discussion and focus their attention on nonclassical crystallization
mechanisms, especially particle-based growth pathways leading to superstructures
such as mesocrystals in the presence of organic additives. The authors emphasize the
importance of a combined physicochemical and biochemical perspective on such
processes and identify key aspects for regulating nucleation and growth so as to
achieve ordered particle assemblies. Furthermore, they highlight evidence for the
relevance of mesocrystal formation in biomineralization.

Most of the fundamentals of mineral nucleation and growth discussed in the
previous chapters merge together in the exciting field of biomineralization, which
is at the heart of Chap. 9, authored by Falini and Fermani. This contribution
provides a summary of the most common crystallization strategies observed in
living organisms, along with a discussion of a few representative cases for the
most frequently studied biominerals. In addition, the authors present a compre-
hensive overview of the effects of ocean acidification on the synthesis and fate
of biominerals, a topic of great relevance considering the ever-increasing emission
of CO; into the atmosphere. After this general introduction to biomineralization,
the next two chapters deal with one of its major players, calcium phosphate,
discussing the crystallization of apatites from different perspectives. In Chap. 10,
Birkedal outlines the various stages observed on the way from dissolved ions to
the final mineral, including ion association phenomena prior to nucleation, initially
precipitated amorphous phases and intermediate crystalline states. It is shown that
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experimental conditions, in particular, the pH level of the medium and confinement
effects, have a crucial influence on the crystallization mechanism and the properties
of the resulting material. This leads the author to propose that physiological
conditions may not be representative for biomineralization, as the local environment
in compartments like vesicles could be completely different. In Chap. 11, Delgado-
Lopez and Guagliardi draw the reader’s attention to the most familiar example of
biogenic calcium phosphate mineralization — the formation of bone. This highly
sophisticated process relies on platelike apatite nanocrystals as building units, along
with a complex matrix of bio(macro)molecules. The authors discuss the particular
role of citrate as a small-molecule additive that is believed to assist the formation
of these nanobricks, both in biogenic and bio-inspired apatite. A second major
theme in the two contributions on calcium phosphate is the great value of advanced
synchrotron-based techniques — such as in situ X-ray diffraction (Chap. 10) or X-ray
total scattering (Chap. 11) — in the characterization of crystallization mechanisms
and the properties of nanocrystalline materials in terms of structure and defects,
stoichiometry, size and morphology. The use of such powerful in situ methods has
also significantly improved our understanding of the solution-mediated formation of
calcium sulphate, another interesting — but much less frequently studied — mineral
system. In Chap. 12, Van Driessche et al. first summarize the vast and controversial
body of literature available on the solubility and corresponding stability fields of the
different CaSOy phases as a function of key variables like temperature or salinity. In
the second part of their contribution, the authors turn to consider more recent work
on the mechanisms of CaSOy crystallization, revealing “nonclassical” pathways
with a surprisingly high level of complexity and suggesting a new and seemingly
converging picture for the precipitation process.

At this point, we abandon the realm of purely ionic minerals and direct our
attention to inorganic compounds whose crystallization involves, at least partially,
covalent interactions. This renders speciation schemes and the analysis of mineral
nucleation and growth inherently more complicated. One such example is the rich
family of iron oxide and (oxy)hydroxide phases, which are the main subject of
Chaps. 13 and 14, authored by Penn et al. and Reichel and Faivre, respectively. The
authors discuss that well-known iron oxides such as hematite often grow via oriented
attachment of preformed (nano)particles and that multiple — at times competing or
complementing — mechanisms can operate simultaneously in these systems (Chap.
13). Penn and colleagues raise the important issue that transformations between
different iron (oxy)(hydr)oxide phases happen to occur after the structure of the
final product is set, yet to a degree that the characteristics of the intermediate
states are not anymore recognizable. Reichel and Faivre, on the other hand, provide
the link of such processes to biomineralization, where magnetotactic bacteria or
molluscs produce magnetite in a highly controlled fashion. The authors contrast
these biogenic iron oxide particles with those obtained with the help of organic
or inorganic additives in biomimetic syntheses. An equally or perhaps even more
complex situation is found for two other predominantly covalent minerals, silica
and alumina. Despite their great relevance, the formation of these materials is still
poorly understood. In Chap. 15, Tobler et al. face this challenge and give a detailed


http://dx.doi.org/10.1007/978-3-319-45669-0_11
http://dx.doi.org/10.1007/978-3-319-45669-0_10
http://dx.doi.org/10.1007/978-3-319-45669-0_11
http://dx.doi.org/10.1007/978-3-319-45669-0_12
http://dx.doi.org/10.1007/978-3-319-45669-0_13
http://dx.doi.org/10.1007/978-3-319-45669-0_14
http://dx.doi.org/10.1007/978-3-319-45669-0_13
http://dx.doi.org/10.1007/978-3-319-45669-0_15

Introduction xi

overview of what is known about the solution chemistry, nucleation and growth
pathways as well as the structure and composition of solid phases occurring in the
aqueous silica and alumina systems. In particular, they focus on processes at the
nanoscale and highlight implications of the behaviour of the two minerals for both
geochemical environments and industrial applications.

Even though this book is dedicated to recent advances made in the nucleation
and growth of minerals, we considered it worthwhile to also include contributions
that reach out to other fields, not least since we strongly believe that crystallization
follows general concepts that apply for a larger variety of systems. The two
examples chosen here relate to crystals of small organic molecules (Chap. 16),
which bear immense importance for the pharmaceutical area, and to the more
exotic but equally fascinating case of cosmic dust particles (Chap. 17), vital
components of astrophysical processes and relevant to environmental science (every
year, 40,000 tons of cosmic dust reach the Earth’s surface). The former topic is
covered by the contribution of Yang and Ter Horst, who review the nucleation
of small molecules within the framework of CNT. The authors emphasize the
difficulty of a molecular interpretation of nucleation rate measurements and show
that the basic reason is the rather ill-defined nature of the nucleating species.
However, in the absence of more advanced theories, the concepts of CNT still
prove invaluable for the prediction of polymorphism and particle size distributions
of organic crystals. The second example is presented by Kimura and Tsukamoto,
who report on nucleation experiments of smoke particles that produce analogues
of cosmic dust. The authors first give a general introduction on the formation of
cosmic dust particles, which in essence are the building units of planetary systems.
Subsequently, they describe how this process can be mimicked in the lab by the
nucleation of smoke particles, how relevant physical properties of these particles
can be extracted and how singularities observed with such particles can help to
understand the formation of cosmic dust.

Finally, the last contribution of this book is meant to highlight the potential of
emerging new analytical techniques to observe nucleation and growth processes
in situ. In Chap. 18, Nielsen and De Yoreo describe recent advances made in the
area of liquid-phase transmission electron microscopy (LP-TEM) and its use for
investigating the early stages and mechanisms of mineral formation. The authors
first address technical aspects of the method and then summarize the results of recent
studies on the precipitation pathways of calcium carbonate, including the influence
of additives on the occurring processes. As a second example, the formation of
metal nanoparticles from precursor solutions and their development into faceted
nanocrystals in the presence of an organic ligand are discussed. The chapter is
concluded by a perspective on future developments that will further improve the
utility of LP-TEM.

We end this book by presenting an outlook about the fascinating field of
crystallization and ask key questions that in our opinion need to be addressed in
the years to come, so that ultimately a more complete understanding of mineral
nucleation, growth and transformation processes can be achieved.
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Chapter 1
Nucleation Pathways in Electrolyte Solutions

James J. De Yoreo, Nico A.J.M. Sommerdijk, and Patricia M. Dove

1.1 Introduction

The formation of a solid crystalline phase from a solution has been the subject of
scientific investigation for centuries (Gibbs and Smith 1874). This first-order phase
transition is generally referred to as nucleation, but strictly speaking nucleation is
just one of two classical mechanisms of phase separation. The second mechanism,
which is known as spinodal decomposition (Bray 2002; Scheifele et al. 2013),
is common in alloys, polymer melts, and protein solutions. This process differs
from nucleation in both its underlying thermodynamic description and the resulting
formation dynamics. In both cases, the pathway of phase separation can be
complex, because the free-energy landscape traversed by a material system typically
possesses many local minima representing different structural states, each of which
is separated from the others by barriers of varying height (Navrotsky 2004; De Yoreo
et al. 2015). Thus, systems can follow multistage pathways in which the phase of
the solid evolves as it grows. When local free-energy minima exist as a function
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of particle size, formation pathways can involve the aggregation of particles with
or without changes in the solid phase (Baumgartner et al. 2013; Habraken et al.
2013; Hu et al. 2012; De Yoreo et al. 2015). (Note that throughout this article, the
term particle refers to any species more complex than simple ions or monomers and
makes no assumption about their stability or metastability (De Yoreo et al. 2015).)
Moreover, both the minima and the barriers can be altered through the introduction
of surfaces (Hu et al. 2012; Hamm et al. 2014; Giuffre et al. 2013) or changes in the
solvation media by, for example, addition of additives (Gebauer et al. 2009; Wang
et al. 2006; Gower and Odom 2000) or polymer globules (Smeets et al. 2015). This
chapter provides a brief introduction to these various mechanisms, characteristics,
and controls of crystal formation from solution and illustrates each using the results
of recent experimental and computational studies.

1.2 Classical Nucleation Theory

The modern theory of nucleation, commonly referred to as classical nucleation
theory (CNT), originates with the work of Gibbs in the late 1800s (Gibbs and Smith
1874), but reflects later refinements due to Stransky and others in the mid-twentieth
century (Gutzow 1997). According to CNT, nucleation comes about through the
addition of monomeric solution species—whether atoms, molecular complexes,
or colloids—to a growing particle (Fig. 1.1a), whose origin lies in the inherent
microscopic thermodynamic fluctuations of the solution (De Yoreo and Vekilov
2003; Kashchiev 2003). As long as the chemical potential of the solid phase is less
than that of the solution—i.e., the solution is supersaturated—the particle can grow
to macroscopic size. However, the CNT analysis shows that only a fraction of the
particles formed through fluctuations will become stable nuclei of the solid phase.
This is because there is surface tension between the solid and the parent solution.
Consequently, formation of the surface comes with an energetic cost, which is given
by the interfacial free energy times the surface area of the particle. In contrast, the
decrease in free energy due to the applied chemical potential Ay is proportional to
the number of monomers that move from solution to solid state and thus scales with
the volume of the particle. The area-dependent term exceeds the volume-dependent
term when the particle is small, but the reverse is true at large particle size. Thus
these opposing terms create a free-energy barrier (Fig. 1.1b) with a maximum at the
“critical particle size.” On average, below this critical size particles will dissolve,
while above it they will grow to macroscopic dimensions through the continued
addition of monomeric species (Kashchiev 2003; Gibbs and Smith 1874).

The existence of fluctuations and the stochastic nature of nucleation are illus-
trated in Fig. 1.1c-n, which shows liquid-phase (LP)-TEM images that capture
the formation of gold nanoparticles in gold chloride solution containing citric acid
as a capping agent (Nielsen et al. 2014b; Nielsen and de Yoreo 2017, Chap. 18).
While numerous successful particle formation events are observed, there are many
instances in which a gold particle begins to form, fluctuates in size, and eventually
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Fig. 1.1 (a) Formation of a spherical nucleus of radius r from a solution leads to the free-energy
changes shown in (b). The crossover of the bulk (Ag,) and surface (Agy) terms combined with
their opposing signs leads to a free-energy barrier. (c—n) Nucleation of Au nanoparticles. (c, d)
Sequence of LP-TEM images showing the nucleation of Au nanoparticles from a gold chloride
solution containing citrate as a capping agent. As seen in the example highlighted by the circle
in (e-n), which were taken from the region delineated by the rectangular box in (c), many of the
nascent nuclei fail to reach the point of spontaneous growth and instead fluctuate in size until they
disappear. This behavior demonstrates particle formation results from unstable fluctuations, the
hallmark of classical nucleation. Times in s: (¢) 0.0, (d) 103.2, (e) 2.1, (f) 8.0, (g) 16.4, (h) 34.9,
(1) 36.6, (j) 44.8, (k) 60.5, (1) 73.1, (m) 93.3, and (n) 103.2. Scale bars: (¢, d) 500 nm, (e) 200 nm.
Scale in (f-n) is same as (e) (Panels a and b: (De Yoreo and Vekilov 2003) used by permission of
the Mineralogical Society of America. Panels ¢—n: (Nielsen et al. 2014b) used by permission of
the Microscopy Society of America)
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dissolves rather than growing into a stable crystal. This behavior is illustrated by
the sequence of images (Fig. 1.1e—n) that follow a particular nucleus as it grows and
shrinks multiple times before finally disappearing. The fluctuations demonstrate that
the gold nanoparticles form via a true nucleation process in which sufficiently large
density fluctuations are required to take the system over a free-energy barrier. These
observations justify a description of the system in terms of the classical rate equation
(De Yoreo and Vekilov 2003):

J = Ae Ba/KT g=Age/KT (1.1a)
V3
Age =B; (1.1b)

where J is the nucleation rate per volume, A is a material-dependent constant, E4
is the activation energy associated with the atomic processes such as desolvation,
attachment, and/or structural rearrangement within the nucleus prior to or during
phase separation that must occur to form the nucleus, k is Boltzmann’s constant, T
is the temperature, Ag, is the height of the free-energy barrier, B is a constant that
depends on the shape and density of the nucleating solid, as well as the temperature,
y is the interfacial free energy, and o is the supersaturation (0 = —Au/kT) (De
Yoreo and Vekilov 2003).

In the classical view of crystallization, post nucleation growth largely occurs
in the absence of particle-coalescence events and results in a population of stable
macroscopic particles (Andreassen and Lewis 2017, Chap. 7), though if true
equilibrium could be reached, only one large particle would be present at the end of
the process.

1.3 Spinodal Decomposition

The second mechanism of a first-order phase transition, spinodal decomposition,
differs from nucleation in that it is a barrier-free process (Bray 2002; Scheifele et al.
2013). The traditional mean-field picture assumes that when the concentration of
monomers exceeds a certain threshold, the bulk free-energy density of the system
exhibits negative curvature (Reif 1965). In this situation there is no penalty for
creating a new interface, and the parent phase becomes inherently unstable thereby
allowing all microscopic fluctuations to grow spontaneously. In a more modern
view of this mechanism, the condition for spinodal decomposition is simply that
the supersaturation is increased to the point where the free-energy barrier to phase
change is comparable with kT (Scheifele et al. 2013). Once the spinodal is crossed,
particles are generated in such large numbers that they can grow by direct collision
and coalescence with other particles. When the products of spinodal decomposition
consist of two liquids, a secondary event is required to produce the first solid.
Evidence for spinodal decomposition in electrolyte solutions is limited.
Experimental work documents the formation of liquid MgSOy, at high temperature
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(Wang et al. 2013), as well as the persistence of a polymer-stabilized liquid calcium
carbonate phase under ambient conditions (Gower and Odom 2000). A recent
study that used NMR to quantify the diffusion of ions in solution following the
introduction of calcium concluded that a bicarbonate-rich liquid phase may also
exist in pure CaCOj; solutions at pH = 8.5 (Bewernitz et al. 2012; Wolf and Gower
2017, Chap. 3). This conclusion was supported by two lines of evidence. First, light-
scattering measurements revealed the presence of nanoparticles (or droplets) 10s of
nm in size, despite the fact that the NMR showed no evidence for a solid CaCOj3
phase. Second, calorimetry measurements (Fig. 1.2a) demonstrated the occurrence
of a first-order phase transition (Fig. 1.2a inset) at a concentration equal to that at
which the nanoparticles appeared.

Molecular dynamics (MD) simulations of cluster formation in moderately
concentrated CaCOj; solutions (15 mM Ca?t and 15 mM CO;%7) based on the
commonly utilized force fields (Raiteri and Gale 2010) predicted the appearance
of polymeric species of small size (<10 ion pairs) that continued to grow with
little or no free-energy barrier into compact clusters (Fig. 1.2b) exhibiting the ion
diffusivities of liquids (Fig. 1.2c) (Wallace et al. 2013). Kinetic models of particle
formation and growth in a solution possessing a binodal based on an Ising lattice gas
model (Fig. 1.2d, e) show that, as the binodal is crossed, the spinodal is approached,
and the barrier to nucleation decreases toward k7 (red to blue to green symbols in
Fig. 1.2d corresponding to the red blue and green curves in Fig. 1.2e), a wide range
of particle sizes is generated (Fig. 1.2f). These particles grow both through monomer
addition and particle—particle coalescence resulting in a bimodal distribution of
small particles (blue through green in Fig. 1.2f) and larger aggregates (yellow and
red in Fig. 1.2f). The small particles form rapidly and persist throughout the spinodal
process. Following an initial phase change, their size distribution is stable in a
statistical sense, though the lifetime of an individual species is finite. These are
essentially the same particles that would be present in a solution without a spinodal
that behaves according to CNT. In contrast, large particles are unique to a system
undergoing spinodal decomposition, because all microscopic fluctuations are stable
against dissolution and can grow by coalescence. Although they have no special
thermodynamic status, they exhibit a mean radius that should evolve rapidly as
R(t) ~ (1) through diffusion-limited coalescence. As in the case of CNT, in the
true equilibrium state, the system should contain just one large particle when phase
separation is complete.

To investigate the formation of solids from the liquid particles generated by the
MD simulations, Wallace et al. (2013) simulated random aggregation followed by
dehydration through random removal of water molecules until the Ca/COj3 ratio
was equal to unity, which is the value typically measured for hydrated amorphous
calcium carbonate (ACC). The pair distribution function (pdf) for the resulting solid
was calculated and found to give a good match to the measured pdf for ACC, but
provided a poor match to all other CaCO3 polymorphs. Based on these findings,
authors concluded that liquid-liquid separation followed by dehydration was a
plausible scenario for producing the first solid precipitate from CaCOj; solutions.
They also proposed that the particle distributions that appear as the dynamic
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Fig. 1.2 (a) Nanoparticle tracking analysis of a calcium carbonate solution during sequential
injections of 6 mM CaCl,(aq) solution into a carbonate/bicarbonate buffer. Nanoparticles develop
at about the tenth injection, which is concurrent with the emergence of a new phase as determined
by calorimetry. At the phase transition (tenth injection, black curve), droplets with a distributed
diameter averaging ~60 nm emerge. The addition of more Ca?t to the solution (13th injection,
red curve) yields more detectable particles emerging at 60—70 nm diameter, and they seem to grow
larger as well. Inset to (a) the enthalpy of reaction during the titration of CaCl,(aq) into 20 mM
carbonate buffer, pH 8.5. The data shows that there is an endothermic phase transition occurring,
indicating that the phase transition is entropically driven. (b) Snapshots taken from replica-
exchange molecular dynamics simulations show the evolution of polymeric cluster configurations
toward denser structures at larger sizes. (¢) The diffusivity of calcium ions within the cluster species
at various stages of growth compared to two solid phases of calcium carbonate, calcite, and ACC
(from simulation) and the self-diffusivities (experimental) of several common solvents. Error bars
represent the mean +/— standard error for N=6 simulation trajectories at each cluster size. (d)
Temperature-density phase diagram for the 2-D Ising lattice gas with a spinodal region. (e) Free-
energy barrier to phase change diminishes with supersaturation where the red, blue, and green
curves correspond to the free energy vs. cluster size (N monomers) at the similarly colored points
in the phase diagram in panel d. Red lies just before crossing the binodal, blue is in the binodal
region, and green is in the spinodal region where the barrier is < k7. (f) In the small-barrier
(spinodal) regime, an evolving cluster population is generated (see inset snapshot). The distribution
of cluster sizes (color scheme indicates amount of system mass contained in the clusters) versus
time where #p is the characteristic time for a monomer to diffuse a length equal to its diameter
(Panel a: (Bewernitz et al. 2012) used by permission of the Royal Society of Chemistry. Panels
b—f: (Wallace et al. 2013) used by permission of the American Association for the Advancement
of Science)
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products of the incipient liquid—liquid phase separation in the Ising models provide
a potential explanation for the multi-ion clusters reported in experimental studies of
supersaturated CaCOj3 solutions, as discussed below.

1.4 Aggregation of Stable or Metastable Particles

An increasing number of experimental studies (Gebauer et al. 2008, 2014; Habraken
et al. 2013; Pouget et al. 2009) have reported nucleation via aggregation of solution
species comprised of ion complexes or multi-ion clusters—generally referred to
as “pre-nucleation clusters”—that exist in equilibrium with the free monomers
(Fig. 1.3). Three lines of evidence for this pathway in the CaCOj; system were cited:

First, the development of a sedimentation peak in analytical ultracentrifugation
(AUC) data that corresponded to species much larger than that of the ions
(Fig. 1.3a) (Gebauer et al. 2008).

Second, observation of Ca’* complexation during titration of CO3>t with a
dependence on carbonate addition that is consistent with a particular model of
multi-ion binding (Gebauer et al. 2008).

Third, molecular dynamics simulations that predict the development of small
clusters (<10 ion pairs) with dynamic polymeric structures (Demichelis et al.
2011).

The multi-ion-binding analysis led to the argument that these clusters are stable
relative to the free ions. That is, their formation lowers the free energy of the system,
and their aggregation may eliminate the need to overcome the large free-energy
barrier associated with CNT (Fig. 1.3b).

Subsequent studies have argued these features in the data are equally understand-
able from purely classical considerations coupled with a transition from a regime of
nucleation to spinodal decomposition (Wallace et al. 2013). For example, the multi-
ion peak in the AUC data reflects a time-averaged value for an evolving particle
population created by high supersaturations (Gebauer 2012) and that the polymeric
clusters seen in earlier MD studies represent transient states (Wallace et al. 2013).
Although cryo-TEM data was initially interpreted as evidence for CaCO; pre-
nucleation clusters averaging about 0.7 nm in size (Pouget et al. 2009), subsequent
analysis led to the conclusion that these features were below the direct interpretable
size range of the measurement, and that the observations also could be reconciled
with a distribution of cluster sizes as predicted by classical nucleation models.

Evidence based on cryo-TEM for nucleation by aggregation of pre-nucleation
clusters was also reported for the calcium phosphate system (Dey et al. 2010;
Nudelman et al. 2010). The pre-nucleation clusters were shown to aggregate at
organic interfaces forming amorphous calcium phosphate, which subsequently
transformed into oriented apatite crystals. A subsequent more detailed study that
combined cryo-TEM with chemical analysis and ab initio calculations showed
that the multistage pathway leading to hydroxyapatite began with aggregation of
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Fig. 1.3 (a) Diffusion-corrected distribution of sedimentation coefficients for a CaCOj3 solution
after 90 min reaction time at pH 9.00. Besides the free ions, multi-ion clusters can be detected as
indicated. (b) Schematic representation of the free-energy profile proposed by Gebauer et al. (2008)
for the nonclassical formation of calcium carbonate from ion pairs in solution through aggregation
of multi-ion clusters. The two lines for ACC represent the boundaries of a distribution of possible
curves that depend on water content. The final transformation of ACC to a crystalline polymorph
can occur at variable reaction coordinate depending on the environmental conditions. (c—g)
Morphological transformations of calcium phosphate during time as observed by cryo-TEM. (c)
Polymeric strands form from nanometer-sized units (<2 min), (d) branched polymeric assemblies
(2-20 min), (e) nodules of ACP (10-20 min), (f) aggregated spheres of ACP (15-60 min), and (g)
ribbons of OCP (80-110 min). (h) Illustration of the two-step nucleation mechanism for the growth
of InP QDs from In** and P>~ precursors depicts the magic-sized clusters (MSC) as an isolable 1—
2 nm diameter intermediate species that acts as a bottleneck for InP monomers. Amines destabilize
the MSC (increase potential energy, yellow dotted line), whereas phosphonate ligands increase the
stability of the MSC (red dotted line) relative to a carboxylate ligand set. The luminescence peaks
for the MSCs and the InP QDs are specific to their diameters and enable the assignment of size
to the MSCs (Panel a: (Gebauer et al. 2008) used by permission of the American Association for
the Advancement of Science. Panel b: (Gebauer and Colfen 2011) used by permission of Elsevier.
Panel c¢: Habraken et al. (2013). Panel d: (Gary et al. 2015) used by permission of the American
Chemical Society)
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charged calcium triphosphate complexes to form a polymeric network (Fig. 1.3c, d)
(Habraken et al. 2013). Titration analysis led to the conclusion that the collapse to a
compact, crystalline structure was accompanied by Ca-binding in three successive
steps that led to the formation of amorphous calcium phosphate (ACP) (Fig. 1.3e,
f), octacalcium phosphate (Fig. 1.3g) and, finally, hydroxyapatite (not shown). In
situ AFM data on the relative rates of ACP and hydroxyapatite formation, as well
as the critical sizes, were found to be inconsistent with the predictions of CNT,
but could be reconciled if a particle aggregation model were invoked, though a
rigorous quantitative theory for this mechanism was not provided. Moreover, as the
complexes that purportedly aggregate contain only a single calcium ion, the often-
used term “cluster” was found to be of limited applicability in this system, and the
term multi-ion complex was adopted instead.

Particle-based models of nucleation are not restricted to aqueous solution sys-
tems, but rather have also been proposed for semiconductor materials grown through
high-temperature colloidal synthesis using organic solvents (Gary et al. 2015).
Taking advantage of the dependence of semiconductor luminescence wavelength on
nanoparticle size, Gary et al. (2015) showed that the formation of indium phosphide
quantum dots (InP QDs) from solutions of molecular precursors was preceded by the
appearance of “magic-sized clusters” (MSCs) with a diameter of 1-2 nm (Fig. 1.3h).
The MSCs disappeared as the InP QDs formed, with no evidence for particles having
sizes intermediate between these two. While the study concluded that the MSCs
represent a metastable state in the formation pathway, whether the MSCs aggregated
to form the InP QDs or simply dissolved as the latter nucleated remains uncertain,
as does the stability of the magic clusters relative to the monomers themselves.

At least one of the above studies on particle-based pathways concluded that
the particles are metastable with respect to the monomers (Habraken et al. 2013).
That is, while they lie in a local free-energy minimum as a function of particle
size, they are nonetheless uphill in free energy from the monomers. Other studies
maintain that the particles are stable with respect to the monomers (Demichelis
et al. 2011; Gebauer et al. 2008, 2014). That is, their formation is favored over
their disaggregation, even in an undersaturated state. The latter picture defines a
thermodynamic landscape, that is, a clear departure from those described both by
CNT and the theory of spinodal decomposition.

Regardless of stability of precritical particles or the extent to which their
aggregation plays a role in nucleation from electrolyte solutions, their common
presence would not be surprising (De Yoreo et al. 2015). Even in the framework of
CNT, one expects any solution, whether undersaturated or supersaturated, to contain
a population of particles that decreases exponentially in number with increasing
particle radius (Kashchiev 2003). Moreover, energy landscapes are unlikely to be
flat. That is, the free energy of a cluster of ions exhibits local minima and maxima
depending on the size, configuration, and composition, including the configuration
of the solvent. The resulting peaks and valleys in that landscape will naturally lead
to deviations from the exponential size distribution of CNT and create anomalously
large populations of clusters with sizes that correspond to the minima (Hu et al.
2012; De Yoreo et al. 2015).
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Hu et al. (2012) attempted to estimate the impact of these cluster populations
on the nucleation rate equation and free-energy barrier given in Eq. 1.1. For calcite
nucleation by aggregation of precritical particles that occupy a minimum in free
energy vs. size, they concluded the expression for the nucleation rate remains the
same, but the dependence of the barrier on supersaturation and bulk interfacial free
energy can be estimated by:

y3

— 1.2
(0 £C)? (12

AgczB

where C is a constant that depends on the shape factor, the particle radius, and the
excess free energy of the particles. The plus or minus sign depends on whether
the minimum in Ag is local (plus) or global (minus). Baumgartner et al. (2013)
reported a similar analysis and applied it directly to cryo-TEM observations of iron
oxide formation from disordered precursor particles, though those particles were not
considered to be precritical.

One interesting implication of Eq. 1.2 is that the impact of precritical particles—
whether stable or metastable relative to the free ions—is to effectively alter
the supersaturation from ¢ to o & C. This has the consequence of increasing
the effective supersaturation with respect to metastable clusters and decreasing
supersaturation for stable clusters. Thus, considering just the contribution of the
free-energy barrier in Eq. 1.2, the existence of metastable clusters increases the
probability of nucleation, while the existence of stable clusters decreases that
probability. This conclusion is inconsistent with the picture presented in Fig. 1.3b
and highlights the current lack of a quantitative model for particle-based nucleation.

1.5 Multistep Pathways

Spinodal decomposition of a solution due to an increase in solute concentration
does not create a solid. Rather it generates two distinct liquid states defined by
the intersection of the spinodal curve and the line of constant temperature: the
monomer-rich solution and the dilute solution (Fig. 1.2d). Hence the formation
of a crystal still requires nucleation of a solid-liquid phase boundary within
(homogeneous) or on the surface of (heterogeneous) the dense liquid droplets.
Moreover, regardless of whether formation of the solid occurs via the monomer-
based mechanism described by CNT or via aggregation of precritical particles, the
first phase to form may be amorphous or consist of a crystal phase that is distinct
from the stable bulk crystal (Baumgartner et al. 2013; Beniash et al. 2009; Gebauer
et al. 2008; Gower and Odom 2000; Habraken et al. 2013; Nudelman et al. 2010;
Pouget et al. 2009; Smeets et al. 2015; Van Driessche et al. 2012; Wolf et al. 2008;
Hunger and Benning 2007; Rodriguez-Blanco et al. 2017, Chap. 5; Birkedal 2017,
Chap. 10; Penn et al. 2017, Chap. 13). These multistep pathways may occur due to
kinetic limitations on the formation of the stable phase, as is likely to be the case, for
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example, in the calcium phosphate system described above (Habraken et al. 2013).
However, they may also occur due to the commonly observed inversion in phase
stability with decreasing particle size, which arises from the increasing importance
of surface free energy (Navrotsky 2004; Gribb and Banfield 1997). This inversion
may mean the bulk phase has lower stability at the nucleation stage.

Macroscopic evidence for nucleation in solution by two-step pathways has been
obtained through optical microscopy (Galkin et al. 2002; Gower and Odom 2000),
light scattering (Bewernitz et al. 2012), and small angle X-ray scattering (Bots et al.
2012; Hunger and Benning 2007) for a number of organic, protein, and colloidal
systems. Direct molecular-scale observation of this process was achieved using in
situ AFM for the crystallization of S-layer proteins (Chung et al. 2010). In the case
of the proteins, the evidence points to liquid-liquid separation as the first step in
the two-step process (Vekilov 2005), and various analyses argue that proteins, as
well as colloids, should commonly follow this pathway. For example, ten Wolde
and Frenkel (tenWolde and Frenkel 1997) argued that in systems for which the
characteristic length scale of inter-monomer interaction is small compared to the
size of the monomer, the phase diagram should exhibit a spinodal (and binodal)
line buried beneath the solution—solid phase boundary. Thus, when the barrier to
nucleation of the crystalline solid is sufficiently high, as the solution is driven
to increasing levels of supersaturation, the spinodal line will be crossed before
nucleation can occur. This results in phase separation of the solution into two
liquids. Nucleation of the crystalline phase is then more likely within the monomer-
rich droplets.

Numerous examples of two-step pathways in electrolyte solutions have also been
reported. Of particular interest are the calcium carbonate and calcium phosphate
systems, in which the amorphous phase is often the first to form and is followed
by the appearance of one or more of the crystalline phases (Dey et al. 2010;
Habraken et al. 2013; Nudelman et al. 2010; Pouget et al. 2009, 2010; Pichon et al.
2008; Birkedal 2017, Chap. 10; Rodriguez-Blanco et al. 2017, Chap. 5; Wolf and
Gower 2017, Chap. 3; Fernandez-Martinez et al. 2017, Chap. 4; Demichelis et al.
2017, Chap. 6; Falini and Fermani 2017, Chap. 9; Delgado-Lopez and Guagliardi
2017, Chap. 11). Similar results are reported for iron oxides (Baumgartner et al.
2013; Towe and Lowenstam 1967; Reichel and Faivre 2017, Chap. 14; Penn et al.
2017, Chap. 13), zeolites (Burkett and Davis 1994; Kumar et al. 2008), and other
inorganic materials (Van Driessche et al. 2012, Chap. 12; Tobler et al. 2017, Chap.
15). However, proof that the crystalline phase forms directly from the amorphous
precursor rather than through a separate nucleation event is rare. The LP-TEM data
in Fig. 1.4a—d show an example from the CaCOj; system in which an amorphous
precursor particle transforms into vaterite (Fig. 1.4a—d) (Nielsen et al. 2014a;
Nielsen and De Yoreo 2017, Chap. 18). Following nucleation and growth of an
amorphous calcium carbonate (ACC) particle, numerous vaterite nuclei appear at
or just below the surface of the precursor particle. The amorphous particle is then
consumed as the vaterite crystals continue to grow. Cryo-TEM data provide similar
evidence for direct transformations in both the CaCO;3 and calcium phosphate
systems (Habraken et al. 2013; Pouget et al. 2010). Whether or not any of the
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documented examples involve liquid precursor states is uncertain at this time.
However, the mounting evidence that phase diagrams of electrolyte systems exhibit
spinodal lines suggests this two-step pathway is likely (as discussed above).

Many multistep nucleation events occur along indirect pathways. By this process,
metastable phases form and grow until more stable phases appear, after which time
the metastable phases dissolve back into solution as the solute activity product drops
below their respective solubility limits. Such dissolution—reprecipitation events have
been well documented for CaCO; (Han and Aizenberg 2008; Hu et al. 2012; Bots
et al. 2012; Lee et al. 2007; Donners et al. 2000, 2002). The reason for this behavior
is clear when one considers the consequence of creating a highly supersaturated
solution. Once the solute activity product exceeds the solubility limits of all the
possible phases, every one of them will nucleate at a rate given by Eq. 1.1. Although
the value of o will be largest with respect to the most stable phase, the values of
interfacial free energy and E4 are likely to be smaller for the metastable phases,
particularly those that are amorphous and hydrated. Consequently, one or more
metastable phases may form and do so at a higher rate than the most stable
phase, as postulated in the Ostwald step rule. The LP-TEM data in Fig. 1.4e-1
illustrate this phenomenon for CaCO3; (Nielsen et al. 2014a). Vaterite is the first
phase to appear, but aragonite soon appears through independent nucleation events.
Eventually, a calcite crystal nucleates, leading to the eventual dissolution of the other
two phases.

1.6 Heterogeneous Nucleation

Substrates can alter the probability of nucleation because the interfacial energy
between a crystal nucleus and a solid substrate typically differs from that of the same
crystal in contact with solution (Chernov and Givargizov 1984; Mutaftschiev 1993).
The expressions for the nucleation rate and the free-energy barrier given by Eq. 1.1
remain intact; however, the value of y for the crystal-fluid interface must be replaced
by an effective interfacial energy yne, wWhich is a composite of the interfacial
energies for the three interfaces created or destroyed during nucleation—the crystal—
substrate, crystal-liquid, and liquid—substrate interfaces. This relationship is given
by (De Yoreo and Vekilov 2003):

Yhet = Yer + h (Vcs - yls) (1.3)

where £ is a factor that depends on the aspect ratio of the nucleus (see SI of Hu et al.
(2012) for details). When y s < y5, the value of ye will be reduced from that for the
homogeneous nucleus as shown for calcite nucleation in Fig. 1.5a (Hu et al. 2012).
The calculations for calcite also show that even when the effective y;; equals y .,—
that is, the interfacial energies for the crystal—substrate and fluid—substrate interfaces
are equal—the barrier is reduced (Fig. 1.5a, ypet/y s = 1.0). This is because a surface
that would have been generated during homogeneous nucleation is now a crystal—
substrate interface that carries no energy penalty. A further reduction in y ., by only
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Fig. 1.5 (a) Dependence of free-energy barrier Ag. on o for homogeneous nucleation of a calcite
thomb with y = 109 mJ/m? (blue line) and heterogeneous nucleation of a calcite thomb on an
(012) face with the indicated values of yhe/y . (b, €) SEM images showing number density and
orientation of calcite crystals on (b) bare gold and (¢) MHA surfaces. Scale bars are: main images —
100 wm, insets — 10 pum. (d) Dependence of nucleation rate on supersaturation relative to calcite
show agreement with CNT prediction. (e) Interfacial energies (o) derived from nucleation rate
measurements in (d) vs. free energies of binding (AGy},) for alkanethiol SAM molecules on calcite
(104) surfaces as measured by dynamic force spectroscopy. Lower « correlates with strong calcite—
SAM interactions (large AGp) (Panels a, b: Hu et al. (2012) used by permission of the Royal
Society of Chemistry. Panels ¢, d: Hamm et al. (2014))

20-50 % due to y s < Y5 leads to a further decrease in the barrier by a factor of 3—13
(Fig. 1.5a, yhe/v e = 0.8 and 0.5). Given that nucleation rate depends exponentially
on this barrier, these large reductions mean that surfaces have the potential to
completely alter the dynamics and pathways of formation.

The impact of surfaces on nucleation can be readily seen by comparing the
outcome of CaCOj3; nucleation on a bare gold surface to that on alkyl thiol self-
assembled monolayers (SAMs) that are formed on an otherwise identical surface
(Aizenberg et al. 1999; Hu et al. 2012; Lee et al. 2007). When CO, and NH3 from an
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ammonium carbonate source are allowed to diffuse into a calcium chloride solution,
the nucleation density on bare gold is low, and the products are a mixture of phases
(Fig. 1.5b). In contrast, a 16-mercaptohexadecanoic (MHA) acid SAM, which is
terminated with carboxyl groups, produces calcite almost exclusively with a much
higher areal density. Moreover, nearly all crystals nucleate on the calcite (012) plane
(Fig. 1.5¢). In situ observations show that, for this well-ordered carboxyl-terminated
SAM, nucleation first occurs on the film, and the products consist of calcite at the
earliest time of observation by either optical or AFM techniques (Hu et al. 2012). In
contrast, if the SAM is instead OH-terminated, nucleation of ACC occurs first in the
solution above the SAM, and calcite crystals appear only sporadically at later times.

Measurements of nucleation rates on surfaces as a function of supersaturation
were used to obtain a quantitative measure of the impact of alkyl thiol SAMs on
calcite interfacial energies (Giuffre et al. 2013; Hamm et al. 2014; Hu et al. 2012)
by analyzing the data with Eqs. 1.1 and 1.3 written in the form:

3
yhet

InJ =InA"— B (1.4)
o

where A’ = Ae F4/FT Hu et al. (2012) measured J for a range of supersaturations
on both MHA and 11-mercaptoundecanoic acid (MUA), which are both carboxyl
terminated but differ in chain length. Hamm et al. (2014) extended this study to a
range of headgroup chemistries including COOH, SH, and PO, groups (Fig. 1.3d).
Both studies observed dependencies of J on ¢ that were in accordance with Eq. 1.4,
despite the fact that the supersaturation range straddled the solubility limit of
ACC given in the literature (Brecevic and Nielsen 1989). Although the range of
supersaturation over which statistically meaningful data could be obtained was
limited, the data from all substrates produced yye values that were lower than
estimates for the homogeneous nucleation of calcite. For the most extreme case, the
MHA surface, the data yielded an effective interfacial energy that was only 66 %
of that estimated for calcite nucleation in bulk solution (72 vs. 109 mJ/m?). Thus,
the barrier for nucleation on MHA is five times less than for nucleation in solution.
All other factors being equal, this difference in barriers would correspond to relative
rates of heterogeneous nucleation on an MHA film to homogeneous nucleation in
solution of 1.0: 4.5 x 10738, Note that the outcome of these studies does not depend
on whether the fundamental units that comprise the nucleus are individual ions or
clusters—stable or metastable. This is because, as Eq. 1.2 indicates, the form of the
rate equations is the same in either case and, in fact, for the range of supersaturations
used in these studies, the value of C in Eq. 1.2 never exceeds 10 % of ¢. Thus these
experiments did not have sufficient sensitivity to provide insights to the importance
of cluster aggregation during CaCOj3 nucleation.

The physical basis for the reduced interfacial energy was investigated by Hamm
et al. using dynamic force spectroscopy (DFS) (Hamm et al. 2014). Considering the
expression for ype in terms of the individual interfacial energies given by Eq. 1.3,
they assumed the crystal-liquid interfacial energy should be similar for all films.
They also assumed similar SAM—fluid interfacial energies given the low pKa of
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the films and the comparatively high pH (10.8 = 0.1) of the experiments. Thus, the
only term that should differ significantly from one film to another is the interfacial
energy between the SAM and the crystal (ys) with smaller values leading to lower
barriers. Moreover, Y s should be largely controlled by the binding free-energy AG;,
between the crystal and the SAM. In fact, because DFS determines the difference in
free energy between the bound and unbound state, the AG}, can be written in terms
of the same interfacial energies that appear in Eq. 1.3 where

AG, =a (ycl + )/zs) — aYcs (1.5)

where a is the tip—substrate contact area. Rewriting Eq. 1.5 in terms of ype predicts:

h
Vhet = _;AGb + (1 + h) ya. (1.6)

Because y.; depends only upon the contact area between the crystal and the liquid,
this term is independent of template chemistry. Consequently, yher and AG,, should
be linearly related, and, from Eq. 1.1b, an explicit relationship between the barrier
to nucleation and the strength of the crystal-substrate binding energy should exist.

To test these relationships, AFM tips were gold coated and functionalized with
the same SAM monomers used in the measurements of nucleation rates on SAMs.
These tips were then used to perform DFS measurements on flat (104) faces of
calcite, which served as a proxy for the (012) faces that typically define the plane
of nucleation in the nucleation rate experiments on SAMs. Figure 1.5e reveals there
is indeed a direct, linear relationship between these yn and AGy, and the slope
was shown to be in reasonable agreement with the expected value. Thus, this study
found that a large crystal-SAM binding free energy leads to a small crystal-SAM
interfacial energy, resulting in a small barrier to nucleation. These insights provide
a physical basis for the common belief that good binders are good nucleators.

1.7 Macromolecular Matrices

In many biomineralizing systems, the formation of mineral components often occurs
within a hydrated macromolecular matrix (Nudelman et al. 2007; Young et al. 1999)
that is rich in biopolymers with numerous charged side groups. Based on in vitro
evidence, these molecules are assumed to play a role in stabilizing amorphous
precursor phases from which many crystalline biominerals are formed (Nudelman
et al. 2007; Young et al. 1999). The control over crystal orientation often seen
in biominerals suggests a role for surfaces that reduce interfacial energies, as in
the biomimetic examples presented above. However, immobilized macromolecules,
in particular polysaccharides, have also been proposed to act as concentrators of
mineral ions by cation binding prior to crystallization (Marsh 1994; Addadi et al.
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1987). Within the framework of CNT, one would expect ion binding to enhance
nucleation, because concentrating the cations should increase the kinetic pre-factor
and/or the local supersaturation in Eq. 1.1.

The idea that an ion-binding mechanism promotes nucleation was recently
substantiated by Smeets et al. (2015), who used LP-TEM to examine the effects
of the macromolecule polystyrene sulfonate (PSS) on CaCOj nucleation. With an
abundance of sulfonate groups, the PSS served as a surrogate for highly charged
biomolecular matrices. To conduct this study, control experiments were performed
in which CO, and NH;3 were diffused into CaCl, solutions within silicon nitride cells
in the absence of PSS. These experiments resulted in the nucleation and growth of
vaterite, which formed randomly throughout the experimental volume. In contrast,
when PSS was introduced to the CaCl, solution prior to introducing CO,, the Ca?*
complexed with the PSS to form Ca—PSS globules. These were approximately 10—
20 nm in diameter and were evident in TEM, AFM, and dynamic light-scattering
measurements (Fig. 1.6a, b). FTIR and zeta potential data demonstrated that the
Ca" interacted with the negatively charged sulfonate groups (Fig. 1.6¢c, d), and
analysis of titration calorimetry data showed that 56 % of the Ca’* in the solution
was complexed within the globules.

Further experiments found that when CO, was diffused into the TEM fluid cells
containing the globules, the first phase to appear was ACC rather than vaterite
(Smeets et al. 2015). Moreover, the ACC nanoparticles nucleated exclusively within
the globules (Fig. 1.6e). At much later times, after growth of the ACC particles had
ceased, vaterite formed sporadically in regions away from the globules. Analysis
of the ACC and vaterite growth rates showed that ACC nucleation in the presence
of PSS occurred at a higher supersaturation (o = 1.0-1.8 relative to ACC) than
the nucleation of vaterite in the absence of PSS (o = 0.5-0.6 relative to vaterite).
Because ACC has a lower surface energy (De Yoreo and Vekilov 2003; Hamm et al.
2014), the free-energy barrier to ACC nucleation should be lower than that opposing
vaterite nucleation at equal supersaturations. These results show, however, that the
addition of PSS significantly inhibits ACC nucleation. These results suggest that,
while PSS can control the location of nucleation and stabilize the amorphous phase,
it does not act by lowering the interfacial energy, which would instead lead to a
reduction in the supersaturation needed for nucleation.

The results of Smeets et al. (2015) show that the negatively charged polymer
acts to control nucleation through a mechanism that is distinct from the SAM
surfaces described above. Instead of providing a surface with low interfacial free
energy to promote nucleation, the PSS binds to Ca®" and locally concentrates
it. The localized formation of the metastable ACC then results from both the
locally high supersaturation and interaction with the stabilizing polymer matrix,
while the reduced calcium concentration in solution prevents immediate vaterite
crystallization outside the globules. Thus, the results demonstrate the significant
role that ion binding can play in directing nucleation by effects that are predominant
over controls by interfacial free energy.
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Fig. 1.6 (a) and (b) in situ AFM (upper) and LP-TEM (lower) images of (a) PSS solution and (b)
Ca—PSS solution showing globules are only observed in presence of Ca. (¢) Zeta potential for the
Ca—PSS solution (blue) and the solution containing only PSS (red) (d) FTIR spectrum showing the
shift in the peak associated with the symmetric stretch of the sulfonate group upon addition of CaCl
to PSS solution. The shift shows that the Ca®* ions bind to the sulfonate groups. Red: Ca-free
PSS solution, blue: Ca—PSS solution. (e) LP-TEM image from a time-lapse series exhibiting many
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1.8 Outlook

Advances in analytical techniques are providing new insights into nucleation that
reveal the many pathways to producing crystalline phases from solution. The studies
discussed above show that, in a number of cases, the behavior of nucleating systems
is at least in qualitative agreement with CNT and, in the case of heterogeneous
nucleation on SAM surfaces, exhibits quantitative behavior that is in reasonable
agreement with the predictions of CNT. Nonetheless, in a number of systems, the
involvement of species of higher order than monomers is evident, and, as Eq. 1.2
makes clear, the analysis of nucleation rate data can in no way rule out precritical
particle aggregation even in the cases where CNT appears to be consistent with the
data. This is because, as explicitly shown by Eq. 1.2, CNT does not differentiate
between ion-by-ion and particle-based nucleation processes. Whether the particle
populations that lead to nucleation are always metastable or can be stable relative to
the monomers is yet to be determined.

Although all systems supersaturated relative to any phase, even at infinitesimal
levels, must eventually nucleate that phase, the high barriers encountered in most
systems at low supersaturation—particularly for sparingly soluble systems—force
researchers to perform nucleation experiments at high supersaturations where
nucleation occurs on laboratory timescales. However the consequence of working
in this regime is that multiple pathways of nucleation become operative. There
is strong evidence that one of these pathways involves passage into a spinodal
region even in simple electrolyte solutions at supersaturations achievable in the
laboratory. Whether the multistep nucleation pathways passing through precursor
phases that are commonly reported for systems like calcium carbonate or phosphate
involve these liquid states remains uncertain, as does the relative importance of
direct vs. indirect transformation during multistep nucleation events. However, the
process is well documented in protein systems. Moreover, data on heterogeneous
nucleation rates show unequivocally that, in cases where high supersaturation opens
multiple pathways, a single pathway and outcome can be reestablished through the
introduction of surfaces that reduce interfacial free energies. This level of control

<
<

Fig. 1.6 (continued) nuclei in Ca—PSS globules and an electron diffraction pattern (inset) showing
they are amorphous. Insets to a, b, and e illustrate stage of mineral formation process probed
in each panel: (a) In pure water, PSS (red free-form lines) exists in a dissolved state with a
loose chain conformation. (b) Introduction of Ca2t (blue dots) results in Ca2+-binding with the
SO;~ groups of the PSS leading to chain collapse to form Ca—PSS globules with a locally high
Ca® ™ concentration deposited on the surface with low free Ca>* concentration in the surrounding
solution (/eft) where dissolved PSS is also bound to Ca2t (right). (€) CO32~ (red and yellow dots)
from the ammonium carbonate source diffuses into the globules (black arrows) where it binds with
Ca?t, replacing the weaker SO; ~/Ca®* interaction and creating a supersaturated state from which
ACC (light blue sphere) nucleates and grows until Ca>* in globules is depleted to the solubility
limit of ACC. The depleted concentration of Ca outside of the globules limits additional inward
diffusion of Ca (red crosses over blue arrows). Scale bars (a, b) 100 nm and (e) 50 nm (From
Smeets et al. (2015) used by permission of Macmillan Publisher Limited)
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Fig. 1.7 The possible pathways by which monomers form a stable bulk crystal, and the physical
mechanisms that give rise to them, can have thermodynamic (a, b, ¢) and kinetic (d, e) origins.
(a) Classical monomer-by-monomer addition. (b) Aggregation of metastable particles, such as
liquid, amorphous, or poorly crystalline particles, or of oriented (and nearly oriented) attachment
of metastable nanocrystals. (c¢) Crystallization via the formation of a metastable bulk phase, such
as a liquid or solid polymorph. (d) Kinetically dominated aggregation of clusters or oligomers.
(e) Aggregation of unstable particles whose internal structures are not those of equilibrium phases
(From De Yoreo et al. (2015) used by permission of the American Association for the Advancement
of Science)

also occurs with polymeric matrices that locally concentrate the solute ions and
interact with the mineralizing constituents to define the phase that forms.

The rich diversity of nucleation processes that are evident in the examples
presented here demonstrates that the classical picture of nucleation needs to be
expanded. Beyond the relatively simple process of monomer addition to a growing
particle to overcome a smooth barrier (Fig. 1.7a), additional pathways exist that
require considering both thermodynamic and kinetic factors. The former includes
energy landscapes that allow for metastable (or stable) precritical particle popula-
tions created through microscopic fluctuations and which render barriers bumpy
rather than smooth (Fig. 1.7b), as well as landscapes that allow for metastable
bulk phases (Fig. 1.7¢c). Overlain on top of these thermodynamic complexities are
the dynamic factors of supersaturation and temperature, which lead, respectively,
to hierarchical pathways involving particles that have no special thermodynamic
status (Fig. 1.7d) and nonequilibrium bulk materials that are nonetheless kinetically
stabilized indefinitely (Fig. 1.7e). By developing a mechanistic understanding
of these competing—and sometimes—simultaneous phenomena, a more accurate
predictive and quantitative picture of crystal nucleation will emerge.
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Chapter 2
Novel Paradigms in Nonclassical Nucleation
Theory

James F. Lutsko

2.1 Introduction

The process of nucleation is of fundamental importance in many areas of physics,
chemistry, and materials science. Nucleation involves the formation of macro-
scopic objects—droplets, crystals, etc.—based on microscopic mechanisms such
as molecular attachment and detachment and thermal fluctuations. As such, it is an
intrinsically challenging problem of coupled length and time scales. Furthermore,
only the initial and final states are equilibrium states: indeed, the initial state
by definition is actually only metastable. Hence, the process is nonequilibrium
in nature further complicating its description. It is therefore remarkable that a
well-established theoretical paradigm exists, namely, classical nucleation theory
(CNT), which is based on a deft combination of physical intuition and a certain
dexterity in skirting technical difficulties. In fact, as discussed below, the real key
to the success of CNT is that it is applicable in a regime of very weak driving
forces (e.g., low supersaturation) so that processes are slow and the key object
of discussion, the critical cluster, is macroscopically large, thus minimizing the
importance of the details of microscopic mechanisms. However, today, nucleation
is studied experimentally, and even imaged, at the molecular level, for cases of high
supersaturation in which the critical cluster consists of fewer than 100 molecules
(Sleutel et al. 2014). At the same time, computer simulation is well suited to the
study of nucleation at these length and time scales, and modern, so-called “rare-
event” techniques extend this to the regimes intermediate between the molecular and
the macroscopic (see, e.g., Van Erp 2012). All of this new focus has not only pushed
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us well beyond the bounds of applicability of CNT but has revealed new phenomena
such as two-step nucleation that lies outside of the conceptual framework of CNT
altogether.

2.2 Classical Nucleation Theory

In order to set the context for an alternative approach to nucleation, the standard
classical nucleation theory is reviewed and critiqued. The aim here is not to give
a comprehensive review—for that there are many excellent books, e.g., Kashchiev
(2000). Instead, the goal is simply to set out the basic conceptual elements and to
indicate how they are linked together. For this reason, the discussion will be limited
to homogeneous nucleation in a single-component system in three dimensions.
Specifically, we will have in mind liquid-vapor or solid-liquid diffusion-limited
nucleation. The same basic ideas are readily extended to multicomponent systems,
two-dimensional (e.g., surface) nucleation, etc.

2.2.1 Thermodynamics of CNT

Nucleation involves the transition from an initial, metastable phase A (the mother
phase) to a new phase B, e.g., from vapor to liquid, liquid to solid, weak solution to
crystal, etc. In CNT, we presume that we know two things: the free energy per unit
volume for the initial and final phases, w4 and wp, and the planar surface tension
for coexisting A and B phases, y4p. In the classical nucleation theory approach, we
need to be able to calculate the excess free energy of a cluster of phase B surrounded
by a large (in principle, infinite) volume of mother phase A. CNT makes use of the
capillary approximation based on the assumption that (a) the cluster-mother phase
interface has zero width so all molecules are either inside or outside the cluster,
(b) the material inside the cluster has the same thermodynamic properties as in the
bulk, and (c) the interfacial free energy per unit volume is the same as for the planar
interface. This gives a total free energy for a cluster of size N of

QN = VNCUB + (V — VN)C()A + SNVAB (21)

where Vy is the volume of the cluster, Sy is its surface area, and V is the total
(very large) volume of the system. Here and below, we work in the grand-canonical
ensemble wherein the independent variables are volume, chemical potential, and
temperature: since we always have in mind the thermodynamic limit and since
we ultimately are only interested in free energy differences, all results will be
independent of the choice of ensemble. The excess free energy of the cluster (i.e.,
the difference in free energy with and without the cluster) is then

AQy = 2y —wpaV = Vy (wp — wa) + Snyas (2.2)
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The number of molecules in the cluster N and its volume are related by the bulk
density of the new phase, pg, as N = Vypg. If the cluster is assumed to be spherical,
this allows us to relate the radius (and hence, also, the surface area) to N. The
excess free energy is of course zero for clusters of size zero and increases as the
size increases until reaching a maximum at the critical radius R, :

2
R. = _ﬂ (2.3)
wWwp — WA
where the excess free energy is
167 yig
AR, = — 24)

3 (wp — wA)2

For radii larger than R., the free energy decreases as R increases. Thus, in the
nucleation stage, R = 0 to R = R, growth is driven by thermal fluctuations against
the gradient of the free energy, whereas in the deterministic growth stage, R > R,
the free energy favors ever-increasing cluster size.

2.2.2 Kinetics of CNT

Since it is assumed in CNT that the properties of the material inside the cluster
are the same as those of the new phase in the bulk, the only property of the
cluster which can change as a function of time is its size: the number of molecules
comprising the cluster is the only dynamic variable. In CNT it is assumed that the
dominant mechanism for evolution of the cluster is the attachment and detachment
of individual growth units (atoms, molecules, colloids, etc.) or monomers. Neglected
is the addition or removal of larger structures from dimers to mesoscopic clusters.
All of these processes are possible, but it is assumed that they occur so rarely that
they can be safely ignored. Thus, a cluster consisting of N growth units can only
undergo transitions to either size N 4+ 1 or N — 1. Let the concentration (number
per unit volume) of clusters of size N be c,. The dynamics of the model is then
expressed as

dCN
I = fn—1c1cN—1 — fNCI1CN + gN+1CN+1 — gnen, N > 1 (2.5)
dc o0 o0
1 2
o —2fic —Ng;fzvclczv +2g2¢0 + Nz=:38NCN

where fy is the probability per unit time that a cluster of size N will gain a
monomer—the monomer attachment frequency—and gy is the probability per
unit time that it will give up a monomer, the monomer detachment frequency.
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The second equation arises because monomers are special: they participate in
every event. Note that this model applies to both an undersaturated system and
to supersaturated systems. At undersaturation, we can assume that the system
is in equilibrium so that the distribution of cluster sizes is stationary and one
expects to have detailed balance whereby transition probabilities between sizes
N and N + 1 are equal: fy—jcicy—1 = gncy. If one further assumes that the
distribution of clusters follows a Boltzmann-like distribution, cy = cje P49,
where 8 = 1/(kgT) is the inverse of the temperature, then one obtains the relation
gN = Cle—ﬂ(QN—l—-QN)fN_l_

The total number of clusters per unit volume is ¢ () = Z:il cy (¢) : summing
Eq. (2.5) over N gives an equation for its evolution for a closed system:

d oo o0
o dev=c1 ) fu (e_ﬂ('QN_QN*‘)CNH - CN)
N=1 N=1

In equilibrium, we are assuming that cy o< e %N in which case the right-hand
side vanishes, as one would expect. If the system is open, the number of clusters
can vary. For example, if the concentration of monomers is artificially held fixed at
some given value, ¢| (f) = ¢y, then we find that

de (1)
dt

= fici (c1 — e P2,y (1)) (2.6)

so that c(¢) will, in general, vary with time. However, even for a supersaturated
system, it is usually assumed that cy (f) ~ c;e P~ for small N so that again
the number of clusters would be, for all intents and purposes, constant. Finally, it
is easy to verify that the quantity n (f) = Y oo | Ney (¢) , which is simply the total
number of particles per unit volume, i.e., the average density, is in all cases constant
with time, thus verifying conservation of particle number.

2.2.3 Zeldovich Equation

For large clusters, it makes sense to suppose that the concentration of clusters of size
N, cy, can be viewed as a continuous function, ¢(N), with similar generalizations of
the free energy, the monomer attachment frequencies, and so forth. We can formally
replace quantities such as ¢(N £ 1) by ¢(N = €) and Taylor expand around € = 0 to
get

IBR(N; 1)

de(Nin) 5, 0 ) N . 3
5 =< (f(N, t)—aN +f(N;1) 8N) c(N;t) + 0(€’). (2.7)



2 Novel Paradigms in Nonclassical Nucleation Theory 29

When the higher-order terms are neglected and € is set to its true value of one, the
result is known as the Zeldovich equation. If we integrate the Zeldovich equation
over N from Ny to infinity and note that ¢ (N > Nyp;1) = f;: c(N';1)dN' is the
concentration of clusters of size N or larger, ¢ (N > Ny; 1), then

de (N > No31) _

s
D — (v P

(N2 )+ FNo: 1) (“)) 2.8)

is the number of clusters per unit volume and per unit time that become larger than
Ny which, for Ny = N, is just the nucleation rate.

A somewhat different perspective is possible if we note that c(V; ) is the number
of clusters of size N per unit volume. Integrating this quantity over all N therefore
gives the total number of clusters per unit volume. The probability to find a cluster
of size N will then be P (N;t) = ¢ (N;t) /c (t) which satisfies

OP(N;1) 8@W)%9Wﬂ

d
g W rm)

dc (t)

P(N:t)—c ()™ P(N; 1) (2.9)
Now, if the average number of clusters is constant, e.g., in an undersaturated,
equilibrium solution or in a steady-state nucleation experiment as described below,
the last term will be zero. What remains has the form of a Fokker-Planck equation for
the probability to find a cluster of a given size. This allows us to make contact with

the extensive theory of stochastic processes (Gardiner 2004; Héanggi and Borkovec
1990).

2.2.4 Nucleation Rate

A time-independent equilibrium state is only possible in an undersaturated system.
As the saturation is increased, e.g., by lowering the temperature, the system
eventually reaches the supersaturated state in which nucleation will take place. The
key practical question is the rate at which nucleation occurs. The classical method
used to determine the nucleation rate is to imagine a thought experiment in which
one fixes the concentration of monomers at some prescribed value, c;, and one
removes post-critical clusters once they reach a given size, say Npax. In this way, a
steady nonequilibrium state is established, and the rate at which clusters are removed
is a measure of the nucleation rate.
In the steady state, the kinetic equation, Eq. (2.5), can be written as

In—1c1eny—1 — gneny = fvcien — gn+i1en+1,2 < N < Npax—1 (2.10)
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with boundary conditions ¢; fixed at its prescribed value and cy,,, = 0. The rate at
which critical nuclei are formed is Jy, = fy.c1cn. — §N.+1¢N,.+1, and this turns out
to be (Kashchiev 2000)

-1

Nmax—1
max 1
Iy, = ( Z fn—cle—ﬂmn—‘?”) ) (2.11)

n=1

Similarly, we could start with the Zeldovich equation with boundary conditions
¢ (1) = ¢y and ¢ (Nmax) = 0 which gives the stationary solution (Kashchiev 2000)

N 1 BAQWN) g\
fl v € Cle—ﬁA.Q(N)7 (2.12)

Nmax 1 AQ(N/
fl Wé‘ﬁ ( )dN/

c(N) = c1e PA2M) _

so that using Eq. (2.8), the nucleation rate is then

—1

Nmax 1 ,
Iy = S— RV Y T 2.13
e (/1 ) @19

The similarity between the two results, Egs. (2.11) and (2.13), is evident. Assuming
that the dominant contribution to the integral comes from the neighborhood of
the maximum of the excess free energy, which is to say at the critical clus-
ter, we can make a saddle-point approximation using AQ2(N) ~ AL(N.) +
%A.Q”(NC) (N — N.)?, to get the classic expression

/1 _
Ine = ef (Ne) | 5 [BAR (N e pAQWMN) (2.14)

2.2.5 The Monomer Attachment Rate

The final quantity needed to complete CNT is a specification of the monomer
attachment frequency, f (N). This is typically assumed to be the rate at which
molecules strike the surface of the cluster times a heuristic “sticking probability”
(a quantity between zero and one). The rate at which molecules strike the cluster
depends on the physics governing the movement of matter in the system. For
example, for colloids and macromolecules in solution, the movement of molecules is
generally diffusive, and the rate is determined by solving the diffusion equation. For
phase transitions involving simple fluids, kinetic theory can be used to determine the
rate. In any case, the calculations inevitably involve the assumption of stationarity,
i.e., that the growth of the cluster can be ignored in determining the rate (the “quasi-
static” approximation). This leads to the classic expression f (N) = yy47R (N) Dc
where yy is the sticking probability, R (N) is the cluster radius, and D is the diffusion
constant for the colloid particles. Many other examples can be found in Kashchiev
(2000).



2 Novel Paradigms in Nonclassical Nucleation Theory 31
2.2.6 Nucleation Theorems

Finally, this brief survey of CNT is concluded by mentioning the so-called
nucleation theorems which are widely used in the interpretation of data from both
experiments and computer simulation. The first nucleation theorem is a relation
between the free energy of the critical cluster, the chemical potential, and the size
of the critical cluster (Kashchiev 2000):

dAQ,

—AN.,. 2.15
il (2.15)

Here, we have formulated the theorem in the grand-canonical ensemble as is
appropriate when the independent variable is chemical potential—hence, the use
of the grand potential £2 = F — uN. The quantities occurring in this relation are
the excess free energy (relative to the original, mother phase) of the critical cluster
and the excess number of molecules. This result follows trivially from equilibrium
statistical mechanics using density functional theory techniques (see Appendix)
and is therefore free of any model-based assumptions. For a more thermodynamic
proof, see Bowles et al. (2001). It should also be noted that in the thermodynamic
limit, differences in free energy are the same no matter which ensemble is used,
so the result automatically holds, e.g., in the canonical ensemble where the grand
potential would be replaced by the Helmholtz free energy. The second nucleation
theorem relates the derivative of the nucleation rate, J, with respect to temperature
to thermodynamic quantities characteristic of the two phases (Ford 1997):

dilnJ 1 B B .
(), = i o7 =7

where L is the latent heat and E, (N*) is the excess internal energy. However,
its derivation is not as clean as that for the first nucleation theorem in that it is
predicated on particular assumptions concerning the relation between the monomer
attachment and detachment rates.

2.3 Criticisms and Refinements of CNT

2.3.1 Criticisms of CNT

From the preceding summary of CNT, several deficiencies are immediately appar-
ent. Some of the most important are:

1. The capillary approximation is very crude: real clusters have diffuse interfaces
with finite interfacial widths as is well attested from computer simulations
(Wolde et al. 1998). Only for very large clusters can the finite interfacial width be
ignored: for small clusters, virtually all molecules may be part of the interface.



32 J.F. Lutsko

2. Even if the zero-width interface is accepted, it is also not true that the properties
of the material inside the cluster are the same as in the bulk.

3. The free energy plays a crucial role: particularly the assumption of detailed
balance used to relate the monomer attachment and detachment frequencies. But
free energy is only defined for equilibrium systems: what is the free energy of an
unstable cluster?

4. If the cluster interface is diffuse, what exactly is meant by monomer attachment
and detachment?

5. Some transitions are characterized by more than cluster size: the most important
example is crystallization where both density and some characterization of
molecular-scale order, “crystallinity,” are critical. How can CNT account for
more than just cluster size?

6. In order to build a cluster, mass must be moved from one part of the system to
another. In post-critical cluster growth, this is described by transport equations
(e.g., the diffusion equation) coupled to equations describing the growth of a
cluster. Shouldn’t transport be similarly accounted for in the nucleation stage? Is
it really adequate to treat transport in the quasi-static approximation?

These and other criticisms have been widely known and have driven work on
the refinement of CNT which can mostly be classified in two categories: refine-
ments of the capillary approximation and refinements of the monomer attachment-
detachment rates.

2.3.2 Refinements of the Capillary Model

In CNT, the nucleation rate scales as the exponential of the free energy barrier
so an accurate determination of the barrier is obviously crucial. The capillary
approximation is based on macroscopic concepts such as surface tension and bulk
free energies and so, at best, can only be expected to be accurate for large clusters.
There have therefore been many suggestions at improvements on this estimate.

The extended liquid drop model (ELDM) of Reiss, Reguera, and co-workers
(Reguera et al. 2003; Reguera and Reiss 2004) is based on a more microscopic
concept of a cluster than the macroscopic ideas used in the capillary model including
the fact that clusters constantly fluctuate in size. It still makes use of the concept of
the free energy of nonequilibrium clusters and the assumption that the probability
to observe a cluster of a given size is given by a Boltzmann-like distribution. One of
its most important consequences is that the free energy barrier (correctly) vanishes
at the spinodal (e.g., for sufficiently high supersaturation), whereas the capillary
model always gives a finite barrier. In the generalized Gibbs approach (Schmelzer
et al. 20006), it is recognized that the surface tension is not a constant but depends on
the properties of both the cluster and the ambient phase. Dillman and Meier (1991)
and Laaksonen et al. (1994) generalized the capillary model by, among other things,
including size-dependent corrections to the surface tension and treating all constants
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as adjustable parameters, some of which are fixed by demanding agreement, e.g.,
with the virial expansion for the pressure. Other parameters are fit to experimental
data yielding the so-called semi-phenomenological model. Similarly, Prestipino,
Laio, and Tosatti (2012) showed that better estimates could be obtained by allowing
for the dependence of the surface tension on the cluster size (e.g., the Tolman length)
and taking into account nonspherical clusters. Kalikmanov (2006) has also tried
to refine the notion of surface tension by trying to determine cluster free energies
directly from the canonical configuration integral in the so-called mean-field kinetic
nucleation theory. Classical density functional theory is more complex than most
of these proposals but has been shown to give the most realistic qualitative and
quantitative description of cluster structure and free energy (see, e.g., Lutsko (2008),
for a comparison with simulation).

2.3.3 Refinements of the Becker-Doring Equation

One way to avoid the issue of free energies altogether is to use other means to deter-
mine the monomer attachment and detachment frequencies required in the kinetic
equation, Eq. (2.5). In dynamical nucleation theory (Schenter et al. 1999; Kathmann
et al. 1999), this is done by using transition state theory and equilibrium statistical
mechanics to develop expressions for the monomer attachment and detachment
rates based on the first principles. This effectively requires evaluating many-body
configuration integrals and is in practice a method of extracting the monomer rates
from simulation. Another well-known attempt to improve on the determination of
the monomer detachment frequency is the Ruckenstein-Narsimhan-Nowakowski
(RNN) theory (Narsimhan and Ruckenstein 1989; Ruckenstein and Nowakowski
1990; Djikaev and Ruckenstein 2005). The idea in this approach is to determine the
detachment frequency by treating the movement of a particle on the surface of the
cluster as being Brownian motion under the mean field of the cluster. The escape
rate of surface particles can then be determined and used to fix the detachment
frequency.

2.4 Beyond CNT

As we have seen, the theory of nucleation began with the Becker-Doring model
which is based on the cluster rate equations and the capillary approximation, and a
great deal of work has been done to refine, extend, and clarify these concepts. So,
the question arises: Is there any other way to understand nucleation? In particular,
is it possible to remedy some of the shortcomings noted above for CNT? In fact, the
closely related problem of critical phenomenon—that is, the behavior of systems
near the critical point—has long been framed in the alternative language of field
theory. The recently introduced mesoscopic nucleation theory (MeNT) makes use



34 J.F. Lutsko

of similar concepts and ideas to develop an alternative to CNT (Lutsko 2011,
2012a,b,c; Lutsko and Durdn-Olivencia 2013). The basic idea is a shift of viewpoint:
rather than treating clusters as distinct, independent objects, they are viewed as local
increases (e.g., for droplet nucleation) or decreases (e.g., for bubble nucleation)
in the density of the mother phase. Instead of trying to describe the statistics of
clusters, the shift in paradigm requires us to think in terms of the dynamics of
density fluctuations. Happily, such a theory already exists and has played a central
role in nonequilibrium statistical mechanics for at least half a century. It was first
formulated by Landau and is called fluctuating hydrodynamics. It has long been
used to study such phenomena as light scattering from fluids (Lutsko and Dufty
1985), fluctuation renormalization of transport coefficients (Lovesey 1986), the
glass transition (Kawasaki 1998), and long-time tails (Fox 1976).

The term “hydrodynamics” might seem to imply that the theory is only applicable
to fluid-fluid transitions. However, in nonequilibrium statistical mechanics, the term
has a more general meaning and simply indicates that the theory is developed for
long-wavelength fluctuations. The quantity that is fluctuating could be anything:
not only fluid quantities such as density, momentum, and temperature but also,
say, magnetization, some measure of local order (e.g., crystallinity), etc. What is
meant by “long”? That depends on the problem, but, e.g., in fluids, it has the precise
meaning of larger than the mean free path. In dense fluids and solids, the mean free
path can be less than the typical particle size so that a “hydrodynamic” description
remains valid down to molecular length scales. (Note that it is similar to, but more
complex than, the familiar Navier-Stokes equations.) Thus, it is not unreasonable
for the density to include molecular-length-scale structure allowing the theory to
account for spatial ordering (e.g., in crystallization). Even though attention has so
far been focused on the density field, one naturally also includes temperature and
velocity fields so that heat transport and flow can also be included.

In the following, a brief sketch of the theory will be presented. Most math-
ematical developments will only be described, and the reader can refer to the
original literature for detailed derivations and proofs. The main question we wish to
address, beyond the basic description of the theory, is as follows: How can such an
approach have anything in common with the Becker-Doring theory? What happens
to concepts like the critical cluster and monomer attachment-detachment?

2.4.1 Fluctuating Hydrodynamics

The original form of fluctuating hydrodynamics as formulated by Landau looked
like the Navier-Stokes equations of fluid dynamics but with some additional,
stochastic contributions to the stress tensor and the heat flux vector (Lifshitz and
Pitaevskii 1980). In order to describe colloids and large molecules in solution, we
will begin with a slightly different version:
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L i-vij=o0 (2.16)
m

o T Vdi/p+ pVP + VS = —yj + \/2myksT pt

The macromolecules are characterized by their local number density p (r;#) and
local momentum flux j (r; ) = mp (r; ) v (r; ) with v (r; ¢) being the average local
velocity of the large molecules. Also appearing here are the mass of the molecules,
m; the local partial pressure of the macromolecules, P (r;7); and the dissipative
stress tensor, S (r;?), which accounts for viscosity due to the interaction of the
molecules. The dissipative stress tensor also has a stochastic part as introduced by
Landau. Finally, since the large molecules are in solution, some account must be
given of the interaction between these two components, and this is the role of the
terms on the right-hand side. The first term on the right in the momentum equation
is an additional friction due to transfer of momentum from the large molecules to
the bath. The second term is a fluctuating force which accounts for the effect of the
small solute molecules colliding with the large molecules giving them a Brownian
motion. There are no additional terms in the first (density) equation since it simply
described for the conservation of mass which is unchanged by the interaction with
the solution. Finally, there is no equation for the temperature as we assume that the
bath acts as a thermostat so that the large molecules are effectively in an isothermal
state. To describe nucleation of a system of small molecules (with no bath), the
two terms on the right in the momentum equation must be dropped and the usual
equation for temperature fluctuations included.

Three additional elements are needed to fully specify the dynamics. First is an
expression for the local pressure. Here, ultimately we will use a localized Gibbs-
Duhem expression to relate pressure gradients to gradients of the local chemical
potential which, following ideas from density functional theory (Lutsko 2010), can
be expressed in terms of the functional derivative of the local free energy with
respect to the density. Thus, we replace

, o SF (o]
VP (r;t) = Vp(r;?) VS,O )

which is the local equilibrium approximation and is the main assumption of the
theory. Even cruder approximations are widely used in nonequilibrium statistical
mechanics because it proves very difficult to do better. The virtue of using this
expression is that it brings in the free energy functional in a very natural way
and allows us to make contact with the well-developed machinery of DFT (Lutsko
2010). The second element needed is a specification of the dissipative stress
tensor. It would be quite reasonable to use the usual Navier-Stokes form for this,
supplemented with the usual stochastic contribution, but we will work in the
“overdamped” regime in which it is assumed that the friction due to the bath is
much more important than the internal viscosity of the solute, so this term can be
safely neglected. Finally, we must specify the remaining fluctuating term which

2.17)
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is usually taken to be Gaussian, white noise with correlation (& (r;7) & (v/;¢)) =
8 (r—r')8 (t—1'). All of these elements can be used, together with the assumption
of “overdamping,” to give a single equation for the density field:

0 SBF
% _pv. PV g, s (2.18)
ot 8p

Here, D = ]‘B—W{ which is the diffusion constant for a single large molecule in

solution. Note that at low density, the free energy functional is known exactly (it
is just the result for the ideal gas) and this reduces to

0

a—’; — DV?p — V-\/2Dpt (2.19)
which is simply diffusion with noise. We can specialize to the formation of clusters
by imposing spherical symmetry. It turns out that when we do so, a better variable
than the local density is the cuamulative mass defined simply by summing the density
out to a given radius:

m(r) = 4m / 0 (r/) F2dr, (2.20)
0

in terms of which we find

Im(r) _ _0m(r) 8F[p] \/T(r) )
- Py, sm(r) ¢ 2D—"— §(rin) 2.21)

with the scalar noise having correlations

(€0 () =8 (r=r)8(1=7). @22)

2.4.2 Interpretation

Aside from their potential utility for performing stochastic simulations, what can we
say about these stochastic models, Egs. (2.18) and (2.21)? Clearly, the free energy
plays an important role in the deterministic dynamics. In fact, due to their rather
simple structure, one can prove that in the so-called weak-noise limit (which is
expected to become more accurate as the temperature decreases), the most likely
pathway (MLP) for nucleation passes through the critical cluster and that the energy
barrier that must be overcome is exactly that determined by the critical cluster
(Lutsko 2011, 2012a). This important result demonstrates that the phenomenology
of nucleation is in fact contained within this framework. Furthermore, the MLP for
nucleation can be obtained in this limit simply by starting at the critical cluster and
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integrating the deterministic part of Egs. (2.18) or (2.21) (i.e., by setting £ = 0)
(Lutsko 2011, 2012a). We thus potentially obtain a complete picture of cluster
formation, from initial density fluctuation to the post-nucleation growth phase,
within a single, unified model. And there is no difficulty in using the driving
force, the free energy functional, and the most sophisticated microscopic models
available.

What have we learned from performing these calculations? The exploration of
this approach is still in its early stages, but already there have been some surprising
insights related to the role played by mass conservation (Lutsko 2011, 2012a,c;
Lutsko and Durdn-Olivencia 2015). A dense cluster must be formed by bringing
together an excess (relative to the average) of mass, and this mass must come
from somewhere. In CNT, the picture of a cluster is that it starts with very small
(effectively zero) radius and grows steadily with the interior mass fixed at that
of the bulk liquid (i.e., the capillary approximation). Due to the role of mass
conservation in MeNT, the MLP is quite different: clusters start out with very
large radii and densities very close to the average, e.g., as long-wavelength, small-
amplitude density fluctuations. This small excess of mass then gathers, due to
random fluctuations, so that in effect the radius of the cluster becomes smaller,
while the density inside it increases as illustrated schematically in Fig. (2.1). At
a certain point, once the density is high enough which typically means close to
the bulk value, the radius begins to increase, and the growth of the cluster begins
to match that assumed in CNT. Note that this implies that clusters with large
interior density and very small radius are rare and this in fact agrees with certain
observations from simulation (Trudu et al. 2006).

2.4.3 Order Parameters and Connection to CNT

A pressing question has to be how can one have two such different approaches to
the description of the same phenomena? If MeNT is really more general than CNT,
one would like that the latter result from some approximation to the former, and this
is indeed the case. The key is to consider parameterized density fields. Rather than
deal with the quantity p (r;7), in the spherically symmetric case, we guess some
form for the shape and approximate the density as p (r;¢) &~ ¢ (r;x(¢)) where ¢
is some function of 7, e.g., a sigmoidal function, that is parameterized with one or
more quantities xi, . . ., such as a radius, an interfacial width, etc., and it is assumed
that all of the change in the density as a function of time can be accounted for by
changes in the parameters. From the stochastic model for the density, we develop a
corresponding (approximate) model for the parameters which turns out to have the
form (Lutsko 2012a)

i ) / ’
dl = —DKU (X) E + 2DA; (X) — \/EMU (X) Sj (l) , (‘i:l (l) Sj ([ )) = SUS (t — l)

dt ij (2 23)
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Fig. 2.1 Schematic illustration of nucleation pathways using density (vertical axis) and radius
(horizontal axis) as the variables used to characterize a cluster. The initial, or “background,” state
is a low-density gas indicated by the dashed line at constant (low) density. In CNT, clusters begin
with zero radius but high density and simply increase in size (radius). In MeNT, mass conservation
leads to a more complex picture where the nucleation pathway (as characterized by the most likely
path or MLP) begins with a large cluster with small excess density that first decreases in radius as
mass is localized and then increases as density during the nucleation event and eventually joins the
classical pathway. In both cases—CNT and MeNT—the pathways pass through the critical cluster
(indicated by the circle) which, in MeNT, is just the most likely, but not the only, place to cross
the separatrix which divides the plane into the stochastic regime (to its left) and the deterministic
regime (to its right)

where we have used the Einstein summation convention wherein repeated indices
are summed. Note that once we introduce the parameterization, the free energy
becomes an ordinary function of the parameters, F [p] — F (x). The matrix of
kinetic coefficients, Kj; (x), is calculated solely from the function ¢ (r; x (¢)) (Lutsko
2011, 2012a), and the amplitude of the noise term is related to it via K = MM T The
“anomalous force,” A;, is technical in nature and not present in the weak-noise limit
(Lutsko 2011, 2012a). Finally, from this stochastic equation, one immediately gets
the corresponding equation for the probability to observe a given set of parameters,
P (x;1), which is

Tpecy =~ iy 9 PO oy - K] P @29
or 0x;

J

Now it is possible to make a connection with CNT. We have only to assume
the capillary density profile, p(r) = pp, forr < Rand p(r) = ps for r > R
so that we have a parameterized density profile with one parameter—the radius.
Similarly, we use the capillary approximation for F. One then finds that when the
kinetic coefficient is calculated from this simple profile and the results used in
the equation for P (x;f), which is now P (R;?), the result in the weak-noise limit
exactly matches the Zeldovich equation with the monomer attachment frequency for
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diffusion-limited nucleation. We thus recover CNT without ever having explicitly
introduced concepts like monomer attachment and detachment or steady-state
diffusion. The framework then allows one to go on to generalize CNT to multiple-
order parameters in a natural manner (Lutsko and Durdn-Olivencia 2015).

2.5 Conclusion and Perspectives

The goal of this chapter has been threefold. First, an overview of classical nucleation
theory, including its deficiencies, was presented. It was emphasized that the key
elements of CNT are the Becker-Doring rate equations for the evolution of the
cluster population and the capillary approximation for the free energy. This was
followed by a brief survey of some of the many efforts that have been made to
improve on CNT. These largely aim to improve one or the other of the two CNT
pillars. Finally, the elements of mesoscopic nucleation theory were discussed as
an illustration of an alternate paradigm for nucleation which nevertheless is able
to reproduce at least certain key aspects of CNT. Although MeNT has already
provided new qualitative insights into nucleation, it is still a relatively new approach
to the problem, and many applications remain to be explored such as the effect of
flows, unsteady conditions, heterogeneous nucleation, crystallization, application to
single-component systems with heat transport, etc. At the theoretical level, most of
the work has so far involved the weak-noise regime, and the highly nonclassical
strong-noise regime remains to be explored especially now that some preliminary
simulation results are becoming available.

Appendix: Proof of the First Nucleation Theorem

To prove the first nucleation theorem, we first recall some elementary—but exact—
results from finite-temperature density functional theory (Lutsko 2010). From the
theory behind DFT, we learn that the statistical mechanics of a single-component
classical system can be entirely formulated in terms of the local number density
p (r). There exists a functional of this density of the form W [p] = F [p] — uN such
that the equilibrium density distribution, p,, (r), minimizes W [p], e.g.,

_ 8¥p]
80 (X) |,

(2.25)

In the expression for W, the first term F has no dependence on the chemical potential,
while in the second term, it is important to remember that N is simply the integral
of the density over all space, so that the only independent quantities are the local
density, the chemical potential, and the temperature (which does not change and so
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is not indicated). Furthermore, the free energy is simply the functional evaluated at
the equilibrium density £2.; = W [pe, ]. Although it is not an equilibrium state, this
is assumed to hold true as well for the critical cluster which has density p. (r) and
free energy £2. = W [p.]. Hence, we have that

dpc (r) — §W[p]
ety O ép (r)

dp 8p (r)

d (2~ 2e) _ / (w [o]

e
P, q (I‘)) dr — (Nc_Neq)
peq(r) a“’

(2.26)

Since the left-hand side demands the total derivative with respect to the chemical
potential, there are two contributions: the first due to the change in the equilibrium
density distribution when the chemical potential changes and the second due to the
explicit factor of chemical potential in the functional W. Now, since both p. (r) and
Peq (r) satisty Eq. (2.25), the first term is identically zero leaving

d(2- 2.)

m = — (Ne — Nyy) 2.27)

which is the desired result.
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Chapter 3

Challenges and Perspectives

of the Polymer-Induced Liquid-Precursor
Process: The Pathway from Liquid-Condensed
Mineral Precursors to Mesocrystalline Products

Stephan E. Wolf and Laurie B. Gower

Crystallization and phase separation is a key topic in physical chemistry which
greatly impacts a plurality of scientific disciplines, be they of applied or fundamental
nature. Our increasing insight into realistic and non-idealized systems is clearly
becoming manifest in the rising number of publications challenging the simplicity
of classical theories. These developments recently condensed into the concept of
so-called nonclassical crystallization which embraces all crystallization pathways
taking place outside of the framework of classical nucleation theories (Colfen et al.
2008; De Yoreo et al. 2017, Chap. 1; Lutsko 2017, Chap. 2; Andreassen and Lewis
2017, Chap. 7; Yang and Ter Horst 2017, Chap. 16). Research has revealed three
important phenomena, all of which were observed in crystallizations in real systems
and have profoundly altered our perception of crystallization in general: the pathway
of oriented attachment, the existence of prenucleation clusters and the occurrence
of a liquid-condensed mineral precursor.

Following the pathway of oriented attachment (Penn et al. 2017) to its final
destination, we can end up with so-called mesocrystals (Colfen et al. 2008; Rao
and Colfen 2017). In this chapter, we stick to the recently proposed definition of a
mesocrystal given by Bergstrom et al. (2015) which states that it is a “nanostructured
material with a defined long-range order on the atomic scale, which can be inferred
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from the existence of an essentially sharp wide angle diffraction pattern (with sharp
Bragg peaks) together with clear evidence that the material consists of individual
nanoparticle building units”.

The notion of prenucleation clusters challenged classical nucleation theory
profoundly (Gebauer et al. 2008). These clusters, formed from constituents of the
mineral to be precipitated, are considered to be thermodynamically relatively stable
as they exist even in non-saturated conditions. These highly dynamic entities exhibit
solute character and are not thought to be a new phase. It was recently proposed that
the phase separation of these solutes is accompanied/triggered by a distinct decrease
in their dynamics and leads to the formation of a condensed liquid phase comprised
of these dispersed nanoconstituents (Wallace et al. 2013; Gebauer et al. 2014); this
behaviour may then be used to discriminate between solutes (i.e. prenucleation
entities) and separate phases (i.e. post-nucleation entities). But as of yet, their impact
on crystallization and phase separation remains to be understood.

The scope of this chapter is the last but not least of the aforementioned three
phenomena, the formation of liquid-condensed phases (LCP) in supersaturated
solutions of small, sparingly soluble, inorganic and mineral-forming compounds
such as calcium carbonate. Laurie Gower and co-workers were the first to propose
the occurrence of liquid-like amorphous intermediates during the precipitation of
calcium carbonate in a set of seminal contributions from 1997 to 2000 (Gower 1997,
Gower and Odom 2000). They reported formation of mineral tablets and other non-
equilibrium-shaped yet crystalline bodies of calcium carbonate and explained their
genesis by the precipitation and coalescence of highly hydrated and hence liquid-
like colloids of a transient amorphous mineral precursor phase. The formation of
this exceptional phase was assumed to be induced by the presence of tiny amounts
of a small polyanionic polymer (e.g. polyaspartate) and, hence, was dubbed the
polymer-induced liquid-precursor (PILP) process.

Due to the liquid-like state of the transient amorphous phase, a multitude
of mineral morphologies can be generated, illustrating the outstanding potential
of the PILP process for the morphosynthesis of non-facetted, non-equilibrium
morphologies. If the transient droplets are kept dispersed while ripening, solid
spheres with monomodal size distribution, hollow and hedgehog-like structures
of crystalline calcium carbonate can be obtained (Faatz et al. 2004; Loges et al.
2006). Sedimentation and subsequent coalescence leads to the formation of films
and tablets (Gower and Tirrell 1998; Gower and Odom 2000; Amos et al. 2007;
Cantaert et al. 2012; Jiang et al. 2013). Employment of patterned self-assembled
monolayers varying in hydrophilicity enables effective templating of the mineral
film (Kim et al. 2007). If the PILP film is generated beneath Langmuir monolayers,
single-crystalline aragonite patches of films can be produced which are similar
in morphology (a half micron in thickness and several microns in width) to
molluscan nacreous tablets (Amos et al. 2007) and which in fact were successfully
used for producing multilayered and nacre-like structures by multiple Langmuir—
Schifer transfers (Volkmer et al. 2005). The liquid-like colloidal intermediates can
be accumulated and molded into an array of non-equilibrium morphologies by
templating approaches. This has been exemplified by the retrosynthesis of nacre
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Fig. 3.1 Morphologies generated by means of the polymer-induced liquid-precursor (PILP)
process: (a) a mosaic mesocrystalline film of calcium carbonate, (b) microfibrous calcite, (c)
calcium carbonate fibres obtained by capillary infiltration into track-etch membranes and (d)
bicontinuous calcium carbonate structure obtained by infiltration of a PHEMA hydrogel replica of
a sea urchin spine. Subfigures are reprinted with permission from (a) Gower & Odom (Gower and
Odom 2000), copyright 2000 Elsevier; (b) Olszta et al. (2004), copyright 2004 American Chemical
Society; (d) Kim et al. (2011), copyright Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,
2011; (e) Cheng and Gower (2006), copyright 2006 American Chemical Society

or sea urchin spines (Volkmer et al. 2005; Gehrke et al. 2005), by infiltration of
PILP phase in small volumes (Olszta et al. 2003a), coating of scaffolds (Sommerdijk
et al. 2007) or exploitation of capillarity effects to produce, for example, nanowires
(see Fig. 3.1) (Gower 2008; Kim et al. 2011). Fibrous mineral structures can be
readily synthesized not only by infiltration but also in a self-organized fashion
(see Fig. 3.1). This process was originally proposed to follow a solution—precursor—
solid (SPS) mechanism starting from a seed crystal analogous to the established
vapour-liquid—solid (VLS) and solution-liquid—solid (SLS) mechanisms (Olszta
et al. 2004; Homeijer et al. 2010). Interestingly, Gower’s group observed via time-
lapse video that fibrous calcite can also be formed in the absence of seed crystals.
In these experiments, amorphous fibres seem to be “extruded” from cracks in a
gelatinous globule of precursor (Olszta et al. 2003b). Several hypotheses have been
proposed to explain the formation of these fibrous morphologies, such as oriented
attachment (although the fibres were stated as being formed from amorphous
nanoparticles) or polymer coating of the sides of the fibre to allow for attachment
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of particles solely at the growth tip (Cantaert et al. 2013). The finding of Gower
et al. that seed crystals are not required showed that fibres can also form by an
apparently different mechanism. Therefore, the hypothesis was modified to include
a mechanism by which an autocatalytic assembly of nanodroplets or nanoparticles
at high energy surface protrusions could provide the “seed” (site-specific growth
center) necessary for generating one-dimensional growth of fibers (Homeijer et al.
2010). The pronounced nanogranular texture of the generated fibres seems to
indicate that the precursor particles are not always purely liquid-like, even though
they coalesce fairly well to form single-crystalline fibres (if a singular nucleation
event drives the crystallization across the accumulated amorphous phase). With
regard to the variable stability of the precursor colloids, it seems clear that multiple
formation mechanisms exist which all allow for initiating or collecting the colloids
at a site-specific growth centre.

The PILP process was recently applied to calcium phosphates in order to estab-
lish a new route to biomimetic bone graft substitutes. In these studies, collagenous
tissues were mineralized with calcium phosphate under PILP-generating conditions.
The obtained fibres mineralized with hydroxyapatite show remarkable similarities to
native bone as they feature intrafibrillar and uniaxially oriented crystals which are
oriented roughly parallel to the fibril axis, generating diffraction patterns similar
to those of native bone (Olszta et al. 2007; Jee et al. 2010a); such diffraction
patterns cannot be generated by standard in vitro mineralization approaches. Olszta
et al. proposed that the liquid mineral phase is drawn into the gap regions of
collagen fibrils by capillary effects. A cryogenic transmission electron microscopy
(cryoTEM) study by Nudelman et al. corroborated the existence of an amorphous
precursor which selectively binds to and enters the fibres and proposed further that
a net negative surface charge of the transient intermediate of the mineral may be
crucial, as it may allow for the infiltration of the precursor complexes and their
interaction with positively charged regions within the collagen fibril (Nudelman
et al. 2010). In addition to these remarkable achievements, the PILP system has also
been successfully employed to reconstitute partially demineralized human dentin
resulting in a partial recovery of its mechanical properties (Burwell et al. 2012).

All of these studies exemplify the key feature of the PILP process: due to the
presence of the polymer, the process of crystallization undergoes “conversion from a
solution crystallization process to a solidification process” (Gower and Odom 2000).
This is in sharp contrast to classical crystallization in which crystal morphology is
dominated by crystal facets that result from the slowest growing crystal faces with
lowest surface energy; crystallinity emerges concomitantly to the initial liquid/solid
phase separation. In the PILP process, crystallization appears to proceed as a gel or
solid/solid transformation, which is after phase separation and thus downstream to
the formation of the transient liquid-amorphous intermediate and its solidification.
This union of a solidification process with a final pseudomorphic transformation to
crystallinity paves the way for the multitude of morphologies presented above.

Because the formation of the transient liquid-condensed mineral precursor
phase is in contradiction with classical theories of nucleation and growth, its
physicochemical basis was enigmatic from the beginning and still remains unclear.
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Initially, it was merely attributed to the action of the polyanionic polymer additive
and the assumption that the polymer induces and stabilizes the liquid precursor
by sequestering ions and water and thereby triggering the unusual liquid/liquid
phase separation. However, the formation of a liquid-amorphous calcium carbonate
phase in the absence of additives — thus a liquid/liquid phase separation of a pure
solution of a mineral (i.e. water/calcium carbonate) — was first proposed by Faatz
et al. (2004). They speculatively explained the formation of spherical amorphous
calcium carbonate (ACC) with monomodal particle size distribution by a binodal
liquid/liquid phase separation leading to the formation of a transient liquid phase.'
However, they based their speculation only on the temperature-dependent monodis-
persity of the ACC spheres and did not provide any proof for their phase diagram, let
alone for the claimed liquid-like state of the early mineralization stages. A few years
later, Rieger et al. provided in a cryoTEM study first indications for liquid/liquid
phase separation (Rieger et al. 2007): 100 milliseconds after turbulent mixing of the
two educts sodium carbonate and calcium chloride at pH = 11, they observed the
formation of a hydrated liquid-like phase resembling the initial bicontinuous state of
a spinodal phase. This experiment has been interpreted several times as an indication
of spinodal decomposition which is reasonable for this particular experiment given
the rapidity of ascending supersaturation. However, we believe caution should be
exercised in interpreting these findings and extrapolating them to all liquid phase
precursors. First, the educts were mixed under turbulent conditions which can
lead easily to vortex formation and thus to an initial inhomogeneous mixing of
educts. The droplet-like structures are then an artificial result of the solution’s
inhomogeneous supersaturation, the precipitation reaction starts heterogeneously
at the interfaces of the intermingled educt solutions (Haberkorn et al. 2003; see
also the Faraday Discussion transcripts 2007; Rieger et al. 2007).”> Second, the
cryogenic sampling was conducted with a guillotine-like device which shoots the
TEM grid through a free jet of mother solution into the cryogen. The intermittent
sheer stress during such a sampling can lead to coalescence of droplets and might
feign by this a bicontinuous thus spinodal state. In the face of these problems, Wolf
et al. devised a contact-free crystallization setup based on acoustical levitation, by
which the formation of calcium carbonate could be studied under purely diffusion-
controlled conditions. This approach provides reliable homogenous crystallization
conditions so that artefacts arising from foreign interfaces (except the air/liquid
interface) can be ruled out, be they due to reaction vessels or due to turbulent
mixing. These experiments further substantiated the occurrence of a liquid-like
mineral phase at the onset of the homogenous formation of calcium carbonate in

! Although often misinterpreted, the contribution of Faatz et al. does not claim spinodal decomposi-
tion. According to them, spinodal decomposition would lead to “ill-defined morphologies” whereas
binodal decomposition to the observed monodisperse spheres. In subsequent contributions, they
state their speculation about the binodal nature of this phase separation process much more clearly
(Faatz 2005; Faatz et al. 2005).

ZRieger pointed out that one should not interpret his findings as a claim for a spinodal demixing
(see Faraday Discussion transcripts 2007).
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the absence of any additives (Wolf et al. 2008). The initial liquid-condensed phase
(LCP) consisted of highly hydrated amorphous calcium carbonate droplets which
were emulsion-like in appearance (Wolf et al. 2008; Wolf et al. 2011b). However, a
direct evidence for their liquid state in solution was still pending. Later, Bewernitz
et al. further corroborated the liquid state of this transient mineral phase by '3C T,
relaxation and '3C PFG-STE diffusion NMR measurements (Bewernitz et al. 2012).
However, there is still a missing link connecting the pure LCP mineral precursor
and the PILP process; only the latter has thus far been shown to be suitable for
morphosynthesis.

So far it is only clear that the polymer is not literally inducing the liquid-
amorphous mineral phase, as it was evidenced that the LCP can also form in the
absence of polymer. However, far more of this phase is produced in the presence
of polymer (>16x the amount of bound calcium, see Bewernitz et al. 2012), so
the polymer therefore enhances the stability of the LCP increasing the quantity
formed. Without polymer, the concentration of the LCP was too low to be detected
by conventional light scattering. In principle, this effect can be basically understood
if one considers the generic effect of inhibiting additives: the additive raises the
barrier(s) for nucleation and crystal growth, and thus the nucleation rate of a
crystalline phase drops. Amorphous phases are usually thermodynamically unstable
but have a lower surface energy due to their structural disorder or the presence
of hydration waters. Because the nucleation rate is a sensitive function of the
surface energy, amorphous phases thus typically have a higher rate of nucleation
than the crystalline phases, especially in the presence of an inhibiting polymer.
In later stages of ripening, amorphous phases have to compete against crystalline
phases and dissolve in favour of the crystalline phases according to the Ostwald—
Lussac rule of stages, feeding the growth of the crystalline phase due to the lower
solubility product of the amorphous phases. The presence of inhibiting polymer
abrogates or at least diminishes this “life-threatening” competition between the
amorphous and crystalline phases and abets the formation of amorphous phases and
prolongs their lifetime. These fundamental considerations already show that it is
the polymer which takes the essential kinetic role in transforming an amorphous
phase from a mere short-lived or unstable species to the principal agent of the
precipitation. However, this is not a sufficient explanation for the emergence of a
liquid-condensed phase instead of a solid amorphous phase and for the phenomenon
of the PILP process and its capability to produce crystalline bodies with non-
equilibrium morphologies. Throughout this chapter, we will provide several less
expected actions of the polymeric additive. All of these actions are crucial for
inducing a PILP process and will underline the fact that the polymer acts in the
PILP system not only as an additive affecting the structure and morphology of the
forming material, but it does so as a major process-directing agent (Olszta et al.
2007).

In further consideration of this perplexing system, we know various additives
like magnesium, phosphate, silicate or citric acid were shown to do a similar job in
favouring the formation of an amorphous phase (Aizenberg et al. 1996; Loste et al.
2003; Addadi et al. 2003; Gower 2008; Kellermeier et al. 2010; Tobler et al. 2015;



3 Challenges and Perspectives of the PILP Process 49

Kababya et al. 2015); but none of them was suitable for generating non-equilibrium
morphologies like those that can be achieved with a PILP system — so what is the
special and pivotal twist the polymer gives to the PILP process, turning it into a
versatile route for morphosynthesis? Recent contributions of Wolf et al. gave a first
insight into this and provided the missing link between the emergence of a pure
liquid-condensed mineral phase and the PILP process. They give clear evidence
for classical emulsion-like behaviour of the liquid-condensed phase at early stages
of mineralization (see Fig. 3.2) (Wolf et al. 2011a, b, 2012). Therefore, we have
to realize that the stage of mineralization which is critical for morphosynthesis
and which follows directly the initial liquid/liquid phase separation is clearly
governed by laws of colloid science (as is true for any other colloidal and dispersed
system) and that all morphogenetic phenomena in the PILP process can only be
thoroughly understood if the colloidal character of the key players, the emulsified
droplets and their interaction with the different entities in the reaction volume —
such as surfaces, crystal, ions or polymers — are fully taken into account. The
contributions of Wolf et al. revealed that the emulsified state is electrostatically
stabilized by the negative surface charge of the mineral droplets and is strongly
affected by additives, in full accordance with the DLVO theory. As predicted by this
classic theory, the addition of “innocent” spectator ions like sodium and chloride,
which are intrinsically present in all standard metathesis precipitations (e.g. in Faatz
et al. 2004; Pontoni et al. 2004), leads to aggregation and slight coalescence of the
emulsion (see Fig. 3.2) (Wolf et al. 2011b). Consequently, polymers, be they basic
or acidic, can have a pronounced effect on the emulsified state of the transient LCP
mineral precursor. As we know from colloid science, the actual impact of an additive
on dispersions can be diverse and may vary with the molecular charge, size and
concentration of the employed additive; for a short summary of these interactions,
please see the excursus at the end of this chapter. In the case of the PILP process, it
was evidenced that addition of small amounts of a polyanionic polymer can lead to
a collapse of the emulsion, whereas a larger amount of polyelectrolytes can lead to
stabilization of the emulsion (Wolf et al. 2011a, see also the excursus at the end of
this chapter; Wolf et al. 2012). This shows clearly that the response of the system
(stabilization vs. demulsification) is a complex function of additive concentration
but also of surface charge of the dispersed colloid, the interparticle distance and,
therefore, of the particle number density of the dispersed phase (which is markedly
enhanced with polymer). Applied to the PILP system, we can infer that coalescence
and sedimentation of the PILP phase droplets is thus not triggered until a sufficient
and critical amount of droplets are formed. Thus, one may conceptualize the PILP
process to a fundamental yet Janus-faced action of the polymeric additive: first,
stabilization and accumulation of an ion-enriched liquid-condensed phase (LCP)
by inhibiting classical nucleation in the early stages of mineralization and, second,
destabilization of the subsequent emulsified state, allowing for its final coalescence
at later stages of the reaction (Wolf et al. 2011a, b).
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Fig. 3.2 Micrographs of liquid-condensed phases (LCPs) of calcium carbonate obtained under
levitation; the insets show selected area electron diffractograms that indicate the amorphous state of
the droplets. (a) LCP after 400 s of evaporation of a 4 1 droplet of saturated calcium bicarbonate
solution. (b) LCP after 400 s, under addition of sodium chloride: aggregation and coalescence
occurs due to screening of the particle surface charge. (¢) LCP after 400 s obtained under influence
of basic lysozyme (pI = 11.35): the droplets have coalesced and form a mineral film. (d) Under
addition of the unusual acidic protein ovalbumin from the hen eggshell (pI =4.6), the LCP is
stabilized and still exists after 1000 s. (e) If only small amounts of an acidic protein is added
(here 100 pg/mL of the aspartic-rich intracrystalline protein caspartin extracted the prismatic
layer of Pinna nobilis), a well-developed mineral film is observed Subfigures (a) resp. (c¢) and
(d) reprinted with permission from Wolf et al. (2008; resp. 2011a). Copyright 2008 resp. 2011
American Chemical Society. Subfigure (b) resp. (e) reproduced from Wolf et al. (2011b; resp.
2012) with permission from The Royal Society of Chemistry

3.1 Mechanistical Aspects

After this synopsis on our current knowledge of the PILP process, we will
now dive deeper into various mechanistic aspects of the PILP process. First, we
will start with a brief reprise of pertinent models of phase separation processes.
Then, we will discuss each stage of the liquid/liquid phase separation process
separately: pre-critical, critical — i.e. the phase separation itself — and the post-
critical pseudomorphic phase transformation process. In each of these stages, we
will discuss important aspects of how the polymer impacts on the crystallization
process and how it abets the formation of a liquid-condensed mineral precursor
phase. We will put a special focus on questions yet to be answered. Please note the
distinction between liquid-condensed phase in the absence of additives (LCP) and
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the polymer-induced liquid-precursor (PILP) phase, which is stabilized and only
formed in the presence of polymer. In the majority of studies which address or
employ the PILP process, the mineral system of calcium carbonate served as the
model system, mainly due to its high relevance in biomineralization systems and
its apparent simplicity. Accordingly, we will focus in this review on the calcium
carbonate system, although the PILP process has been expanded to non-calcium-
based carbonates (Homeijer et al. 2008, 2010; Wolf et al. 2011b) and organic
compounds like amino acids (Wohlrab et al. 2005; Jiang et al. 2011) and applied
additionally to calcium phosphate (Jee et al. 2010b, 2011) and oxalate (Gower
2008), both of which are relevant to kidney stones (Amos et al. 2009).

3.2 Fundamental Concepts of Liquid/Liquid Phase
Separations

Following the fundamental treatments of Gibbs (Gibbs 1877), for multicomponent
systems to be stable against phase separation, they must resist two distinct scenarios:
(o) they may not separate if a density fluctuation of high amplitude and finite size
occurs; (B) they have to remain stable against small density fluctuations over a large
volume. The first case (o) represents a typical metastable system whose curvature
of the free energy of mixing is positive (0°f/dc?> > 0). In the phase diagram,
this region is delimited towards the stable region by the coexistence line, the so-
called binodal (see Fig. 3.3a). By crossing this line, the system becomes metastable
against spontaneous local density fluctuations, and separation may take place if
these fluctuations are of sufficiently high amplitude. This case is subject to the
classical nucleation theory (CNT) which describes the genesis of a new phase by the
stochastic formation of nascent clusters (i.e. density fluctuations) which redissolve
below a critical particle radius (Vekilov 2010). Once the cluster’s surface energy is
outbalanced by its bulk energy (i.e. the fluctuation reaches a sufficient amplitude),
nucleation occurs, where the metastable and so-called critical nucleation cluster
becomes stabilized by further growth that now lowers its free energy, and thus
represents a new phase which — if the cluster does not redissolve — will grow in an
ion-by-ion-mediated fashion as long as the supersaturation prevails, i.e. the system
again becomes stable by reaching the binodal. The zone of metastability, which
is governed by this first scenario, is separated from the zone of instability by the
spinodal (9%f/dc?> < 0). Beyond this line, the system becomes unstable even to
infinitesimally small density fluctuations. This represents the second scenario (8),
the thermodynamic background of which was elucidated by the pertinent works
of Cahn and Hilliard (1959). In this regime of instability, phase separation is
solely controlled by diffusion as there is no thermodynamic barrier against phase
separation. Due to the curvature of the free energy of mixing, uphill diffusion against
the concentration gradient takes place, leading to an increase in the concentration
of the new phase with time, rather than size. In these stages, the density fluctuations
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Fig. 3.3 (a) Hypothetical phase diagram of calcium (bi)carbonate solutions based on the works of
Hilliard and Cahn. The dashed region represents the region of the phase diagram in which classical
nucleation occurs. The yellow inset is the region in which a liquid-amorphous phase of calcium
carbonate can form. If we assume a superposition of two phase diagrams of calcium carbonate
and calcium bicarbonate, the SL line of the crystalline phases would represent the binodal line
of the calcium carbonate system, and the inset would belong to the phase diagram of calcium
bicarbonate. (b) Hidgg diagram of a carbonate solution illustrating the ion speciation as a function
of pH. Please note that in solution, virtually, no free carbonic acid exists but rapidly converts
to solvated carbon dioxide. At pH =pKa, 10.33, 50 % of the carbonate ions are protonated,
i.e. HCO;™. At physiological relevant pH =7, virtually no deprotonated carbonate is present:
the solution contains 80 % bicarbonates, 20 % solvated carbon dioxide and only less than 0.4 %o
deprotonated carbonates

gradually intensify and the solution’s microstructure is distinctly fine and uniform.
It may pass through a characteristic bicontinuous stage; this happens typically
at a composition of 50:50 which is often where the spinodal curve is breached
(see Fig. 3.3a). The system eventually ripens into a stage of spherical monomodal
colloids and can resemble the morphology of colloids formed binodally.

3.3 The Pre-critical Stage in Real Systems

According to CNT, the formation of nuclei is a consequence of stochastic density
fluctuations constrained to the metastable region. In the non-saturated regime, these
clusters should be inherently unstable and thus dissolve and not be detectable. But
in 2008, the existence of so-called prenucleation clusters (PNCs) was proclaimed
by Gebauer et al. (2008). By means of analytical ultracentrifugation in combination
with Ca2+—activity measurements, they revealed the existence of calcium carbonate
clusters of distinct size even in non-saturated solutions. PNCs are considered by
some to be thermodynamically stable solutes; in the case of calcium carbonate, it
was found that these PNCs are 7 kgT more stable than the single, hydrated ions in
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solution. Furthermore, the stability of PNCs was shown to be dependent on the pH;
their formation seems to be favoured at lower pH (Gebauer et al. 2008; Bewernitz
et al. 2012). As of yet, detailed information regarding the structural composition
at the molecular level of PNCs is not available. In order to fill this gap, computer
simulations were undertaken in which PNCs were found to be hydrated and highly
fluctuating oligomers of calcium carbonate ion pairs featuring (partially branched)
chain- or ringlike motifs. The characteristic 1:1 ion ratio of this “dynamically
ordered liquid-like oxyanion polymer” (DOLLOP) was corroborated by recent
ESI-MS analysis (Wolf et al. 2011b; Demichelis et al. 2011). Other molecular
dynamic simulations have also predicted the formation of a dense liquid phase
through liquid/liquid separation within the concentration range in which clusters
are observed (Wallace et al. 2013).

So far, the actual role and impact of PNCs on the mineralization process is still
enigmatic and stirs disputes (see Faraday Discussion transcripts 2012). Do they
provide a low-barrier pathway for nucleation? Or do they — due to their pronounced
stability — pose an additional barrier for classical nucleation of a crystalline phase
and allow, due to their structural disorder, the formation of a liquid-amorphous
phase? Then the system’s rate of nucleation is lowered so distinctly that the system
may safely traverse the region of classical nucleation of the phase diagram and
eventually enter the region of liquid/liquid phase separation (Wallace et al. 2013); or
the prenucleation clusters start to segregate and consequently provide a low-energy
barrier pathway for liquid/liquid phase separation (Wolf et al. 2011b; Gebauer et al.
2014). Their structural disorder and their high degree of hydration may then create
lower surface energy than a crystalline nucleus, thereby favouring the formation of
a liquid-amorphous phase. In the latter scenario, PNCs would represent the initial
building blocks of the liquid-amorphous precursor phase. Initial validation for this
assumption seems to be found in a recent report which showed that the distinct
proto-crystalline features of ACC are related to different pH-dependent variants of
PNCs (Gebauer et al. 2010). Further substantiation for this postulate is provided
by the fact that in all existing systems which have been reported to exhibit liquid-
condensed phases, prenucleation clusters have additionally been found: in a variety
of bivalent carbonates (Wolf et al. 2011b), amino acids (Wohlrab et al. 2005; Jiang
et al. 2011; Kellermeier et al. 2012) and calcium phosphate (Jee et al. 2010a). An
extensive study of the early stages of calcium phosphate formation bringing together
a set of different techniques suggested an ion-association process of prenucleation
species, the Posner clusters, which assemble to polymeric entities of nanometre
size. However a liquid state of the transient intermediate was not reported in this
study (Habraken et al. 2013); the Posner cluster (aggregates) may be incapable
of binding a sufficient amount of water to reach a liquid-like state. Yet in the
presence of polymer, the precursor species are able to infiltrate the nanoscopic gap
zones, while the conventional ACP phase does not; thus the polymer may provide
additional hydration. In summary, while evidenced in a number of systems, further
experimental proof is yet to be furnished demonstrating the potential role of PNCs
as the structural unit of the liquid-amorphous phase.
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3.4 The Critical Stage: Liquid/Liquid Phase Separation

It has often been rejected that the liquid/liquid phase separation in aqueous mineral
systems is akin to that of polymer and protein systems (Petsev et al. 2003; see
Faraday Discussion transcripts 2012). But now, the occurrence of a liquid/liquid
phase separation in supersaturated solutions of minerals is an apparent and settled
fact (Wolf et al. 2008; Bewernitz et al. 2012), albeit one in which the underlying
mechanism is still enigmatic. The computational results suggesting that PNCs
feature a polymer-like molecular structure underlines the fact that the calcium
carbonate system may have more in common with polymer systems than initially
assumed. Many thermodynamic features of polymers are dominated by entropic
considerations, and the same is true of water in aqueous-based systems, so we
believe close attention needs to be paid to the behaviour of ions in the presence
of both.

Currently, we can only speculate under which conditions a binodal or spinodal
decomposition may occur, and if a spinodal decomposition in mineral solutions is
possible at all. We should keep in mind that, although often consulted, morphology
of a ripe stage is rarely a good proxy for assessing a formation mechanism.
A binodal process was put forward by Faatz et al. (2004), whereas the work
of Rieger et al. (2007) was sporadically seen as a corroboration of a spinodal
decomposition (see Faraday Discussion transcripts 2012; Gebauer et al. 2014). Also,
the contribution of Wolf et al. (2008) was occasionally interpreted as evidence for
binodal decomposition, but we clearly refrain from such speculation (as in Gebauer
et al. 2014) as we did not probe the moment of phase separation, but a later stage.
It is worth pointing out that the formation of monodispersed solid spheres were
repeatedly interpreted as an indication of a spinodal and for a binodal mechanism
(Pontoni et al. 2003; Faatz et al. 2004). However, such an observation points neither
in the binodal nor in the spinodal direction; both pathways can yield monodispersed
spheres. It is not even an indication for a liquid-like intermediate state because it can
similarly be explained by the pertinent model of LaMer in full agreement with the
notions of classical nucleation of a solid phase (LaMer and Dinegar 1950; Navrotsky
2004). Thus, without monitoring the initial stages of formation in real time, one
should not employ morphological observations as an evidence of mechanism, only
as an indicator.

Faatz et al. (2004) were the first to apply the generic model of Cahn and Hilliard
(1959) to the calcium carbonate system. They proposed a schematic but nevertheless
instructive phase diagram of the calcium carbonate system which was recently
revisited by Wallace et al. (2013) in a slightly revised form (see Fig. 3.3). Beyond
the solubility line(s) (SL) of solid calcium carbonate, formation of crystalline
calcium carbonate may take place by the classical nucleation process, i.e. by
binodal solid/liquid phase separation. The liquid/liquid coexistence line represents
the border of the metastable region in which a liquid phase of calcium carbonate
may form via a binodal route. Once the system crosses the coexistence line, we
can expect that the rate of nucleation for a solid drops (Galkin and Vekilov 2000a).
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Pushing the system even further beyond the liquid/liquid instability line, spinodal
decomposition will take place. The schematic phase diagram, as given in Fig. 3.3,
reflects the now established fact that a multitude of different pathways can occur in
one system (please note that binodal solid/liquid demixing is still possible beyond
the liquid/liquid coexistence line) and accounts for the formation of a liquid-
condensed phase of calcium carbonate (Nielsen et al. 2014).

Another crucial question is still without reply. Do we know which kind of
chemical species actually undergoes liquid/liquid phase separation? Commonly
seen as a phase separation of the ionic constituents of calcium carbonate, we cannot
rule out the option that only PNCs of calcium carbonate separate. If we review
the pertinent literature, it seems even reasonable to predict that we are actually
observing the liquid/liquid phase separation of a calcium bicarbonate(-biased)
phase. Bicarbonate is virtually omnipresent in carbonate solutions — even at
pH = pKa» = 10.33, half of the carbonates are protonated (in form of bicarbonate,
HCO;7; see Fig. 3.3-b). At neutral pH, the solution contains virtually only bicar-
bonates and solvated carbon dioxide (CO (aq)); only a fraction (less than 0.4 %o)
are fully deprotonated carbonates (CO327). Thus, we have to realize that only minor
amounts of free deprotonated carbonate are present under standard conditions; the
majority of the carbonate ions are present in a protonated state. The idea that we
observe the liquid/liquid phase separation of a calcium bicarbonate(-biased) phase
finds corroboration in the fact that the formation/stability of a liquid-amorphous
mineral phase is facilitated/enhanced at near neutral pH (Wolf et al. 2008, 2011b;
Bewernitz et al. 2012). In situ NMR studies of Bewernitz et al. (2012) support
this concept even further as the peak position indicated that the liquid-condensed
phase is bicarbonate-biased. We could thus draw the conclusion that the complex
behaviour of the calcium carbonate system is owed to an intrinsic competition
between two different phase separation pathways of two closely related species
in chemical equilibrium, i.e. the binodal solid/liquid phase separation of calcium
carbonate and the liquid/liquid phase separation of calcium bicarbonate. Treating
the different protonation states individually, we can see the phase diagram simply
as a superposition of two independent phase diagrams, one of calcium carbonate
overlaid with that of calcium bicarbonate. In other words, the nonclassical behaviour
of the calcium carbonate system could then be traced back to the fundamental
acid—base properties of the carbonate anion, i.e. its multiproticity paired with a
relatively high pKa . Consequently, liquid-amorphous intermediates are not only
a feature of the extensively studied calcium carbonate system, but could be shown
to be characteristic of a considerable set of different carbonate minerals (Wolf et al.
2011b).

Why should such a bicarbonate-biased system favour the formation of a liquid
phase? First, the protonation can be seen as the simplest form of chemical protective
groups (as used in organic synthesis), acting as protection against crystallization by
raising the barrier of nucleation and crystal growth by introducing an additional
step of deprotonation, along with dehydration. The ion-enriched phase would
presumably be highly supersaturated if it contained mainly fully deprotonated
carbonate species and thus tend to nucleate a crystalline phase. As shown by
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Bewernitz et al. (2012), the liquid-condensed phase produced at pH 8.5 is enriched
with bicarbonate ions. The presence of hydroxyl groups, i.e. the protonated ~O,C—
OH functional group in bicarbonate ions, would deliver an effective means for
binding water via hydrogen bonding and thus facilitate the formation of a highly
hydrated and thus liquid phase (Wolf et al. 2008). Therefore, the system of calcium
carbonate at relatively low pH could be seen as a system which is — due to the high
amount of protonated carbonate — frustrated with regard to crystallization and thus
prone to the formation of highly hydrated and amorphous phases via liquid/liquid
phase separation (Wolf et al. 2008).

The locus and shape of the liquid/liquid coexistence line would be an ideal
parameter to characterize PILP systems, irrespective of the species which actually
separate. It is well known from other systems that the presence of (even simple)
additives can distinctly shift the locus and the shape of the coexistence line as well
as the position or shape of the spinodal and the binodal (Galkin and Vekilov 2000b).
In the case of the calcium carbonate system, it is reasonable to assume that the
locus is strongly affected by pH, which may render the region of liquid/liquid phase
separation more accessible at low, near neutral pH. Another important additive may
be magnesium, which has been reported several times to facilitate the formation of
a PILP phase (Kim et al. 2007; Cheng et al. 2007; Schenk et al. 2012; Cantaert et al.
2013). Polymeric additives may be able to shift the locus. Besides their pertinent
inhibition effects on classical crystallizations which promote the formation of a
(liquid) amorphous phase (see above), Bewernitz et al. (2012) showed recently that
polyelectrolytes may change the pH profile of a precipitation process considerably.
At early stages of a mineralization, this can diminish the pH slope which hampers
“classical” nucleation of a crystalline phase by reducing supersaturation and, on the
other hand, provides more bicarbonate ions for the formation of the bicarbonate-
biased PILP phase. This behaviour is remarkable since the concentrations of
polyelectrolytes in PILP reactions are typically “homeopathically” low (e.g. 20 png
ml™"), yet can cause a pH shift of about 0.5 in late stages of precipitation (Bewernitz
et al. 2012). However, the mechanism by which the additive so strongly affects pH
evolution has not yet been revealed.

3.5 The Post-critical Stage, Part I: The Emulsified Stage
of the Liquid-Condensed Phase

Once the liquid/liquid phase separation has taken place, the subsequent (additive-
free) two-phased state behaves like a classical emulsion, as already described in
the introductory synopsis. The droplets are electrostatically stabilized by a negative
surface charge (Wolf et al. 2011a). Sheering of the emulsified liquid-condensed
phase can lead to coalescence, and even the addition of the simplest additives may
have a pronounced effect on the mineral emulsion (Wolf et al. 2011b). Sodium
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chloride leads to aggregation and slight coalescence of the emulsion (see Fig 3.2)
due to screening of repulsive electrostatic forces by increasing the ionic strength of
the solution (Wolf et al. 2011b). As outlined above, polymeric additives, be they
basic or acidic, can also have a pronounced effect on emulsions (Wolf et al. 2011b).
In the case of calcium carbonate, the actual impact depends on the molecular charge
density and molecular weight, as well as initial concentration of the employed
additive, and fits expectations based on the DLVO theory. Basic (bio)polymers lead
to a demulsification by surface charge neutralization, whereas acidic polymers,
if employed at sufficiently high concentrations, stabilize the emulsified state
(see Fig 3.2) (Wolf et al. 2011a). But if the initial concentration of the acidic
(bio)polymer is reduced considerably, the system enters the regime of depletion
destabilization, and a prominent change from stabilization to destabilization occurs:
the emulsified state of the PILP phase collapses and the droplets sediment and
coalesce to a mineral film, the hallmark of the CaCO3 PILP process (see Fig 3.2)
(Wolf et al. 2012). To resume, one essential task of the polymer is that it allows
for coalescence by inducing the collapse of the initial emulsified state of the liquid-
condensed precursor phase (e.g. once a critical particle number density is reached).
But this demulsification action is only one of the crucial steps in transforming
a classical crystallization process into a pseudomorphic solidification process.
Besides this colloido-chemical effect, the polymer additionally exerts numerous
effects on the precipitation reaction which are essential for turning it into a PILP
process. Initially, it allows for the accumulation of large amounts of LCP since
it is able to sequester and to stabilize more ions, PNCs and/or LCP. By this, and
by its preferential binding to active crystal growth sites, the polymer represses
classical crystal nucleation and growth which leads, in turn, to the important effect
that already formed amorphous material is not redissolved, as the Ostwald—Lussac
rule of stages would suggest. The reverse case is impressively visualized by a
recent liquid cell TEM study in which the formation of, what appeared to be,
a liquid-condensed phase and aragonite was observed side by side. While the
aragonite crystal grows, the liquid-condensed phase seems to be “slurped up”, thus
simply serving as an ion supply as the abutting crystal grows into its characteristic
twinned crystal habit (Nielsen et al. 2014). This system did not contain polymer,
so even though a liquid-condensed phase may have been present, the classic PILP
pseudomorphic transformation did not occur, consistent with many other studies that
cannot achieve this without polymer. Ultimately, the second foundation of the PILP
process thus relies on the polymer’s influence on the stability and transformation
kinetics of the various mineral phases.

To this point, a considerable variety of acidic (bio)polymers have been shown
to be capable of inducing PILP formation: polyaspartate (Gower and Tirrell 1998;
Gower and Odom 2000; Jee et al. 2010a), polyacrylic acid (Balz et al. 2005;
Harris et al. 2015), various block copolymers (Kim et al. 2009; Zhu et al. 2009),
intracrystalline proteins from biominerals like ovalbumin from the hen eggshell
(Wolf et al. 2011a) or caspartin and calprismin from the prismatic layer of Pinna
nobilis (Wolf et al. 2012) and osteopontin from bovine milk (Rodriguez et al.
2014). Even short synthetic peptides (Sugawara et al. 2006; Dai et al. 2008a), DNA
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(Sommerdijk et al. 2007) or polysaccharides (Hardikar and Matijevic 2001; Zhong
and Chu 2009) have been shown to be employable in the PILP process. Additionally,
Wolf et al. (2011a) were the first to show that basic polymers are capable of inducing
a PILP phase: they evidenced that the PILP process can be induced by the addition
of the basic protein lysozyme, which proceeds presumably by interconnection
of the mineral precursor droplets. Recently, Cantaert et al. (2012; 2013) and
Schenk et al. (2012; 2014) extended this observation to cationic polymers such
as poly(allylamine) for the morphosynthesis of calcium carbonate films and fibres.
This finding is of particular importance since polycationic polymers, like lysozyme
or poly(allylamine), are not able to sequester cations from solution, in contrast to
polyanionic polymers like polyaspartate (Wolf et al. 2011a); nevertheless, they were
shown to be suitable for morphosynthesis (Schenk et al. 2012; Cantaert et al. 2012,
2013; Schenk et al. 2014). This clearly suggests that the impact of the polymer on
the precipitation is much more complex than simply affecting calcium or carbonate
ions and rather involves interactions with (pre)nucleation clusters or the liquid-
condensed phase.

In the following we try to give a short account of the different, beneficial effects
of PILP-active polymers. A polymer suitable for PILP may show all of these traits,
like polyaspartate, or may lack some of them, like poly(allylamine). It is still not
fully understood which traits are indispensable for a polymer to qualify as an
additive for the PILP process.

1. At first glance, one may expect that the polymer reduces the overall solution’s
supersaturation by sequestering calcium ions (depending on the polymer’s
molecular charge), a behaviour demonstrated for acidic polyelectrolytes, e.g.
proteins (Pipich et al. 2008), at higher concentration. However, some results show
that calcium activity is not affected by the presence of acidic polyelectrolytes
such as PAA if concentrations are used which are characteristic for PILP
processes (Gebauer et al. 2009).

2. It inhibits nucleation and growth of a crystalline phase of calcium carbonate
(Kim et al. 2009; Gebauer et al. 2009; Wolf et al. 2011a). None or only minor
amounts of a crystalline and thermodynamically more stable phase of calcium
carbonate is formed if the conditions are ideally stabilized. As stated above,
this has two far-reaching and crucial consequences. First, the amorphous phases
need not to compete for ions during growth, and thus more LCP can form
until supersaturation ceases. Second, no Ostwald step ripening occurs and thus
saturation with respect to the amorphous phases prevails. No crystalline phase
grows in solution at the expense of the amorphous phases. This considerably
increases the lifetime of the thermodynamically unstable amorphous phases.

3. It affects the pH profile of the mineralization since it acts as a typical buffering
agent. Depending on the polymer concentration, the asymptote of the pH
development may be attuned to the polymer’s pK, value, which can increase
the supply of bicarbonate, which in turn can abet the formation of an amorphous
phase or shift the solution’s composition in favour of a bicarbonate-biased liquid
phase (Pipich et al. 2008; Bewernitz et al. 2012).
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4. It may change the actual composition of the droplets: the water content is
increased, calcium is sequestered hyper-stoichiometrically in the early stages,
and binding of bicarbonate may be favoured over carbonate ions (Dai et al.
2008b; Bewernitz et al. 2012).

5. It apparently influences the interactions of the droplets/phase with functionalized
surfaces (e.g. patterned SAMs or collagen fibrils).

3.6 The Post-critical Stage, Part II: Pseudomorphic
Transformation Amorphous to (Meso)crystalline
Material

How does, as the final step, the material transform into a crystalline material?
Apparently, there are several possible ways. One possibility may be the formation
of a crystal by classical nucleation within one of the still liquid precursor droplets.
Such a process has already been reported for protein crystallization in which the
supersaturation of protein inside the droplets was shown to be higher than in the
initial solution (Vekilov 2012). As a matter of fact, this mode has actually not
yet been documented for liquid-condensed phases of minerals. In the absence of
additives and under sufficient saturation, the liquid-condensed phase can densify,
dehydrate and solidify over the course of time forming (assumingly monohydrated)
ACQC, as is the case in the Faatz method (Faatz et al. 2004). The final transformation
to crystalline material proceeds typically via redissolution/recrystallization, i.e.
Ostwald—Lussac ripening, and may occur well before solidification of the droplets —
as impressively imaged by Nielsen et al. (2014) — or when the droplets reached
a dry state (Wolf et al. 2008; Ihli et al. 2014). The presence of solid ACC seems
to abet this transformation in solution by a template action of the ACC spheres
(Zhang and Liu 2007; Wolf et al. 2008; Freeman 2014) and can result in interesting
morphologies like polycrystalline hedgehog spheres (Shen et al. 2006; Loges et al.
2006). Under essentially dry conditions, ACC is remarkably stable owing to the
fact that the first transformation to crystalline material can preferably occur via a
dissolution/reprecipitation pathway. It is probable that this proceeds in localized,
small domains, be it on the ACC surface or in small intergranular pockets entrapped
within ACC (Ihli et al. 2014).

In the presence of polymeric additives, the mechanism described above gives way
to a pseudomorphic transformation, i.e. the transformation of the amorphous mate-
rial to a crystalline state with preservation of its morphology. Thus a combination
of these critical stages provides a morphosynthetic route to non-equilibrium-shaped
crystals by a mechanism we refer to as colloid assembly and transformation (CAT).

If we pool various facts and observations concerning ripening and crystal-
lization of amorphous calcium carbonate intermediates obtained both from cal-
careous biominerals and biomimetic processes, we can draft a relatively detailed
working model describing the process of crystallization in PILP-based systems
(see Fig. 3.4):
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Fig. 3.4 Generic model of mineralization by colloid assembly and transformation (CAT), i.e. the
formation of mesocrystals via a PILP intermediate; crucial details in each step are indicated by
diagonal arrows. Stages a—d: Sedimentation of still liquid-like or viscous droplets. Stages b—d:
The droplets accumulate in a space-filling fashion. Stage c: First steps of solidification, i.e. first
dehydration from liquid-like ACC, respectively, PILP, to ACC X H,O. Stages e-h: Second stage of
dehydration, from ACC X H,O to ACC. Stage i: Initial nucleation and solid—solid transformation
to crystalline material. Stage j: Propagation of crystallinity throughout nearly the entire mineral
volume via isoepitaxy across the interconnected and coalesced ACC particles. Stages n—o: Singular
granules may remain amorphous throughout the process; their transformation may be impeded if
the composition does not meet the requirements, e.g. it contains too much water, foreign ions like
magnesium, polymeric impurities or improper stoichiometry

(a) The highly hydrated and thus still liquid-like or viscous ACC phase is formed. If
the polymer inhibits classical crystal nucleation and growth in the neighbouring
solution, the PILP phase is not redissolved for feeding the growth of a crystalline
phase, as the Ostwald step rule would predict. At a critical point, e.g. when
a critical droplet number density is reached, demulsification is induced by the
polymeric additive via the mechanism of depletion destabilization; the initially
stable emulsion collapses and the hydrated PILP phase starts to sediment
(Fig 3.4, stages A to D) (Gower and Odom 2000; Wolf et al. 2011a).

(b) The droplets sediment on the substrate/mould. One of the key actions of the
polymeric additive is to prolong the hydrated and thus liquid-like state of
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soinsvitros,

Fig. 3.5 Atomic force microscopy micrographs of the nanogranular texture from (a) a transverse
and mirror-polished section through a calcite prism from the shell of Pinna nobilis and (b) a
mineral film generated by the PILP process. (¢) A typical phase image of the biogenic calcium
carbonate from the calcite prisms extracted from the shell of Pinna nobilis. The phase contrast
indicates organic material which ensheathes the individual nanogranules. Subfigure (b) is reprinted
with permission from Kim et al. (2007), copyright 2007 American Chemical Society. Subfigure
(c) reproduced from Wolf et al. (2012) with permission from The Royal Society of Chemistry,
copyright 2012

(©

the droplets, so that the droplets accumulate in a space-filling fashion (Yang
et al. 2011); each droplet adopts its shape to its individual mould/surrounding.
Although they appear to coalesce fully, some “memory” of their individual
colloidal shapes is retained, which is sometimes described as a nanocolloidal or
nanogranular texture when observed in the final product by AFM measurements
(see Fig. 3.5, A to C) (Kim et al. 2007). However, as hydration waters are also
exiting the PILP phase with time (Dai et al. 2008b), the coalescence ability is
reduced as the droplets become more gel or solid-like particles. For this reason,
morphologies such as film formation are mainly found in reaction vessels with
short transport distances. The dehydration kinetics is likely influenced by the
polymer characteristics (such as molecular weight and charge density) and
seems to be markedly influenced by interaction of the colloids with substrates
and templates. For instance, it was recently exemplified that one can tune the
wettability of the PILP phase for a given organic surface functionalization just
by adjusting the magnesium content of the LCP mineral precursor (Berg et al.
2013).

The forming mineral body initially remains amorphous since its chemical state
is not yet ready for crystallization, which may require exclusion of the polymer,
dehydration, deprotonation of bicarbonate or balancing of ion stoichiometry
(Fig 3.4, stages A to H) (Politi et al. 2004; Dai et al. 2008b; Wolf et al. 2012;
Gong et al. 2012; Ihli et al. 2014). If the chemical state for crystallization is
not reached, singular granules may stay amorphous even if they are surrounded
by crystallinity (as indicated by an arrow in stage J) (Wolf et al. 2012; Gong
et al. 2012). Note that it has been suggested that only anhydrous ACC readily
transforms to calcite (Politi et al. 2008; Gong et al. 2012; Thli et al. 2014); this
seems counterintuitive since hydration of water could provide more mobility to
the ions during assembly.
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From the time when the droplets have formed, they start to dehydrate and
subsequently solidify and form anhydrous ACC (e.g. stages C and E, transition
from yellow via orange to red). This dehydration occurs concomitantly with an
exclusion of the polymer (Dai et al. 2008b). The process of syneresis can exert
a strain on the dehydrating bulk phase which sometimes leads to marked lattice
strain, or jointing and crack formation; similar processes lead to prism formation
in basalt or starch (Gower and Odom 2000; Toramaru and Matsumoto 2004;
Gilman 2009). For PILP systems, photoelasticity could be observed (Leupold
and Wolf 2015), and regular cracking was reported in large-scale PILP films of
amino acids (Jiang et al. 2013).

Nucleation occurs somewhere in the dehydrating amorphous bulk mineral,
e.g. by heterogeneous nucleation on the surrounding matrix (stage I, the first
crystallizing granule is indicated by an arrow, transition from red to blue) (Wolf
et al. 2012).

From this point on, the crystallinity percolates throughout the bulk material,
sometimes following a stochastic and tortuous path; one dehydrated granule
after the other crystallizes by solid/solid transformation induced by isoepitaxial
nucleation (stages I to O) (Killian et al. 2009; Seto et al. 2011; Wolf et al.
2012; Gal et al. 2014). This process, because of the initial colloidal assembly
of colloidal droplets/particles, yields a mesocrystalline material: the crystalline
nanogranules are all highly co-oriented since the crystal orientation originates
from a singular nucleation event, with neighbouring granule transformations
inheriting the same orientation by isoepitaxy (Wolf et al. 2012; Gong et al.
2012; Gal et al. 2013, 2014). In some cases, crystallinity may proceed across the
amorphous body following more “traditional” trails, such as dislocation defects
that lead to spiral growth hillocks as the crystallinity slowly propagates within
the amorphous film. This is evidenced by transition bars with crystallographic
symmetry indicative of a lattice directed organization of species; the transition
bars can be seen midway in the amorphous-to-crystalline transformation, either
as faceted rhombs resulting from the calcite symmetry or radial patterns
emanating from spherulitic growth (Dai et al. 2008a).

A recent study which reported the formation of thin mosaic and mesocrystalline

thin films of DL-lysine by a PILP process provided initial evidence that the above
model is essentially correct and valid as well for non-carbonate-based organic
systems (Jiang et al. 2013).

3.7 Relevance to Biomineralization Systems

The idea that the PILP process might be of high relevance in biomineralization
has been championed by Gower since its initial discovery in 1998 (Gower and
Tirrell 1998). Interestingly, the discovery of the PILP phenomenon coincided with
a paradigmatic change in our understanding of biomineralization processes. On



3 Challenges and Perspectives of the PILP Process 63

the one side, key contributions in the analysis of biominerals from the Weizman
institute showed that amorphous calcium carbonate plays a ubiquitous role in
biogenic crystallization (Aizenberg et al. 1996; Weiss et al. 2002; Levi-Kalisman
et al. 2002; Addadi et al. 2003; Politi et al. 2004, 2006, 2008). On the other side,
the in vitro studies of the PILP process clearly demonstrated the immense impact
minor amounts of polyanionic additives can have in transforming the mineralization
to a precursor process. Polyaspartate, which was employed as an additive in the
first experiments evidencing the PILP process, is a clear analogue to intracrystalline
proteins found in biominerals. The PILP process evidenced for the first time that
these biopolymers, which are typically unusually acidic due to a high fraction of
aspartic acid in the primary sequence or post-translational modifications, are able to
shift gears towards a crystallization pathway which proceeds in a particle-mediated
route via an amorphous intermediate, akin to the processes observed in calcareous
biominerals. Moreover, the strikingly similar nanogranular appearance of PILP
materials and calcareous biominerals renders Gower’s assumption very appealing:
both calcareous biominerals, like mollusc shells (Li et al. 2011; Wolf et al. 2012)
or sea urchin spines (Killian et al. 2009; Seto et al. 2011), and PILP-generated
materials are composed from individual nanogranules which are about 100 nm in
diameter and (partially) enwrapped in an organic ensheathment (Jacob et al. 2011;
Wolf et al. 2012); see Fig. 3.5. This nanogranular texture occurs in most types of
calcareous biominerals, be it in calcareous sponge spicules (Sethmann 2005), in
nacre (Mutvei 1978; Rousseau et al. 2005; Jacob et al. 2011; Wolf et al. 2015), in
prismatic and lamellar layers of bivalves (Dauphin 2008; Li et al. 2011; Wolf et al.
2012, 2015), in brachiopod shells (Dauphin 2008) or even in urchin spines (Seto
etal. 2011) and coccoliths (Henriksen et al. 2004). Nanogranularity is also observed
in calcareous fossils or non-calcareous biominerals (for an exhaustive review on its
occurence, see Wolf et al. 2016). Since it strongly affects numerous properties, be
it crack propagation, nanoplasticity or self-healing, it represents a fundamental and
ubiquitous process-structure-property relationship of biominerals (Wolf et al. 2016).
The nanogranular unity of biominerals and PILP-generated materials may portend
that both form via the same pathway involving at least some form of liquid-like
colloidal amorphous intermediate (Wolf et al. 2012). But this is not the only aspect
indicating a PILP-like process in vivo. Besides the distinct nanogranular texture,
calcareous biominerals are typically space-filling mesocrystals formed via a colloid-
mediated crystallization pathway (Yang et al. 2011; Seto et al. 2011; Wolf et al.
2012; Hovden et al. 2015). Furthermore, the unexpected finding of intracrystalline
preservation of nanoscale amorphous regions can be easily explained with the
described ripening model simply by keeping in mind that individual nanogranules
may not always crystallize (see Fig. 3.4, stages N to O) (Seto et al. 2011; Wolf
et al. 2012; Gong et al. 2012), particularly when they contain too much water or
polymer and have the wrong stoichiometry or when they have only insufficient
contact points with the surrounding mineral so that isoepitaxial nucleation is not
possible. Since dehydration is inherent to a PILP process, effects associated with
syneresis should be also traceable in biominerals. The formation of prismatic calcite
in mollusc shells could be a syneresis phenomenon similar to columnar jointing
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in basalt or starch (Toramaru and Matsumoto 2004; Gilman 2009). However this
speculation still awaits its verification. Growth processes in vivo occur by a layer-
wise deposition mode and proceed at a very slow speed so that syneresis effects may
only occur in thick- or fast-growing biominerals, if at all.

It is obvious that all calcifying species have to cope with the same physicochem-
ical “quirks” of the calcium carbonate system. As we have seen, this mineral system
is not the simple and well-behaved model system as was initially thought. One
quirk of the calcium carbonate system is clearly the occurrence of liquid-amorphous
phases both in the presence of acidic (bio)polymers or even without, especially at
near neutral/physiological conditions. Nature seems to suppress nucleation virtually
at all costs, mainly by means of unusually acidic proteins. It seems that this was
the basic requirement that promoted biomineral evolution in the first place, and
recent studies revealed that such unusual acidic “inhibitory” proteins like caspartin
extracted from Pinna nobilis in fact abet the formation of an LC/PILP phase (Wolf
et al. 2012). Why shouldn’t calcifying species exploit then the exact quirks that
they have to face for their biogenic production of calcium carbonate when they
are ultimately rewarded with a protective shell and other evolutionary advantages?
Given this, it seems reasonable that different phylogenetic species developed
individual but nevertheless comparable sets of molecular and physicochemical
tweaks to deal with the calcium carbonate system. With millions of years of
evolution, today these tweaks are highly sophisticated, employing elegantly self-
organizing entities like liquid crystal formation of collagen and chitin templates, or
aggregation-prone intrinsically disordered proteins (Evans 2013). Notably though,
these more sophisticated features may be more related to the organic matrices and
scaffolds, while the actual mineralization process can seemingly be accomplished
with less sophisticated proteins (that can be effectively emulated with simple
polyelectrolytes). Of course there may be minor tweaks in the proteins involved in
controlling crystal phase, orientation and texture; but the overriding morphological
control may be simpler than was long perceived. This may be pertinent with respect
to phylogenetic and evolutionary analysis of various biomineralizing organisms.
From an engineering perspective, these concepts may provide a great deal of
inspiration for material synthesis via the PILP process.

3.8 Conclusions and Outlook

Still being rather a curiosity than an accepted morphosynthetic approach, the
full potential of the PILP mechanism for morphosynthesis is yet to be unlocked.
However, the myriad of morphologies generated by the PILP process to date and
the path-breaking contributions exemplifying the applicability of the PILP process
for biomimetic bone graft substitutes clearly demonstrates the potential of the
PILP process. Aside from this, currently, it is still essentially confined to relatively
mundane and mainly carbonate-based minerals. Only for organic pigments was
the PILP process successfully employed in the generation and property tuning
of a functional material (Ma et al. 2009). This, and our limited mechanistic
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insight into all stages of this nonclassical crystallization process, severely narrows
the applicability and transferability of the PILP process. However, its power for
generating non-equilibrium shapes is already proven, and its potential role in
biomineralization only affirms our need for more intensive research. The PILP
process is one of the most prominent examples of nonclassical crystallization,
although it may be not as nonclassical as first perceived: classical colloido-chemical
scenarios intimately entangled with liquid/liquid phase separations come together
in a kinetically steered mineral precipitation pathway. This said, the nonclassical
PILP crystallization process may be a much more classical assembly pathway than
currently assumed and thus be transferable to a wide range of compounds. This
perspective is an appealing one because as of yet, a broadly applicable method
which allows for the generation of nanoparticle superstructures and nanocomposite
materials under morphological control does not exist. The relatively facile PILP
process is currently one of the strongest candidates to fill this gap and thus clearly
requires in-depth studies into its underlying mechanisms.

Excursus: Electrostatically Stabilized Dispersions and Their Interaction
with Polyelectrolytes

Electrostatic Stabilization In the absence of (surface-modifying) additives,
dispersions of colloids are only stable if the colloids carry a (near-) surface
charge. As expounded in the models of Gouy—Chapman, Stern and Grahame
(see Grahame (1947) and references therein), counterions form a diffuse
ionic layer around the charged colloids from which the effective Coulombic
repulsion arises. The interaction potential between the colloids results from
a superposition of the attractive van der Waals’ forces and the repulsive
electrostatic interaction and features a potential barrier which may save the
colloids from coagulation. The electrostatic interaction is strongly dependent
on the electrolyte concentration in the continuous medium. The Debye
screening length 1/k is a measure for the size of the diffusive double layer
and represents the distance at which the electric potential drops to 1/e of
its initial value. It drops with increasing ionic strength of the solution; thus,
in relatively pure water with low amounts of a single charged electrolyte
(ce =10 mmol 171), the diffusive double layer is roughly 500 nm thick; at
higher values (c, = 0.1 mol 17!) the double layer shrinks to about 5 nm. At
a critical concentration of c,, the diffusive layer is so thin that the particles
can approach so closely that van der Waals’ forces dominate and coagulation
can occur. Under orthokinetic conditions, i.e. the colloids perform not only
Brownian movement but experience as well sheer forces due to stirring or
shaking, the coagulation speed can increase by a factor of 10*. Then, the
hydrodynamic forces can easily push the particles across the potential barrier.

(continued)
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Effects of Non-adsorbing Polymers Non-adsorbing polymers, e.g.
homocharged polyelectrolytes, can cause so-called depletion effects which
can occur in solutions in which the polymeric additive remains in the
continuous medium and does not adsorb to the colloid’s surface. The
effect of depletion destabilization has been known since the early works
of Traube in 1925 (Traube 1925); a theoretical explanation was first given
by Asakura and Oosawa in 1958 (Asakura and Oosawa 1958). The driving
force of depletion effects arises from the tendency of polymers to adopt the
energetically most favoured conformation in solution, i.e. the minimization
of the solution’s free energy. If a free polymer experiences a confinement,
e.g. by approaching closely an interface, a colloid or a second polymer,
its conformational freedom is restrained which increases the free energy of
the dispersion. Since this is unfavourable, each colloid is surrounded by a
volume with a diameter § from which non-adsorbing polymers are excluded,
the so-called depletion layer. If the interparticle distance of two dispersed
colloids becomes smaller than 28, — i.e. the depletion volumes overlap, e.g.
due to an increase in the colloid’s particle number density — the colloids
force polymers to leave the interparticle space. The polymers diffuse out
of the interparticle space and generate a polymer-excluded volume of pure
solvent. This is energetically unfavourable: the solution’s entropy is reduced
by uphill diffusion, and the free energy of solvation arising from polymer-
solvent interactions is diminished, especially if the liquid is a good solvent
for the polymer. At low polymer concentration, polymer—polymer interactions
are negligible, and the out-diffusion of the polymer and the concomitant
gain in conformational freedom outbalance these costs. This results in a non-
isotropic concentration gradient which creates a net osmotic pressure which
pushes the colloids together and squeezes out the solvent: the dispersion
experiences depletion destabilization and collapses. At high polymer concen-
trations, polymer—polymer interactions cannot be neglected anymore because
the polymer’s conformational freedom is already diminished by polymer—
polymer interactions. The gain in conformational freedom of the polymer
by out-diffusion cannot compensate for the cost of generating the polymer-
excluded volume. Thus, the polymer stays in the interparticle space, enters
the depletion volume and therefore exerts a counterforce on the colloidal
particles which keeps them apart: the solution is stabilized by depletion
stabilization.

(continued)
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For further information, see Tadros (2013), Somasundaran (2006),
Lagaly et al. (1997) or other pertinent monographies and reviews on
colloido-chemistry and the DLVO theory.
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Chapter 4

Structural Characteristics and the Occurrence
of Polyamorphism in Amorphous Calcium
Carbonate

Alejandro Fernandez-Martinez, Hugo Lopez-Martinez, and Dongbo Wang

4.1 Introduction: Why Are the Structures of Amorphous
Precursors Important?

Engineering new materials to fulfill desired functions requires knowledge of their
structure in order to reproduce the atomic mechanisms controlling the material’s
properties. Amorphous materials and liquids do not escape this requirement. A
number of experimental and computational methods have been developed over the
last century that allow for determination of local order in amorphous materials
and liquids, under a variety of external constraints such as pressure, temperature,
humidity, etc. Of special interest in the fields of liquids and amorphous materials
is understanding how liquid or amorphous structures are related to the crystalline
polymorphs of the same composition. Structural relationships established between
the ordered structure of a crystalline polymorph and its corresponding liquid phase
(formed upon melting of the former) often show that the average local order (the
atomic arrangement around every atom in the structure) is maintained upon melting.
An example is that of liquid cesium. A first-order phase transition is observed upon
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compression at 3.9 GPa at 220 and 350 °C. This transition is associated with a
change in the coordination number from 12 to 8, similar to what is observed in the
crystalline system when passing from the Cs II (fcc) to the Cs IV phase (tetragonal)
(Falconi et al. 2005). This kind of transitions in both liquid and solid systems
has been reported for a variety of systems including water (Mishima et al. 1985),
phosphorous (Katayama et al. 2000), or sodium (Raty et al. 2007) to name a few.

While these phenomena are clearly interesting, focusing on understanding the
physical basis for liquid polymorphism has strong implications for the area of
amorphous precursors in biomineralization and for development of new biomimetic
materials. The amorphous precursor strategy is a process by which many organisms
mold their skeletons and shells with a given shape, occupying space in the confining
membranes, making use of the “flexible” and “moldable” hydrated amorphous
structure, before crystallization takes place (Addadi et al. 2003). The existence
of liquid polymorphism and of polyamorphism is relevant, as one could predict
that the local order in the liquid or in the precursor amorphous structure could be
maintained after crystallization. However, this whole process, although not well
understood, is also thought to be controlled by the confining matrix, acting as a
template for crystallization (Vekilov 2010; Giuffre et al. 2013; Hamm et al. 2014),
and by the presence of different impurities (proteins, inorganic and organic ions),
that exert controls over the kinetics of crystallization and over the polymorph
selection (Rodriguez-Blanco et al. 2012; Ihli et al. 2013; Sun et al. 2015). Therefore,
a first step toward understanding this crystallization process would be to robustly
understand the structure of the amorphous precursor.

4.2 The Structure of Amorphous Calcium Carbonate

The structural and energetic characteristics of amorphous calcium carbonate (ACC)
were described using a variety of analytical techniques: nuclear magnetic resonance
(NMR) (Gebauer et al. 2010; Singer et al. 2012; Reeder et al. 2013), infrared and
Raman spectroscopies (Addadi et al. 2003; Rodriguez Blanco et al. 2008; Politi et al.
2004; Wehrmeister et al. 2011; Wang et al. 2012), thermogravimetry and calorimetry
analyses (Radha et al. 2010, 2012; Schmidt et al. 2014), X-ray absorption (Levi-
Kalisman et al. 2002; Michel et al. 2008) and high-energy X-ray scattering
combined with pair distribution function (PDF) analyses (Michel et al. 2008;
Goodwin et al. 2010; Radha et al. 2012; Cobourne et al. 2014), and reverse Monte
Carlo (RMC) modeling (Goodwin et al. 2010; Fernandez-Martinez et al. 2013).
Results concerning the local order structure of ACC converge toward a picture
where Ca?t ions are in an average six- to eightfold coordination, and water has
at least two components that can be classified as adsorbed and structural (restricted
mobility and high energy of desorption). However, no studies have conclusively
offered a picture useful for constructing function-structure relationships. This is due
at least in part to the complexity of naturally occurring ACC, most of which is
biological in origin. Such ACC has biomolecules incorporated in structural “sites”
that are difficult to describe.
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While crystalline materials are defined by the presence of periodicity in their
atomic structures, which translates into the presence of diffraction peaks in their
diffraction pattern, amorphous materials lack long-range order and thus peak in their
diffraction pattern. Such materials only preserve an average local order that can be
described through other techniques, such as the pair distribution function (PDF)
technique (see Fig. 4.1). An amorphous material is at a metastable state formed by a
large ensemble of configurational microstates. The PDF gives a map of the average
interatomic distances over this ensemble (a radial distribution function). It is thus
a useful way to describe the local order of amorphous precursors and to ascertain
whether its structure is different from that of crystalline polymorphs of the same
composition. An example is given in Fig. 4.1, where the PDFs of ACC, calcite,
aragonite, vaterite, and monohydrocalcite are shown. It can be seen that the local
order in ACC does not fit any of the crystalline polymorphs.

From the PDF data, it is not likely that ACC is a nanocrystalline “version” of
crystalline calcium carbonate. However, other studies have pointed some similarities
between ACC and some of the CaCO3 polymorphs. For instance, some studies
further examined the structural motifs in ACC using X-ray and neutron scattering,
X-ray absorption spectroscopy (XAS), and other experimental probes sensitive to
short-range order, such as NMR. Gebauer et al. (2010) showed using carbon-13
nuclear magnetic resonance ('*C-NMR) and XAS that the solution pH influences
local order of the final ACC, with vaterite-like motifs present in ACC precipitated
from more alkaline solutions and calcite-like ACC at less alkaline solutions
(Gebauer et al. 2010). Fernandez-Martinez et al. (2013) noted also that the Ca-Ca
partial PDF obtained from a RMC analysis of high-energy X-ray scattering data of
high-pH synthetic ACC shows two broad oscillations at ~4 and ~6 A, resembling
those of vaterite except for a shift (~0.2 A) to a longer distance for the second
shell (Fernandez-Martinez et al. 2013). This study also shows that the Ca-O partial
PDF of ACC shows a sharp peak at 2.48 A that corresponds to the first shell of
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Fig. 4.2 Ball-and-stick representation of Ca2t local environment in some of the more common
calcium carbonate polymorphs. The planar carbonate molecule CO3%~, with Dy, symmetry, can
be bound to a Ca®™ ion by sharing one or two oxygen atoms with the Ca>t coordination sphere,
i.e., through a monodentate or a bidentate ligand, respectively. The Ca>t coordination number and
the more common ligand type are shown. The coordination number given for vaterite is an average
taken from the different structures that have been proposed

oxygen atoms coordinating Ca?" ions, a distance that falls in between the distance
for vaterite (2.36 A) and aragonite (2.51 A). Other two Ca-O distances at ~4 and
~6.2 A indicate a disordered structure with no recognizable interatomic distances
shared by the crystalline polymorphs (Fig. 4.2).

Summed together, the studies by Gebauer et al. (2010), Michel et al. (2008),
and Goodwin et al. (2010) point to the idea of a disordered vaterite-like mixed
with calcite-like local order in ACC. The existence of many different structures
for vaterite, and the recent finding that the free energies of formation of some of
the most stable structure types fall within the range of thermal energy at room
temperature (Demichelis et al. 2012; Demichelis et al. 2017, Chap. 6), suggests
that many possible bonding geometries are possible for the Ca-CO3 system, which
are possibly quenched during the formation of ACC from saturated solutions.
The inclusion of water molecules in the structure possibly adds steric constraints
resulting in disordered structures for ACC with no long-range order.
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The PDF data clearly suggests that ACC is likely not a highly disordered
crystalline calcium carbonate, though some authors have continued to argue that
ACC is composed of an assemblage of 1 nm size calcite nanocrystals, with a high
defect density (Rez et al. 2014). While this concept does not seem to be widely
accepted in the literature (as noted above, results from other techniques indicate
the opposite), the presence of small nanocrystalline domains in biological and
synthetic ACC should not be completely ruled out (Wehrmeister et al. 2011). TEM
imaging and electron diffraction are possibly the best suitable techniques to test this
particular hypothesis (see De Yoreo et al. 2017, Chap. 1 and Nielsen and De Yoreo
2017, Chap. 18), but TEM data have to be examined with caution due to the high
radiation doses received by the materials under study and the possible beam-induced
crystallization.

4.3 Water in ACC

Water has an important role in (1) the structure, stability, and formation of ACC and
(2) it has been implicated as critical to the ACC to crystalline calcium carbonate
transformation.

4.3.1 Water as a Structural Component in ACC

Most of the studies dealing with the structure of amorphous calcium carbonates have
reported characteristics related to the atomic structure of the Ca?* and CO3>~ ions.
Only a few studies have dealt with the structure and energetics of water, in spite of
its abundance in ACC and other precursors, with values up to 1.4 H,O per CaCO;
in ACC (Radha et al. 2012). Water has been implicated as the key to the structural
stability of ACC (Raiteri and Gale 2010) through formation of stable H bonds with
carbonate molecules (Saharay et al. 2013). A recent NMR study reported that water
in synthetic ACC has four discrete components: (1) translationally rigid structural
H,0, (2) restrictedly mobile H,O, (3) fluidlike mobile H,O that is decoupled
from rigid H and C, and (4) hydroxyl (Schmidt et al. 2014). The same group
reported that only the structural H,O components (2) and (3) are present in biogenic
ACC (Reeder et al. 2013). Molecular modeling work performed by Raiteri and
Gale (2010) showed that ACC surface roughness is a key step allowing for the
cluster aggregation. This mechanism involves the disruption of the surface layer
of adsorbed water. They proposed that water content per formula unit increases
proportionally with ACC cluster size. On the contrary, Wallace et al. (2013) and
(Tribello et al. 2009) showed that ACC clusters dehydrate partially as they grow,
with most water being trapped between clusters during aggregation. Until now,
experimental evidence for the short-range structure and the dynamics of water in
the ACC structure is still lacking.
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Understanding the mesoscale structure of ACC (i.e., the topology of H,O, Ca’*,
and CO3%~ densities) is of interest to know how inorganic and organic impurities can
be incorporated. Scanning electron microscopy (SEM) images revealed a lobular
structure at the scale of hundreds of nanometers, with ACC forming spherical
particles of 20-200 nm diameter size (Koga et al. 1998). This mesoscopic picture
gives an idea about ACC’s porosity, explaining the high content of labile adsorbed
water readily identified in TGA studies (Radha et al. 2012; Schmidt et al. 2014).
TGA and 'H-NMR have also revealed the existence of water molecules with
restricted mobility. From the structural point of view, the question remains about the
internal distribution of H;O vs. CaCOj inside the ACC spheres. At the nanoscale,
a study by Goodwin et al. (2010) described the ACC structure as a “nanoporous
charge-separated framework formed by Ca-rich hydrated regions and Ca-poor
regions, where carbonate ions and water molecules are not bound to Ca ions.”
This description resulted from a reverse Monte Carlo (RMC) analysis of high-
energy X-ray diffraction data. Further work by Singer et al. (2012) using molecular
dynamics simulations showed that charge separation in that framework was not
stable and that the structure reordered after a few simulation steps forming one
that resulted more homogeneous in density and charge distribution. The simulation
results by Wallace et al. (2013) showed similar homogeneous ACC particles. This
result highlights the necessary caution in analyzing RMC simulations. The typical
length of the “charge-separated pores” described by Goodwin et al. (2010) is about
1-2 nm. However, this range of distances is not typically represented in high-
energy X-ray scattering data of amorphous materials (i.e., lacking diffraction peaks,
or periodicity). This points to the need to include small-angle X-ray or neutron
scattering data in the modeling of these structures, in order to obtain information
about porosity or density fluctuations in the structure.

4.3.2 The Role of Water in the ACC to Crystalline
Transformation

A decrease of the water content in ACC during its transformation to vaterite or
calcite was reported. A transient ACC phase, often named “anhydrous ACC,” due
to its low water content as compared to synthetic or biogenic ACC (Raz et al.
2003), was shown to form prior to crystallization, with the crystallization kinetics
depending upon the impurity content (Thli et al. 2013). A recent study linked the
size of ACC spheres with their solubility and with the polymorph selection: smaller
particle sizes (~66 nm) were obtained at higher supersaturations that recrystallize
into vaterite when put in aqueous solution (Zou et al. 2015). On the contrary,
larger particle sizes (~200 nm) were obtained at lower supersaturations, with calcite
being the final polymorph. This study reported also a value for the interfacial free
energy of ACC of axcc = 0.33 J/m?. This value is higher than the interfacial free
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energy values usually reported for calcite, which are in the order of 0.1 J/m? (see
(Fernandez-Martinez et al. 2014) and references therein).

Questions remain open as to what drives this dehydration in biological systems, if
other control factor is present rather than simple thermodynamics. The water content
seems to be inversely proportional to the thermodynamic stability of ACC (Radha
etal. 2010). These observations, together with the results from Wallace et al. (2013)
and Raiteri and Gale (2010), suggest a continuous evolution from a dense, liquid-
like calcium carbonate system, in which polymeric units of Ca-CO3-H,O (as those
described by Raiteri and Gale 2010) evolve to more condensed atomic complexes
or clusters (as those described by Wallace et al. 2013), with most of the water being
expelled out of the clusters (as suggested by Tribello et al. 2009), while the final
solid ACC is formed through a cluster aggregation process. This process is favorable
thermodynamically, as shown by Wallace et al. (2013). The final ACC precipitate
still contains a high water content, but most of it (up to 75 %) is water that is loosely
bound, as shown by Schmidt et al. (2014). Questions remain open about the role
of the remaining “structural” water in ACC’s thermodynamic stability and kinetic
persistence.

4.4 Ionic and Molecular Impurities in ACC

Impurities may have a strong influence over the structure and energetics of ACC.
Magnesium impurities in calcite are probably one of the most studied ones.
Magnesium is known to control the polymorph selection in crystalline calcium
carbonates—calcite vs. aragonite—and to heavily influence the rate of calcite
growth (Davis et al. 2000). Radha et al. (2012) reported that the inclusion of Mg>*
in ACC resulted in increased thermodynamic stability, in addition to the known
kinetic persistence of Mg-bearing ACC. The complete compositional diagram,
ranging from pure ACC to pure amorphous magnesium carbonate (AMC), was
studied using PDF analyses, TGA coupled with evolved gas FTIR, and dissolution
calorimetry. The results show that at low Mg?* contents (~10 % at. Mg?™), similar
to those found in most biominerals, Mg2+—ACC is more stable (see also Chap. 5
by Rodriguez Blanco et al. 2017, this volume). This behavior is similar to that
observed for Mg?" incorporation in calcite at low Mg>* contents (see Fig. 4.3),
suggesting that Mg?™ content in biominerals may be dictated by thermodynamics.
Furthermore, the absolute maximum in stability is found at a concentration of
~50 mol % Mg**, corresponding to the composition of the stable polymorph
dolomite. Amorphous solids with Mg?* contents over 50 % are composed of two
phases, most likely AMC and the 50 % Mg-ACC. This study highlights the role that
Mg**, a common impurity in biogenic ACC, has as stabilizer of the amorphous
structure. It also highlights the ill-defined concept of “amorphous solid solution.”
By definition, a solid solution is a mixture in which one compound is distributed
within the crystalline lattice of another compound. As shown by Radha et al. (2012),
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Fig. 4.3 Enthalpy of formation of amorphous and crystalline compounds with compositions
Ca,Mg;.,CO3-nH,0. Mg>T abundance in biogenic ACC is shown in the inset. Data for amorphous
compounds is represented in empty triangles and filled squares. Empty diamonds and stars
correspond to synthetic magnesian calcite data by (Bischoff 1998) and (Navrotsky and Capobianco
1987). Reprinted from Radha et al. (2012), with permission from Elsevier

the coherent domain sizes in Mg-bearing ACC are not longer than 1 nm. These
authors also showed that the local order in Mg-ACC differs from that of pure
ACC, with Mg-O bond lengths shorter than Ca-O ones, as expected (2.4 vs. 2.1
A). A possible interpretation of this observation is that, at the atomic scale, the
amorphous material is composed of Ca-rich regions or domains spatially separated
from Ca domains, each of them of less than 1 nm in size making them by definition
a physical mixture. However, the behavior of Mg-bearing ACC from the point
of view of energetics (measured enthalpies of formation) describes a situation in
which there is an energetic gain in stability associated with the addition of small
percentages of Mg?™, as observed in the Mg,Ca,;_,COj solid solution (see Fig. 4.3;
the enthalpy-composition curve of the amorphous system shows a similar behavior
to that of the crystalline system). One possible rationalization for this observation
is that, if we consider that the solid is composed of sub-nm Mg-rich and Ca-rich
domains, the interfacial free energy contribution to the total free energy of formation
would be high, possibly adding a negative term constituting the enthalpy of mixing.
More research is needed not only to ascertain the structural arrangements at the
atomic scale but also to correlate these structural descriptions with observation from
other techniques, such as dissolution calorimetry, which gives information at the
macroscale.
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Ionic and molecular impurities affect polymorph selection mechanisms in dif-
ferent ways: (i) they can shift the thermodynamic equilibrium of one phase with
respect to another; (ii) they can act on the crystallization kinetics, poisoning (or
enhancing) the growth of one phase and thus favoring (or inhibiting) the formation
of another one.

4.5 Polyamorphism in ACC

The phenomenon of polyamorphism, or the occurrence of different short-range
order structures for the same substance, remains quite unexplored in the case of
ACC, with only a handful of papers showing experimental results (see review by
(Cartwright et al. 2012), where different experimental evidences pointing to the
existence of ACC polyamorphism are shown). One of the first papers suggesting
the presence of different atomic arrangements in ACC referred to it as: “an
amorphous calcium carbonate phase in which the structure of aragonite is already
preformed” (Hasse et al. 2000). However, studies dealing with the short-range order
of biogenic ACC should be taken with caution due to the existence of impurities
such as co-ions (Mg?*, Na™ ...), organics such as proteins or carboxylic acids,
polyphosphates, or even variable water contents, which have an influence on its
local order (Politi et al. 2008; Sinha and Rez 2015). Along these lines, many
studies on biogenic ACC do not report impurity or water contents, making it more
difficult to catalog different ACC “polyamorphs” and to ascertain composition-
structure-function relationships unequivocally. ACC polyamorphism and perhaps
more importantly the physicochemical factors determining it remain therefore a
quite unexplored field of research.

Defining polyamorphism is not a simple task due to the numerous effects that can
create artifacts in the definition of a pure amorphous structure, such as the presence
of nanocrystalline domains. Also, some criteria used to define ACC polyamorphism,
such as the comparison of Ca-O bond lengths from EXAFS (see (Cartwright et al.
2012) and references therein), are not restrictive enough and do not suffice to declare
a structure as a different calcium carbonate polyamorph. This is due to the large
distribution of bond lengths in amorphous materials that are affected by structural
and thermal disorder, as well as to bond anharmonicity. To our knowledge, only two
studies have reported clear evidence for ACC polyamorphism from spectroscopic
or scattering data: the study by Gebauer et al. (2010) using '3C-NMR showed
different local orders in ACC as a function of the solution pH value, with vaterite-
like and calcite-like short-range order present at high and low pH, respectively. The
second study by Fernandez-Martinez et al. (2013) used RMC modeling of X-ray
total scattering data as a function of applied pressure to describe the formation of
aragonite-like ACC at high pressures and a first-order polyamorphic transition with
a critical pressure of P, ~10 GPa (see Fig. 4.4).
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Fig. 4.4 Experimental proofs of polyamorphism. (a) '3C solid-state NMR spectra of calcite
(dashed blue lines), vaterite (dashed red lines), proto-calcite ACC (blue line) and proto-vaterite
ACC (red line) (Gebauer et al. 2010); (b) Ca-Ca partial pair distribution function (pPDF) of ACC
at different hydrostatic pressures. The double peak observed at high pressures matches the Ca-Ca
pPDF of aragonite. Reprinted with permission of John Wiley and Sons from Gebauer et al. (2010)
and Fernandez-Martinez et al. (2013)

A useful way to describe polyamorphism is to rationalize the structural arrange-
ments of Ca and CO; molecules by determining the number of monodentate vs.
bidentate ligands in Ca-COs units. This was done in a couple of RMC-based studies
(Goodwin et al. 2010; Fernandez-Martinez et al. 2013), where the results were
compared to the bonding geometry of Ca?>* and CO3>~ in crystalline polymorphs.
Calcite, the most stable crystalline CaCO3 polymorph, is formed by CaCOj; groups
linked through monodentate ligands (see Fig. 4.2). Most of the structures that
have been reported for vaterite show equivalent number of monodentate and
bidentate ligands. RMC analyses by Goodwin et al. (2010) and Fernandez-Martinez
et al. (2013) reported an approximate number of 50 % for each of these two
molecular configurations. In addition, Fernandez-Martinez et al. (2013) showed that
this proportion changes as a function of the external pressure, with the number
of bidentate ligands increasing with pressure, reaching values close to those of
aragonite (the CaCOj3; polymorph stable at high pressure). It is therefore possible
that the changes in these proportions can be the underlying reason for the polymorph
selection (e.g., more bidentate ligands favors aragonite over calcite). Further studies
are necessary to systematically address the effects of external factors (pressure,
temperature, humidity, solution pH value, etc.) on ACC polyamorphism (Fernandez-
Martinez et al. 2013).

The significance of ACC polyamorphism is also under debate (Cartwright et al.
2012). The question of whether or not distinct structural motifs in the amorphous
material are intimately related to the structure of the CaCOj; crystalline poly-
morph formed ultimately remains an open question, with multiple ramifications.
Underneath this question lies a more fundamental unknown about the mechanism
of crystallization of the amorphous structure itself. Two mechanisms are usually
considered: a dissolution-reprecipitation process (Nielsen et al. 2014) or a solid state
transition (Politi et al. 2008; Gong et al. 2012; Thli et al. 2014). The relevance of the
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ACC polyamorphism seems thus to be directly dependent on the ACC crystallization
mechanism. In a dissolution-reprecipitation crystallization mechanism, the structure
of the amorphous precursor itself could become irrelevant. In contrast, the ACC
local structure would be determinant if a solid state transition is the preferred
crystallization pathway, due to the supposed similarities in the local order of the
amorphous and the final crystalline structure. Of course, the answer to the question
is that both mechanisms are relevant, each of them under different conditions.
Recent in situ TEM investigations showed that dissolution-reprecipitation of ACC
is the dominant mechanism of ACC crystallization in aqueous solution (Nielsen
et al. 2014), a fact that seems logical given its high solubility (Kellermeier et al.
2014; see also Rodriguez-Blanco et al. 2017, Chap. 5). Solid state transitions at
relevant temperatures have been less studied (Politi et al. 2008; Gong et al. 2012;
Ihli et al. 2014). A different type of pathway that has until now only been tested
by Ihli et al. (2014) (to the best of our knowledge) could be also relevant here:
several experimental studies reported the existence of interface-mediated processes
that result in coupled interfacial dissolution-reprecipitation of minerals at mineral-
water interfaces (Ruiz-Agudo et al. 2014; Hellmann et al. 2015). In situ studies
showed that these mechanisms lead to mineral replacement through precipitation
processes occurring under conditions where the bulk fluid is undersaturated with
respect to the precipitating phase (Ruiz-Agudo et al. 2014). The explanation for
this behavior is based on the fact that ion concentrations at water-mineral interfaces
differ from those at the bulk due to the existence of an electric double layer. The
thermodynamic concept of bulk fluid supersaturation is therefore not useful here,
and a precise theoretical account for these phenomena is still lacking due to the
existing limitations to describe the structure and dynamics of the electric double
layer. Given the hydrous nature of ACC, it could be hypothesized that similar
phenomena could be at play at the ACC-water interface. Going beyond this picture
of the dissolution-reprecipitation, one could hypothesize as well that if interfacial
dissolution is only partial, structural motifs of the original ACC could persist
during the reprecipitation process. This would make ACC polyamorphism a relevant
phenomenon, given the “survival” of the structural features of the amorphous phase
during the crystallization process.

Some recent studies on pre-nucleation clusters suggest that the local order in
the amorphous precipitate is inherited from that of the clusters from which it is
formed (Habraken et al. 2013; Wallace et al. 2013). This involves thus the presence
of an aggregation-based process of pre-nucleation clusters, which were shown to be
accompanied by cluster dehydration (Raiteri and Gale 2010; Wallace et al. 2013).
Although, the structure of the pre-nucleation clusters has not been described yet, the
different short-range ordering observed in the final ACC suggests that the clusters
could have variable structures depending on the solution pH value from which they
are formed (Gebauer et al. 2010).

A similar type of mechanism has been observed in a different family of
amorphous precursors: amorphous calcium phosphate (ACP). Habraken et al.
(2013) showed that ACP nucleation on collagen goes through a nonclassical
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Fig. 4.5 Left: 2 x 2 x 1 supercell of hydroxyapatite (Hughes 1989). Right: 2 x 2 x 1 supercell of
octacalcium phosphate (Brown 1962). The hexagons in both structures highlight the same cluster of
atoms formed by a central Ca>t and six neighboring PO4>~ anions. The main difference between
both structures comes from the different packing of these atomic clusters

mechanism involving the formation of pre-nucleation clusters of [Ca(HPO4);]*~
that aggregate in solution forming different fractal arrangements and eventually
precipitate forming ACP. The structure of these clusters was to be constant, with
only changes in their aggregation geometry being responsible for the resulting
crystalline polymorph formed. Actually, similar atomic arrangements at the local
scale can be observed in two of the polymorphs in the calcium phosphate system,
octacalcium phosphate and hydroxyapatite (see Fig. 4.5), so the fact that they are
formed from the same type of clusters is not surprising.

As mentioned above, the presence of impurities in ACC and their effect on
the local order can be an impediment to properly define polyamorphism. The
existence of an “aragonitic” ACC was suggested by different authors in biogenic
ACC (Hasse et al. 2000; Marxen et al. 2003). However, none of these studies
reported the chemical compositions, making it more difficult to ascertain whether
true ACC polyamorphism is present in those systems or not (most likely not, given
the usual high concentrations of other cations such as Mg?* in biominerals at about
10 % (Radha et al. 2012)). This is an important point, because the polymorphism
and polyamorphism are circumscribed by definition to a single compositional phase.
The question remains open as to whether structural variations in ACC are caused by
external physicochemical factors that induce different local order in the CaCO3-H,O
phase (i.e., true polyamorphism), or if the different structures are due to the presence
of other ions or molecules.
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4.6 Outlook

The existence of amorphous precursors to calcium carbonates and calcium phos-
phates has been known for some 40 or more years. But it has been only in the
last 10 years that the community has made significant progress in understanding
the structure-property relationships in amorphous precursors. This is partly due to
the continuous development of advanced characterization tools that allow obtaining
unprecedented molecular-scale information on atomic structures and processes.
Some of these tools include in situ electron microscopy, modern X-ray scattering
methods, 2D NMR on quadrupolar nuclei such as *Ca, and molecular dynamics
simulations on very large systems. However, much work is still needed to be able
to construct a detailed picture of the ACC system. Efforts need to be directed to the
development of an ACC model that is testable and predictive of structure-function
relationships. An implicit problem to the study of highly disordered phases is our
difficulty to ascertain to what extent the amorphous structure contains structural
motifs of its crystalline counterparts. This is especially important because we still
do not know how polymorph selection is controlled in calcifying organisms. Related
to this is the need of building an understanding of the role of impurities. These
are responsible for ACC’s kinetic behavior and therefore are of great interest for
the development of applications such as the synthesis of functional biomimetic
materials. More studies need to be addressed to the study of the dynamic behavior
of ACC, with emphasis on the structure and dynamics of water. ACC is a highly
hydrated compound, with a dynamic structural behavior. Open questions remaining
include (1) how the presence of ionic or organic impurities affects atomistic
dynamics and (2) what their effect is on the crystallization kinetics. These questions
need to be addressed with the aid of advanced characterization techniques, both
from an experimental and theoretical perspective, in multidisciplinary approaches,
including the contributions from the biological sciences.
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Chapter 5
ACC and Vaterite as Intermediates
in the Solution-Based Crystallization of CaCO;

Juan Diego Rodriguez-Blanco, Karina K. Sand, and Liane G. Benning

5.1 Introduction

Calcium carbonate minerals are ubiquitous on Earth where they play a key role in
many marine and terrestrial biomineralization processes (e.g., see also Chap. 9 by
Falini and Fermani in this book). Their ubiquitous nature makes them key players
in controlling a large part of the global carbon cycle. At ambient temperatures, they
very often crystallize from solution via two intermediate phases: amorphous calcium
carbonate (ACC) and vaterite.

ACC is a poorly ordered material (50-500 nm) (Rodriguez-Blanco et al. 2008)
that in its pure form (no other cations but Ca>* present at formation) consist of
a Ca-rich framework with 1-nm diameter interconnected pores that contain water
and carbonate ions (Goodwin et al. 2010). In recent years, ACC has been shown to
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exhibit a complex chemical make up with variable hydration states linked to its
“structure” at the short-range scale (Radha et al. 2010). Laboratory-synthesized
ACC is often highly hydrated (<1.6 mols of water per mole of CaCO;3;) and
thermodynamically unstable. In the absence of additives, and when equilibrated
with the solution, ACC transforms extremely fast (<2 min at 25° C; Rodriguez-
Blanco et al. 2011) to crystalline CaCOj3 polymorphs. This transformation can take
multiple, and sometimes complex, pathways that are dependent on the physico-
chemical environment. Conversely, biogenic ACC is often initially hydrated, but
during aging of ACC-rich biominerals (e.g., spine spicules; Gong et al. 2012),
it slowly dehydrates concomitantly increasing its short-range order. In contrast to
synthetic ACC, biogenic ACC can persist for days in the animal (Gong et al. 2012)
and months when extracted and stored in dry conditions (Politi et al. 2008; Gong
et al. 2012). Similarly carbonate concretions that are released by certain earthworm
species (e.g., Brinza et al. 2014; Hodson et al. 2015) contain ACC stabilized for
very long time periods, yet the reason of this stabilization is still unknown.

The main problem is the fact that the degree of ordering, hydration, particle size,
and crystallization of ACC are largely controlled by its origin and conditions of for-
mation. These include a number of factors like temperature, pH, and concentration
of foreign ions in solution (e.g., Mg?*, SO,2~, PO,>~, organics, etc.). For example,
pure ACC usually transforms to calcite via a vaterite intermediate at low tempera-
tures (<30 °C) and via aragonite at higher temperatures (>60 °C). However, small
variations in initial pH of the aqueous solution (Tobler et al. 2016) or the presence of
divalent ions (e.g., Mg?™, Sr>*) or organics (e.g., aspartic acid, glutamic acid, citric
acid, etc.) can dramatically affect the crystallization rates and pathways of ACC,
also resulting in the incorporation of variable amounts of these ions in the ACC
structure (e.g., Wang et al. 2009; Rodriguez-Blanco et al. 2014; Tobler et al. 2015).

So far most studies focused on the formation and crystallization of ACC in
abiotic systems (e.g., Ogino et al. 1987; Faatz et al. 2004; Radha et al. 2010;
Rodriguez-Blanco et al. 2011). However, many biomineralization processes that
ultimately lead to calcite or aragonite as the prime calcium carbonate phase occur
within a biological membrane where (1) the activity of water is lower compared
to a “pure” aqueous solution and (2) there is a high concentration of organic
macromolecules, which fulfill a wide variety of functions (e.g., energy storage,
structural protection, insulation). It is well known that the two most abundant
CaCOs3 biominerals (i.e., calcite and aragonite) have remarkable morphologies,
defined crystallographic orientations, and extraordinary functional properties (Dove
et al. 2003). However, many biomineralizing organisms use the ACC to crystalline
calcium carbonate pathway to control particle shape, crystallographic orientation,
and crystalline polymorph during the formation of their shells, spines, etc. One of
the best-known examples of ACC produced in biomineralization processes is found
in sea urchins, which produce elongated single crystals of calcite with the c-axis
aligned parallel to the length of the spicules. However, important for this chapter is
the fact that they do this by controlling the deposition and crystallization of ACC
within a biological membrane (Beniash et al. 1997). Similarly, ACC has also been
found in the intestinal lumen of gilt-head sea bream Sparus aurata (Foran et al.
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Fig. 5.1 CaCOj; biomineralization produced by earthworms. (a) spherulitic deposit showing an
ACC region with some minor contributions of crystalline phases in the form of small clusters (inset
circle: selected area electron diffraction diagram of a vaterite single crystal represented along the
[—2 0 1] zone axis). (b) Area of the spherulite showing vaterite nanocrystals partially transformed
to calcite (calcite domains tend to be oriented with lattice planes parallel to the spherulite’s edge
and the regions between vaterite domains are separated by amorphous areas). The selected area
electron diffraction diagram shown in the inser at the bottom of this figure corresponds to a single
crystal of vaterite viewed along [0—1 0] showing these features. The fop inset shows the fast
Fourier transform analysis of the whole micrograph revealing a powderlike pattern (See more
details in Gago-Duport et al. 2008)

2013), in some plants as the main component of cystoliths (Gal et al. 2012) and in
earthworms’ calciferous glands (Gago-Duport et al. 2008; Hodson et al. 2015). On
the other hand, vaterite formed from ACC is often unstable. Nevertheless, although
vaterite is rarely preserved in geologic settings (compared to calcite and aragonite),
it is more common as a product of biomineralization. For example, vaterite has
been found in earthworms calciferous glands (e.g., Fig. 5.1; Gago-Duport et al.
2008; Brinza et al. 2014), otoliths (Wehrmeister et al. 2011), lackluster pearls (Qiao
et al. 2007), or spicules of tropical ascidian (Lowenstam and Abbott 1975; Kabalah-
Anmitai et al. 2013) or in aberrant growth of mollusk shells repaired after an injury
(Isaure et al. 2010).

In recent years, these unusual biomineralization processes have attracted con-
siderable interest because of their potential to be replicated, and controlled, in
the laboratory. By using different methods (e.g., molecular templates, tailored
self-assembly mechanisms), it could be possible to manufacture industrial CaCOj3
nanoparticles with specific sizes and shapes that would result in many applications
for material sciences, biomedical research, food, agriculture, etc. For example, the
crystallization processes of carbonates have great potential for incorporation of
proteins or pharmaceutical compounds (e.g., insulin; Fujiwara et al. 2010), opening
the door to simple and cost-effective methods for storage and targeted drug-delivery
applications (e.g., vaterite nanocapsules; Parakhonskiy et al. 2012). All these
applications require an understanding of the fundamental factors controlling the
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structures and crystallization pathways of calcium carbonates during the ear-
liest stages of crystallization, i.e., during the formation of metastable phases
like ACC and vaterite. However, the instability and rapid transformation ten-
dency of ACC (e.g., in the pure system, seconds—minutes) can make an in depth
characterization very difficult. Furthermore, to follow the rapid transformation
reactions to crystalline carbonate, especially when they proceed via short-lived inter-
mediate phases (e.g., vaterite, aragonite) is also not trivial. However, over the last
few years, new experimental and characterization approaches have been developed,
combining classical characterization techniques with methods that allow in situ and
real-time monitoring of the reactions (e.g., time-resolved synchrotron-based scat-
tering and diffraction, in situ liquid cell high-resolution microscopy, time-resolved
spectrophotometry, in situ titrations, and ultracentrifugation; Rodriguez-Blanco
et al. 2011; Nielsen et al. 2014; see also Chap. 18 by Nielsen and De Yoreo in this
book; Burke et al. 2015; Tobler et al. 2015). These techniques have provided very
useful data to attain the mechanisms and quantify the kinetics of ACC crystallization
in abiotic systems. In addition, they provided a detailed understanding of how
calcium carbonate phases form during biomineralization processes when the system
moves from ACC toward thermodynamic equilibrium with calcite.

5.2 Mechanisms of Crystallization of Vaterite and Calcite
from ACC

Since the 1970s, vaterite was assumed to be a possible precursor phase during the
formation of CaCOj in sediments (Rowlands and Webster 1971). This assertion
was confirmed by experimental observations showing that vaterite forms prior to
calcite, at moderate or high supersaturations (Ogino et al. 1987). In addition, now it
is well known that natural ACC crystallizes to vaterite in solution. Yet, the debate
about the mechanisms of crystallization of vaterite from ACC, also linked to the
complexity of determining its precise mineral structure (Kabalah-Amitai et al. 2013)
and understanding its thermodynamic stability (Wang and Becker 2012), is in part
still ongoing.

Just recently, cryo-TEM studies revealed that the transformation from ACC to
vaterite can occur through a direct solid-state transformation. Crystalline domains
have been observed after the aggregation of ACC nanoparticles into larger particles,
and this was coupled with dehydration of the precursor phase. This combined
aggregation and crystallization of ACC is considered to result in the development of
randomly oriented crystalline domains that forms the typically observed spherical
aggregates (Pouget et al. 2009; Pouget et al. 2010).

However, most studies consider that the ACC-vaterite transformation is a
solution-mediated transformation mechanism that consists of ACC dissolution
coupled to vaterite crystallization (e.g., Shen et al. 2006). Over the last decade, a
number of nucleation and growth studies have taken advantage of the developments
in synchrotron-based scattering and diffraction technologies that allow quantifying
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such reactions in situ, and real time, for more realistic conditions. Such methods
have been previously tested on other minerals systems like amorphous silica
(Tobler et al 2009; Tobler and Benning 2011), iron compounds (e.g., sulfides:
Cahill et al. 2000; oxides: Davidson et al. 2008; Vu et al. 2010; Brinza et al. 2015)
and sulfates (Ahmed et al. 2010). All these studies followed the formation and
transformation of phases in situ and in real time based on changes in diffraction
or scattering properties of the solids that were reacting in the aqueous solutions.
Recently, this approach was also applied to the crystallization of ACC (Fig. 5.2),
and this was possible at very high temporal resolutions (1 s/scan), over realistic
time spans (secs-10’s of secs), and for a wide range of supersaturation, temperature,
pH, and additive concentrations. These studies provided new data on the nucleation
and growth of CaCOj phases, i.e., the evolution of their particle sizes and shapes
as well as the changes in short- or long-range order (crystallinity) of solids that are
in continual contact with the reacting solutions. We crystallized (Bots et al. 2012;
Rodriguez-Blanco et al. 2012) vaterite and calcite from solution via ACC from
mixtures of highly concentrated (1 M) Na,CO3 and CaCl, solutions. They followed
the reactions at 1-30 s time frames using small- and wide-angle X-ray scattering
(SAXS/WAXS) and showed that the polymorph selection during the crystallization
of ACC was highly pH-dependent but that other additives also changed the reactions
dramatically. While a neutral (<7) starting pH during mixing promoted the direct
transformation of ACC into calcite, when ACC formed from a solution with a basic
initial pH (<11.5), the transformation to calcite occurred via metastable vaterite
(Fig. 5.2). The early stages of crystallization of vaterite from ACC at basic initial pH
(<11.5) and starting saturation index of SI =4.2 started with the rapid breakdown
of ACC and was followed by an equally rapid nucleation and spherulitic growth of
vaterite (<2 min).

Spherulitic growth is a fast growth process that proceeds via the continuous
nucleation of new nanoparticles on the surface of an already existing particle (core)
via non-crystallographic branching. This nucleation-controlled growth process is
usually termed “growth front nucleation” or “secondary nucleation” (Grandsy et al.
2005; Shtukenberg et al. 2012). In this process, there is no structural relationship
between the newly nucleated particles and the already existing ones. This results in
the formation of micrometer-sized spherulites that consist of aggregates of monodis-
perse nanoparticulate crystallites. Spherulitic morphologies have been categorized
in two types: spheres (category 1) and dumbbells (category 2). This morphological
variability is related to an orientation-dependent grain boundary energy change.
Andreassen et al. (2010) experimentally demonstrated that spherulitic growth of
vaterite directly from solution (i.e., not via an ACC precursor) requires a high
crystallization driving force (i.e., SI>2-3) to promote fast crystallization rates,
leading to the formation of spherical nanocrystal aggregates. Spherical aggregates of
vaterite crystallized via ACC have often been observed (Fig. 5.2), yet morphological
evidence on its own is not satisfactory to provide definitive confirmation for
spherulitic growth. Such evidence was derived from the change in saturation
index of vaterite in the aqueous solutions at equilibrium with respect to ACC
which was SI=1.4 (Bots et al. 2012). However, SAXS/WAXS data revealed a
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Fig. 5.2 Top diagram shows an schematic representation of the proposed multistage
ACC — vaterite — calcite crystallization pathway (fop) with the underlying combined reaction
progress, 0ACC, Uyaterites aNd Aealcite, fOI the full crystallization reaction in the pure ACC system (the
green triangles and full black squares represent the ACC and vaterite from Bots et al. (2012) and
the open squares and red triangles represent the vaterite and calcite from Rodriguez-Blanco et al.
2011); stages 1, 2, and 3 of the reaction mechanism are labeled on the figure. FEG-SEM images
show the solid phases that form during these stages of the crystallization process. Pictures on the
top correspond to the ACC — vaterite transformation: amorphous calcium carbonate (ACC) (a),
ACC and vaterite nanoaggregates (b, ¢), and vaterite nanoaggregates (d, e). Pictures at the bottom
correspond to vaterite — calcite transformation: vaterite nanoaggregates and first calcite crystals
(f), calcite crystals attached to vaterite spheres with the development of growth steps on the calcite
surface (g), calcite growth steps and vaterite nanoparticulate subunits, (h) and calcite crystals with
vaterite casts (i) (after Rodriguez-Blanco et al. 2011)
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fast breakdown of minor amounts of ACC prior to the crystallization of vaterite,
resulting in a rapid increase in supersaturation, providing the high crystallization
driving force needed for spherulitic growth. In addition, these data showed that the
ACC—vaterite reaction proceeded via a continual dissolution of ACC and growth
of vaterite. ACC that started off as ~35 nm particles was present until virtually all
the vaterite had formed, keeping the supersaturation at a sufficiently high level to
allow continuous vaterite nucleation. Furthermore, the SAXS/WAXS data clearly
showed extremely rapid crystallization rates of vaterite, which are typical during
a nucleation-controlled growth mechanism like spherulitic growth. Overall, the
high level of supersaturation due to the breakdown of ACC promoted very rapid
crystallization kinetics. The complete crystallization of vaterite occurred in <2 min
and the average crystallite/particle sizes for the vaterite started off at ~10 nm,
consistent with a nucleation dominated particle formation reaction with very little
or no surface growth. At the end of the reaction, the particles reached a maximum
size of ~40-60 nm, depending if sulfate was present in the aqueous solution or not.

Although spherulitic growth has been observed in other systems (i.e, polymers
supercooled from a molten state or viscous magmas; Shtukenberg et al. 2012 and
references therein), in carbonates it is promoted when the difference in solubility
between the amorphous precursor phase and any crystalline phase is largest.
Besides vaterite, other carbonates can also grow by a spherulitic mechanism: calcite
(Rodriguez-Blanco et al. 2012), aragonite (Sand et al. 2012), monohydrocalcite
(Rodriguez-Blanco et al. 2014), dolomite (Rodriguez-Blanco et al. 2015), or even
REE-bearing carbonates like tengerite, kozoite, or hydroxylbastnasite (Vallina et al.
2014; Vallina et al. 2015) (Fig. 5.3). Interestingly, spherulitic morphologies are not
just a vagary of experimental systems as they have also been observed in natural
biogenic carbonates like corals that crystallize aragonite (Holcomb et al. 2009) or
in microbial systems that produce proto-dolomite/dolomite (Warthmann et al. 2000;
Sanchez-Roman et al. 2011). Again, these reactions proceed when locally very high
supersaturations are reached. The fact that Mg?* and REE3" ions play an important
role in the process is primarily linked to their high dehydration energies (Fedorov
et al. 2002; Di Tommaso and De Leeuw 2010). When they are present within the
porous structure of the precursor phase, they retard its dehydration, thereby reducing
the rate of dissolution and decreasing its overall solubility. As a result, in abiotic
systems, high temperatures are sometimes required to promote the breakdown of
the amorphous precursor phase and the fast increase in supersaturation levels during
the crystallization process.

Above we primarily focused our discussions on how ACC transforms to vaterite.
We also showed that once metastable vaterite has fully formed, it starts transforming
into calcite. This process is temperature-dependent. We (Rodriguez-Blanco et al.
2011) derived the rates and energetics for the vaterite—calcite transformation
reaction from 7.5 to 25° C, conditions which are relevant for both biomineralization
and industrial calcium carbonate formation reactions. We found that the vaterite—
calcite transformation is a surface-controlled process that occurs at much slower
rates (e.g., 6 h at 25°°C) compared to the formation of vaterite via spherulitic
growth (minutes). We also showed that the surface area of the newly forming calcite
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Fig. 5.3 Spherulitic morphologies of the first crystalline products obtained after the breakdown
of pure or Mg-bearing ACC: (a) calcite, (b) vaterite, (¢) Mg-calcite, (d) monohydrocalcite, (e)
dolomite. Hydromagnesite (Mgs(CO3)4(OH), - 4H,0) is also a seen in the background of images
(d) and (e) as it is usually a secondary product that forms during the crystallization of monohy-
drocalcite and dolomite. % Mg shown in each picture corresponds to [Mgz"']aq/[CaZ"']aq +100 in
solution before the formation of ACC

controls the crystallization rate. This reaction proceeds via the slow dissolution
of vaterite, followed by the gradual increase in its porosity and the release of
calcium and carbonate ions into the solution. This leads to a surface-mediated
dissolution—reprecipitation and growth of calcite crystals (Fig. 5.2f-h). This calcite
consists of crystals with rhombohedral morphologies because during the vaterite—
calcite transformation, the aqueous solution is in equilibrium with respect to vaterite,
so the saturation index of calcite (SI = 0.57) is too low to favor spherulitic growth.
Although calcite is sometimes a product of the recrystallization of vaterite,
the formation of ACC at neutral (~7) starting pH and at high supersaturations
can also result in the primary crystallization of spherulitic calcite (Beck and
Andreassen 2010; Rodriguez-Blanco et al. 2012). Again, this is driven by the large
enough difference between the solubility of ACC and calcite to provide the high
supersaturation (SI>2-3) needed for spherulitic growth. Spherulitic calcite is not
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so common in nature compared to spherulitic vaterite, but there are examples that
show that these morphologies may originate during biomineralization processes.
Many species of earthworm secrete granules of calcium carbonate that are formed
within the earthworm’s calciferous glands. These granules are mainly made of
calcite but also contain remnant ACC, vaterite, and aragonite (Canti and Piearce
2003; Briones et al. 2008), and their morphologies are similar to calcite crystals that
form in laboratory experiments when ACC precipitates from highly supersaturated
solutions and crystallizes to calcite via spherulitic growth (e.g., Fig. 5.3a).

Two main factors explain the different crystallization pathways of ACC to either
primary vaterite or calcite. The first one relates the structure of ACC and its
formation mechanisms and pathways. Gebauer et al. (2008) suggested that the
binding strength of Ca?>" and CO3?~ ions within the ACC precursor clusters is
pH-dependent and controls the structure, stability, and crystallization pathways of
ACC. This way, ACC formed at a basic pH has a vaterite-type local structure and
promotes the crystallization of vaterite over calcite, while ACC formed at a neutral
pH has a calcite-type local structure and crystallizes directly to calcite. The second
factor relates pH, solubility, and the dissolution rate of ACC (Kojima et al. 1993).
The solubility (and dissolution rate) of ACC increase proportionally with formation
pH, and thus, the saturation index for any anhydrous crystalline carbonate when an
aqueous solution is in equilibrium with respect to ACC will be directly proportional
to the pH at which ACC formed. Taking all this together, an ACC precursor formed
at high pH does not only have a vaterite-type local structure but also promotes
the crystallization of vaterite because of its higher solubility and dissolution rate.
Conversely, ACC formed at a starting neutral pH has a calcite-type local structure
and also a lower solubility so it tends to transform directly to calcite (Demichelis
et al. 2011; Raiteri et al. 2012; Gebauer et al. 2014; also see Chap. 6 by Demichelis
et al. 2017 in this book).

It is very important to take into account that ACC formation is extremely fast
(<0.1 s), even at low supersaturation levels. This is critical for most experimental
methods used for calcium carbonate crystallization and in particular when solution
mixing-based methods are used (as opposed to slow diffusion methods). As ACC
is forming during fast mixing, it is experimentally challenging to avoid local
differences in the mixed solution and thus local ACC formation regardless how
rapid or homogeneous mixing can be achieved. For example, when a CaCl,
solution is added to a Na,COj; solution, the first ACC nanoparticles form in a
higher pH environment compared to those ones forming at the end of the mixing
procedure. This means that during the mixing procedure, we have a changing pH
that affects the short-range structure and chemical composition of any forming ACC
(e.g., hydration, incorporation of OH™ ions). As a result, ACC nanoparticles with
different short-range structures (vaterite and calcite type) can coexist in the same
experiment/sample. This naturally downstream during the crystallization process
can also result in a mixture of vaterite and calcite (Zou et al. 2015). There are other
parameters that can also affect strongly the outcome of mixing experiments; these
include temperature, concentrations/supersaturation levels of the starting solutions,
aqueous Ca’"/CO3%~ ratios, pH of the final solution once equilibrium with respect
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to ACC has been reached, stirring/shaking rate, additives, etc. In addition, the
particle size of ACC is inversely proportional to the initial supersaturation, and this
needs to be taken into account because the solubility of nanoparticles is inversely
proportionally with the particle size (e.g., Hochella et al. 2008). Considering this
large number of variables, it is not surprising to find experimental reproducibility
problems during synthesis of crystalline CaCO3; polymorphs at high supersatu-
rations. In fact, some variables that seem to be negligible or difficult to control,
like mixing procedure, stirring rate or small variations in the concentrations of the
starting solutions, are actually significant enough to affect the short-range structure,
dissolution kinetics, and crystallization pathways of ACC (e.g., Zou et al. 2015;
Seveik et al. 2015).

5.3 The Effect of (In)organics in the Formation of ACC
and Vaterite

A wide range of industrial, medical, and pharmaceutical applications rely on
simple protocols to produce CaCO; phases in a way that they can have a high
degree of control over the resulting polymorph type and morphology. Organisms
are experts in this field, and it is well known that the formation of calcium
carbonates most often proceeds in the presence of, or through templating on, simple
inorganic/complex organic molecules. This leads to elaborate morphologies and
textures that could have innumerable applications (e.g., Trushina et al. 2014) in
industry if we were able to reproduce them. Over the past decades, researchers
have taken inspiration from biomineralizing organisms and employed a range of
organic and inorganic compounds aiming to mimic their strategies and achieve
control over morphology, textures, composition, and shapes of biomimetic CaCO3
phases (e.g., Kim et al. 2011; Schenk et al. 2014a, b). This is not easy because
the diversity of possible compounds that could be used as additives or templating
agents span from simple ions such as Mg>*, Sr>*, REE**, SO4>~, PO,*~, and
Si042~ to a suite of organic molecules including (poly)carboxylates, cationic and
anionic polyelectrolytes, amino acids, (block) copolymers, surfactants, proteins,
polysaccharides, phosphate compounds (e.g., phosphoenolpyruvate), dendrimers,
and alcohols (Meldrum and Colfen 2008 and references therein).

The effects of (in)organic compounds on the formation of ACC and its crys-
tallization to vaterite are primarily linked to variations in ACC lifetime, vaterite
morphologies, and particle size. As explained above, these are usually coupled
to variations in formation and crystallization mechanisms and pathways. Changes
in vaterite morphology are quite common, both when it crystallizes as a single
crystal (e.g., development of preferred crystal faces; Hu et al. 2012) or when
it forms aggregates of nanoparticles (e.g., variation in angle of branching of
spherulites, formation of hollow spheres; Cai et al. 2008; Beck and Andreassen
2010). The detailed outcome of such reactions varies greatly with the complexity
and concentrations of additive, variations in starting and end solution compositions,
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and the experimental method used. The effects that (in)organic additives have
on ACC to vaterite transformations also depend on density and chemistry of
the functional groups in a polymer molecule but also a range of other factors
such as their structure, chain length, hydrophobicity, or conformation. Provided
a sufficient amount of an (in)organic additive is present, the lifetime of ACC
and/or vaterite is usually prolonged, either by stabilization via a protective organic
coating (Gal et al. 2013), inhibiting the formation of crystalline phases (e.g.,
Mg?™" unstabilizes the structure of vaterite; Rodriguez-Blanco et al. 2012) and/or
incorporation of the additives which slow down the dehydration of ACC dur-
ing its transformation (Rodriguez-Blanco et al. 2014; Rodriguez-Blanco et al.
2015).

Inorganic additives are usually incorporated into both ACC and vaterite. How-
ever, the incorporation of inorganic cations or anions into a crystalline CaCOj3
polymorph is favored or inhibited depending on its structure. For example, tetra-
hedral anions such as SiO42~ and PO43~ do not fit well into the calcite structure,
and their presence results in the stabilization of ACC and vaterite but the inhibition
of their transformation to calcite (Gal et al. 2010). Most of the studies about
inorganic additives on carbonate formation pathways or stability have focused on
the effects of Mg?>™ and SO4%~ ions, as they are most abundant divalent ions
in our oceans and because they are considered to control the primary inorganic
marine calcium carbonate mineralogy throughout the Phanerozoic (Bots et al.
2011). On the other hand, sulfate slows down the rate of vaterite formation and
particle growth (transformation of ACC to vaterite is ~10 % slower than in the pure
system), but most importantly, the presence of sulfate stabilizes vaterite (Bots et al.
2012). The effect of Mg?>* on the mechanism of ACC and vaterite formation is
remarkable: Mg?*t gets incorporated in ACC and calcite, but the vaterite structure
becomes unstable at higher Mg?™ concentrations (Bots et al. 2012). Mg?™ ions
have a higher dehydration energy compared to Ca*>* (Di Tommaso and de Leeuw
2010), and hence, the presence of Mg?™ in ACC affects its dehydration prior
to crystallization and reduces its dissolution rate. A slower rate of dissolution
is translated into a slower increase of the solution supersaturation, influencing
the crystallization pathways. In contrast to pure ACC, which directly crystallizes
to vaterite or calcite (Rodriguez-Blanco et al. 2011), an increasing content of
Mg?T in ACC increases its stability and promotes the crystallization of Mg-
calcite (10 % Mg>"; Rodriguez-Blanco et al. 2012), monohydrocalcite (30 % Mg>™;
Rodriguez-Blanco et al. 2014), and dolomite (50 % Mg>"; Rodriguez-Blanco et al.
2015). In particular, the crystallization of dolomite from Mg-bearing ACC requires
high temperatures (> 60° C) because of the larger energy needed to dehydrate ACC
with a high Mg content (Cagg0sMgo304CO3 - 1.37H,0; Rodriguez-Blanco et al.
2015). After a temperature-dependent induction time, Mg-ACC partially dehydrates
and orders prior to its rapid (<5 min) crystallization to nonstoichiometric proto-
dolomite via spherulitic growth. Proto-dolomite has no ordering of Mg>* and
Ca®™ within its structure and transforms to highly crystalline and stoichiometric
dolomite on a much longer timescale (hours to days), via an Ostwald-ripening
mechanism (Malone et al. 1996). This crystallization route is completely different
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to the well-known dolomitization of calcite (secondary replacement of Mg?* into
previously precipitated calcite; e.g., Sibley et al. 1994) and is an excellent example
of how inorganic ions can affect the crystallization pathways of carbonates and the
stability and solubility of ACC.

In the case of organic additives, anionic groups have been proved important for
ACC and vaterite stabilization in solution (Naka et al. 2006; Olderoy et al. 2009;
Gal et al. 2010; Boyjoo et al. 2014; Tobler et al. 2014; Tobler et al. 2015). Some
organics have given particularly interesting results, like polyacrylic acid (PAA; Xu
et al. 2008) and polymerized dopamine (Wang and Xu 2013), stabilizing ACC up
to half a month in solution and more than a year in dry conditions, respectively.
In the case of vaterite, peptide block copolymers are able to inhibit the vaterite—
calcite transformation at least a year (KaSparova et al. 2004). In most cases, the
majority of the organic additives are adsorbed on the surface of the nanoparticles,
so their lifetimes are proportional to the concentration of additive. This coating is
thought to prevent particle aggregation and recrystallization by limiting diffusion
(Gal et al. 2013) or by making them less soluble (Gal et al. 2014). Incorporation,
and an associated change in the short-range structure of ACC particles, has been
reported for citrate (Tobler et al. 2015). However, for amino acids such as glycine
and aspartic acid, ACC was also stabilized, but incorporation was not observed at
comparable concentrations (Tobler et al. 2014). Organic compounds have also been
reported to change the crystallization mechanism of vaterite. The resulting change in
solution chemistry with additive addition plays a large role for the fate of ACC and
vaterite. Polymers with anionic groups can complex free calcium ions in solution,
serving as nucleation points with decreased barriers for nucleation and also resulting
into a change in supersaturation and promoting a change in particle size. A lower
supersaturation results in lower nucleation density compared to a system with a
higher supersaturation. Naka et al. (2006) studied cross sections of vaterite formed
in the presence of PAA finding out that at high concentrations, the formation of
vaterite occurred via an aggregation process. However, at low initial concentration,
or when PAA was added later to the reaction, radial growth characteristic for
spherulitic growth was observed. Olderoy et al. (2009) performed experiments at
the same initial supersaturation and pH of ~7 and found that alginate enhanced
nucleation but inhibited growth and aggregation, resulting in a large number of small
vaterite nanoparticles with no other significant change in morphology.

The vaterite morphology is particularly sensitive to changes in solution chem-
istry, and a wide range of shapes have been reported in the presence of additives.
These shapes include dumbbells, disks, spheres, flowers, and flakes. A comprehen-
sive overview is presented in Boyjoo et al. (2014) along with solution pH, method,
additive, and concentration. They found that solution pH has a drastic effect on
vaterite morphology but not on polymorphism. Addition of organic molecules can
also cause a change in pH, which affects speciation, the degree of protonation
of the added molecule, and the supersaturation levels. Decreased water activity
also has a significant impact on stability, morphology, and polymorph selection of
CaCOs. By adding 10 and 50 % of short alcohol molecules, we (Sand et al. 2012)
(Fig. 5.4) stabilized amorphous and crystalline phases and were able to change the
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Fig. 5.4 Top diagram shows the morphological evolution of calcite, vaterite, and aragonite over
time for various experimental regimes in ethanol-rich solutions (10 and 50 % ethanol; GS and
VS refer to gentle shaking and vigorous shaking conditions, respectively). SEM images below
represent the morphology for vaterite obtained from experiments with 10 and 50 % ethanol. With
10 % alcohol, the morphologies are independent of shaking speed (a—d): (a, b) cauliflower and
layer cake (inset in b) crystals form in the GS regime after 1 h. Calcite crystals are often attached
to the vaterite clusters, as seen in a and b; (¢) VS regime after 1 h showing more porous vaterite
cauliflower structures; (d) during the vaterite to calcite transformation, the cauliflower spheres
become corroded (the scale bar in inset is 1 pwm); (e, f) dendritic vaterite precipitated in the VS
experiments with 50 % alcohol and sampled after 5 h; aragonite needles are present in both images
(Adapted after Sand et al. 2012)
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crystallization pathway by varying the shaking speed. These effects became more
pronounced with a higher alcohol/water ratio: at 50 % alcohol, vaterite only formed
at high shaking speeds, and it was still stable after a day in contrast to the 5-6 h of
lifetime in the pure system at ambient temperature. We explained this stabilizing
effect by the lower water activity due to decreased reaction kinetics and by the
adsorption of the alcohol molecules. The latter creates a hydrophobic adsorption
layer toward the bulk liquid decreasing the ion transport between solid and solution
(Sand et al. 2010).

Despite the fact that organic additives can influence the final morphology by
adsorbing to active growth sites or by changing the local ion transport pathway, it
is also necessary to highlight that organic additives have a great influence on the
kinetics of ACC dissolution. Because of the relatively similar solubility products
of vaterite, aragonite, and calcite, the kinetics of dissolution of ACC can result in
different supersaturation levels, promoting the formation of one or other CaCOj3
polymorphs.

5.4 Outlook

In the chapter above, we summarized the state of knowledge about how the
transformation of amorphous calcium carbonate to crystalline CaCO3 polymorphs
proceeds in the presence, or absence, of important inorganic and organic additives in
nature and in biomimetic systems. Although, as described, much research has been
done to address these issues, there are still several open questions that we want to
highlight as future research goals:

¢ Can aragonite crystallize directly from ACC with no other intermediate CaCOj3
polymorph affecting the reaction? Data about the pathways that lead to the
formation of several other aragonite-like minerals (e.g., strontianite (SrCO3) or
whiterite (BaCO3)) have suggested that a direct crystallization from solution of
these carbonate phases may be feasible. However, the available data are still
sketchy, and it is still unclear if in these systems, an amorphous precursor was not
present or if there was an amorphous precursor present which was too short-lived
to be detected.

* Why are there seemingly multiple “vaterite” structures and what drives the
observed differences? It may be that the nanocrystalline nature of vaterite and
its propensity to “sequester” some ions more easily than others may be the prime
reason for the observed differences in structure. Yet, the fundamental mechanistic
reasons for these differences are still unclear. The questions related to which
(in)organic molecules affect the formation/aggregation/transformation of vaterite
more than others and if, and how, such molecules become “incorporated” into the
vaterite structure or if they just lead to defects is still debated and requires further
research.
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* Finally the bigger picture question! It is well known that the nature and stability
(or not) of ACC and vaterite as precursors and/or intermediates to crystalline
CaCOj3 polymorphs are crucial for many global biogeochemical cycles as well
as many industrial processes. However, the complexity of the CaCO; system
has so far prevented us from establishing a “unified” crystallization model. In
natural settings, a chemically pure system does not exist, and the presence of
(in)organic compounds, together with variations in physicochemical parameters,
invariably affects the kinetics and mechanisms of crystallization. However, an
elegant and simple model for ACC crystallization would improve, for example,
our ability to design better biomimetic reactions and thus more efficient industrial
processes. Equally, a “unified” model of CaCOj crystallization would also allow
us to better predict the effects that, for example, changes in ocean chemistry due
to climate change, have on the stability and formation of calcium carbonate shells
in marine biota, which control to a large extent our global carbon cycle. Despite
all the efforts done so far, it is clear that we are still at the beginning of an exciting
research endeavor that will keep several generations of geochemists and chemists
busy.
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Chapter 6
Ab Initio Modelling of the Structure and
Properties of Crystalline Calcium Carbonate

Raffaella Demichelis, Paolo Raiteri, and Julian D. Gale

6.1 Introduction

During the past decade, the nucleation and crystal growth of biominerals, and
calcium carbonate in particular, have attracted the attention and the imagination of
the scientific community, due to the discovery of pathways, mechanisms, species
and phases that differ from those expected through strictly classical nucleation
theory (Gebauer et al. 2008; Demichelis et al. 2011; Wallace et al. 2013).

A full description of what is now called “alternative” or “non-classical” nucle-
ation and crystal growth is presented in the previous chapters of this book, and at
present it can be qualitatively summarised as follows:

(i) ions interact in water solution (see De Yoreo et al. 2017, Chap. 1; Lutsko 2017,
Chap. 2; Penn et al. 2017, Chap. 13; Reichel and Faivre 2017, Chap. 14; Tobler
et al. 2017, Chap. 15);

(ii) stable pre-nucleation clusters (PNCs) form (see De Yoreo et al. 2017, Chap. 1;
Lutsko 2017, Chap. 2; Andreassen and Lewis 2017, Chap. 7);

(iii) as the concentration increases these clusters aggregate with each other giving
rise to a liquid-liquid phase separation (De Yoreo et al. 2017, Chap. 1; Wolf
and Gower 2017, Chap. 3);

(iv) dehydration and structural rearrangement lead to the formation of amorphous
nanoparticles (De Yoreo et al. 2017, Chap. 1; Wolf and Gower 2017, Chap. 3;
Fernandez-Martinez et al. 2017, Chap. 4; Rodriguez-Blanco et al. 2017,
Chap. 5; Birkedal 2017, Chap. 10);
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(v) crystalline phases form following aggregation and structural rearrangement of
amorphousnanoparticles (De Yoreo et al. 2017, Chap. 1; Fernandez-Martinez
et al. 2017, Chap. 4; Rodriguez-Blanco et al. 2017, Chap. 5; Birkedal 2017,
Chap. 10; Penn et al. 2017, Chap. 13; Tobler et al. 2017, Chap. 15);

(vi) the final crystalline polymorph grows, in some cases after transformation of
one crystalline form to another (De Yoreo et al. 2017, Chap. 1; Andreassen
and Lewis 2017, Chap. 7; Rao and Colfen 2017, Chap. 8; Penn et al. 2017,
Chap. 13; Van Driessche et al. 2017, Chap. 12; Tobler et al. 2017, Chap. 15).

In the specific context of calcium carbonate, much recent research has been
focused on investigating the details of the early stages of mineral nucleation, leading
to the formation of stable pre-nucleation clusters and of amorphous nanoparticles,
including their polyamorphism and size-dependent stability (Cartwright et al. 2012).
However, in this chapter we will focus on the subsequent steps involving the
appearance of intermediate crystalline phases and their eventual transformation
into more stable mineral phases (Munemoto and Fukushi 2008; Tang et al. 2009;
Pouget et al. 2009; Rodriguez-Blanco et al. 2011), which are equally challenging
and important to understand.

Calcium carbonate is arguably the most studied biomineral (Falini and
Fermani 2017, Chap. 9). There are five known crystalline phases that are stable
at room pressure; three of these correspond to the anhydrous CaCO3; polymorphs
calcite, aragonite and vaterite, while the remaining two are the metastable hydrated
phases ikaite (CaCOj3-6H,O) and monohydrocalcite (CaCOj3-H,O). Recently,
nanosized crystals of two high-pressure calcium carbonate phases, namely, calcite-
IIT and calcite-IIIb, have been detected for the first time in natural geological
samples at ambient pressure (Schaebitz et al. 2015). If we consider magnesium
and other divalent cations along with calcium, we obtain a variety of hydrated
and hydroxylated species, many of which have structures and properties that
are still undetermined. Many of these compounds are difficult to obtain as pure
phases and are generally unstable unless in extreme conditions (e.g. high salinity,
lower or higher temperatures than standard conditions, Swainson and Hammond
2003; Swainson 2008; Munemoto and Fukushi 2008) or under particular biogenic
conditions (Skinner et al. 1977; Mikkelsen et al. 1999; Kabalah-Amitai et al. 2013).
Nonetheless, they are important since they are likely to represent a link between
the early stages of mineralisation and the formation and growth of the stable
polymorphs. In particular, knowing the reasons why these intermediates form in
the first instance, their formation mechanisms and the details of their structures and
properties may provide insights that are relevant to the evolution of species during
nucleation, as well as regarding the polymorphism of the final stable minerals.

In this chapter we will focus on the calcium carbonate crystalline phases that
are most frequently observed in biomineralisation processes, i.e. calcite, aragonite,
vaterite, monohydrocalcite and ikaite. In particular, we will devote most of our
attention to vaterite, whose complex, disordered structure has been recently, at least
partially, explained through applying ab initio methods. This represents evidence
that computational tools can provide accurate results that are complimentary to
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those obtained through experimental techniques and therefore have the potential
to play a significant role in advancing this field. In fact, ab initio methods allow
the exploration of the atomic and electronic structure of a given compound,
which are indeed responsible for defining its properties and reactivity. Moreover,
computational techniques, in general, have almost unlimited freedom to explore
conditions that may be difficult to access via experiment, such as high pressures and
temperatures, or specific isotopic compositions, as well as hypothetical structures
and transition states.

Despite the focus of this chapter being on calcium carbonate, the methods and
the analysis shown here can serve as a guide for undertaking similar studies on the
many other crystalline phases that can appear in biomineralisation processes.

6.2 Methodology

The aim of this chapter is to illustrate how ab initio techniques can be applied to the
investigation of the structure and properties of biominerals. We begin by providing a
brief summary of the theoretical framework underpinning such techniques. A more
exhaustive description of these methods can be found in Sherman (2016), Erba and
Dovesi (2016), De La Pierre et al. (2016), and references therein.

6.2.1 The Potential Energy Surface

The energy of a system can be defined as a function of its atomic coordinates. This
function is called the potential energy surface (PES);

PES = E(X, H) = E(X],)Cz, e ,X3N,H11,H12, e ,H33) (61)

where x represents the 3N atomic coordinates of an N-atom system and H is
the matrix containing the Cartesian components of the three lattice vectors. More
generally, at finite temperature one could include the momenta of the atoms to
arrive at the free energy surface (FES), but for simplicity we will start by taking
the approach of lattice dynamics in which the PES is explored first and then the
effect of temperature is subsequently accounted for through consideration of the
lattice vibrations (i.e. phonons).

Different conformations, configurations, polymorphs and transition states of a
given system will therefore correspond to distinct points on the PES. In particular,
stationary points of the PES (i.e. points where all the components of the gradient—
the vector whose elements correspond to the partial first derivatives of the PES
with respect to the atomic coordinates and lattice parameters—are zero) have a
physical meaning: minima correspond to equilibrium geometries (minimum energy
structures), whereas saddle points and maxima correspond to transition states.
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The search for stationary points on the PES is known as geometry optimisation.
Most of the optimisation techniques are able to locate the stationary point nearest
to the starting geometry, through algorithms that minimise the energy and the
components of the gradient. The search for the other stationary points requires the
use of advanced optimisation tools, whose details are beyond the aim of this chapter.
For most minerals, a reasonable guess for the atomic positions and for the lattice
parameters is often available. As a consequence, the optimised structure is expected
to correspond to either a realistic minimum energy structure or to a transition state
close to it.

Once the stationary point has been found, it is of crucial importance to understand
whether it corresponds to a minimum or to a saddle point. In order to do this,
second derivatives must be calculated. In particular, for a 3N dimensional function,
a 3Nx3N matrix can be defined, the Hessian matrix, that contains all the partial
second derivatives of the energy with respect to the atomic coordinates. Through
diagonalising this matrix, the eigenvalues are obtained, and if they are all positive, it
means that the structure is a minimum energy structure. If one or more eigenvalues
are negative, then the structure is a transition state.

The physical quantities directly linked to the second derivatives of the energy
with respect to the atomic coordinates are the vibrational frequencies. In particular,
the eigenvalues of the mass-weighted Hessian matrix, as defined in the previous
paragraph, are related to the square of the vibrational frequencies, whereas the
eigenvectors correspond to the atomic motions associated with the various modes.

Transition states are characterised by the presence of imaginary frequencies. In
the presence of such modes, a successful scheme that allows the minimum energy
structure to be reached is highlighted here. First, the nature of the imaginary mode
can be examined through its corresponding eigenvector. Then, the system is allowed
to relax following the direction of this eigenvector. This may require the removal
of one or more symmetry constraints. Finally, vibrational frequencies (second
derivatives) are computed for the new structure. This procedure is repeated until
the final structure is free from the presence of imaginary modes. The application of
this scheme has been used extensively in the search for valid possible structures of
vaterite, as will be described in Sect. 6.3.

Aside from the vibrational frequencies, there are many physical properties that
can be calculated through computing the derivatives of the PES. For example, elastic
constants are related to the second derivatives of the PES with respect to strain being
applied to the lattice parameters; the dipole moment (and then also the intensities
of infrared active modes) corresponds to the first derivative of the PES with respect
to an applied electric field and so on. Many thermodynamic properties can also
be derived from vibrational frequencies as well. It is then clear the importance of
ensuring that the system we are dealing with has been accurately optimised and that
its final geometry corresponds to a minimum energy structure.
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6.2.2 Ab Initio Methods: A Quick Summary

In the previous section, we have stated that the energy of a system is a function of
its geometry (Eq. 6.1). However, we have not yet defined the functional form of the
PES. In fact, one of the main differences between the many possible computational
approaches is the definition of such a functional form.

The basic assumption of ab initio (Latin: “from the beginning”) or first-principles
methods is that a system can be fully defined through its wave function, ¥ (x).! The
energy of such system can be obtained through solving Schrodinger’s equation:

Hy(x) = Ey(x) (6.2)

where H is the Hamiltonian operator and E the energy. In particular, we say that
¥ (x) is an eigenfunction of the Hamiltonian operator and E is its eigenvalue.

The main difference between the many types of ab initio techniques is in the
definition of 1 (x) (usually approximated through a linear combination of a set of
either Gaussian-type or plane wave functions, the so-called basis set) and of H.In
general, the Hamiltonian is expressed as a sum of the kinetic (7') and the potential
(V) energy operators:

H=T+V 6.3)
that in terms of the nuclei (n) and electrons (e) can be expressed as
H=T,+ T+ Vor + Voo + Ver (6.4)

where we see the kinetic contributions of all nuclei (T:,, that within the Born-
Oppenheimer approximation are separable and can be treated classically), the
kinetic contribution fe of all electrons, the interactions between nuclei (\7,,\"), nuclei
and electrons (‘7;1:), and electrons and electrons (\//:e).2

While the interaction potentials between nuclei-nuclei and nuclei-electrons can
be fully described in terms of classical Coulomb interactions, ‘7; also has non-
classical components, known as exchange and correlation. The exact formulation
of the latter is unknown, though it plays a crucial role in defining the energy of a
system, especially where weak interactions and van der Waals forces dominate.

In the Hartree-Fock (HF) approach, once the wave function has been defined, all
terms apart from electron correlation can be calculated exactly and their accuracy
depends only the quality of the basis set and numerical factors. Post HF methods

'We do not consider time dependence here.

2 Additional terms that are generally null or negligible should be considered in certain circum-
stances, like when in the presence of an external applied field (e.g. if we want to explore dielectric
properties) or if we are interested in computing magnetic properties.
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are available to evaluate the electron correlation, which can be achieved with high
accuracy using methods such as configuration interaction. However, such techniques
are computationally expensive, and, up to very recently, implementations were only
available for molecular cases. At present, these methods are rarely applied to solid-
state system.

An alternative and popular method is density functional theory (DFT), which is
based on the assumption that the energy of a system is a functional of its electron
density, p(x,y,z), which corresponds to the product of the wavefunction with its
complex conjugate (or just the square of the wave function if it is real) integrated
over the electron coordinates. Within this approach, all non-classical terms are
grouped into one contribution, namely, the exchange-correlation functional (V,.),
whose exact formulation is unknown. Several kinds of approximations are available,
the most widely adopted for minerals being the local density approximation (LDA),
the generalised gradient approximation (GGA) and the hybrid DFT/HF approach
(a percentage of exact HF exchange is included into V,.). Despite being quite
extensively used in the past (e.g. Yu et al. 2010 and Li et al. 2007), predictions
made at the LDA level often lack accuracy, especially when dealing with systems
that contain hydrogen or that are dominated by weak interactions.

In the following sections, we will make use of a Gaussian-type basis set
specifically optimised for calcite (Valenzano et al. 2006) and of GGA and hybrid
functionals, as implemented in the CRYSTAL code (Dovesi et al. 2014a). In
particular, the PBE (Perdew et al. 1996) series of functionals will be considered,
which comprises the pure GGA, PBE itself; its corresponding formulation devised
for solids, PBEsol (Perdew et al. 2008); the 25 % hybrid, PBEO (Adamo and Barone
1999); and PBE and PBEO with inclusion of a long-range empirical correction
terms, PBE-D2 (Grimme 2006) and PBEO-DC (Demichelis et al. 2013a), the
latter with a dispersion contribution specifically fitted for carbonates. The popular
hybrid functional B3LYP (Becke 1993) and the corresponding dispersion-corrected
B3LYP-D2 (Grimme 2006) will also be used for further comparison. Specific details
regarding the calculation set-up, parameters and algorithms adopted can be found in
Demichelis et al. (2013a,b) and in De La Pierre et al. (2014b).

6.2.3 Calcite and Aragonite: Reference Systems to Assess the
Accuracy of Methods and Parameters

One of the most delicate tasks, even for ab initio methods, is in ensuring that
the model that we want to adopt is predictive for the system and properties that
we would like to investigate. Therefore, we dedicate this section to validating the
computational approach that we propose as a tool for the investigation of more
complex calcium carbonate crystalline phases. Calcite and aragonite are relatively
well-known and can be confidently used as reference systems to assess the accuracy
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Table 6.1 Relative % difference between calculated and experimental structures of calcite at
298 K (unit cell volume, Vol [A3 ]; hexagonal lattice parameters, a and ¢ [A]; and bond lengths
[A]). Here the experimental structure is taken from Antao et al. (2009), Antao and Hassan (2010)
and the values are given on the first line

Vol a c Ca-O C-0
Exp 367.45 4.9877 17.0558 2.355 1.288
PBEsol —0.1 +0.2 —0.6 —0.1 +0.3
PBE +3.9 +1.2 +1.5 +1.4 +0.7
PBE-D2 +0.7 +0.7 —0.6 +0.2 +0.6
PBEO +1.7 +0.4 +0.9 +0.8 —0.4
PBEO-DC 0.0 +0.1 —0.2 +0.1 —0.4
B3LYP +3.8 +1.1 +1.6 +1.6 0.0
B3LYP-D2 —0.6 +0.4 —1.4 0.0 —0.3

of our methods. In particular, results obtained through our calculations will be
compared to experimental data for a set of properties of one or both these two
phases.

We will focus on testing and defining only those properties that we will use to
characterise vaterite, without entering into the specific theoretical details of how
they are computed. For a more comprehensive review of the many crystal properties
that can be explored through ab initio methods and for further insights into the
properties introduced in this section, we refer readers to Nye (1985), Dovesi et al.
(2014b), Erba and Dovesi (2016) and De La Pierre et al. (2016).

6.2.3.1 Structural and Elastic Properties

The computed structure of calcite and some of its properties related to the elastic
tensor are reported in Tables 6.1 and 6.2, where it is also compared against the
available experimental data. Similar trends have been obtained for aragonite, but
they are not reported here. The structure is obtained through minimising the energy
with respect to the unit cell parameters and the atomic coordinates. Elastic properties
can be calculated through evaluating the second derivatives of the energy with
respect to the strain tensor components after the equilibrium structure is obtained
(Nye 1985; Dovesi et al. 2014b).

All DFT methods considered here provide a good description of the lat-
tice parameters and of the atomic positions, reported in terms of bond lengths
(Demichelis et al. 2013a). It is a known feature that PBE and B3LYP tend to
overestimate the volume by 3-4 %, but the inclusion of empirical dispersion
improves the results.

Table 6.2 is an example of how ab initio methods can be applied to realistically
predict quantities that can be directly related to macroscopic properties of materials,
such as elastic constants, bulk, shear and Young’s moduli and Poisson ratios. The
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Table 6.2 Bulk (K), shear (G) and Young’s (E) moduli, Poisson’s ratio v, and symmetry
independent components of the elastic tensor (C) [GPa] for calcite. Subscripts of V and R
indicate whether the definitions of Voigt or Reuss were used, respectively (Experimental data are
reproduced from Chen et al. 2001)

Ky |Kgp |Gy |Gr |E v Chy Cy3 |Cy |[Cpp |Ci3 | Cis

Exp 76.1 32.8 - - 149.4 1 85.2 |34.1 |57.9 |53.5 |=20.0
PBEsol 88.3 179.7 1 38.0 |29.6 |89.4 | 0.32 | 161.2 |88.4 |35.0 |66.9 63.5 —18.7
PBE 80.3 | 73.8 1 36.6 |30.0 |87.3 | 0.31 | 149.9 |85.5 |32.6 |58.8 | 56.0 —15.5
PBE-D2 86.4 | 76.8 | 37.8 |28.3 |87.4 | 0.32 | 160.2 |84.1 |34.5 | 655 61.5 —19.8
PBEO 85.4 178.3 139.6 |31.9 |93.6 | 0.31 | 159.9 |90.3 |36.0 |62.0 58.9 —17.9

PBEO-DC |88.7 | 80.3 |[40.1 |31.0 |93.4 |0.32 | 164.1 |89.6 |37.6 |65.5 |62.7 |—20.1
B3LYP 82.2 | 75.7 139.6 |32.2 |93.5 | 0.30 | 156.8 | 88.8 |35.2 |58.0 552 —17.2
B3LYP-D2 | 91.3 |80.0 |41.8 |29.8 |94.2 |0.32 |172.8 |86.7 |38.6 |52.6 |63.6 —23.8

table shows that relatively good agreement between experimental and calculated
properties is achieved for calcite with the adopted methods.

6.2.3.2 Thermodynamic Properties

The energy that is obtained through solving Schrodinger’s equation (Eq.6.1)
corresponds to the electronic energy, U,;, and strongly depends on the formulation
of the exchange-correlation functional, on the basis set and on the accuracy of
other computational parameters (convergence thresholds, selected algorithms and
approximations). As anticipated in a previous paragraph, the basis set adopted here
was specifically optimised for calcite and therefore already shown to offer excellent
predictions for several calcium carbonate crystal properties (Valenzano et al. 20006,
2007, Demichelis et al. 2012, 2013a,b, 2014, Carteret et al. 2013, De La Pierre et al.
2014a,b). The accuracy of the computational parameters was increased to a point
that a further increase did not significantly affect the crystal properties. Therefore, in
this chapter, any inaccuracy in predicting AU,; between two phases can be attributed
to the approximation of the exchange-correlation functional.

To obtain quantities that can be compared to experimental values, i.e. the
enthalpy (AH) and the free energy (AG) differences at a given temperature 7,
the vibrational contributions must also be computed. These are the zero-point
energy, ZPE=%h Zk’i Vk; (where vy ; is the ith vibrational frequency at point k
of the reciprocal space and 4 is Planck’s constant); the temperature-dependent
constant-pressure specific heat, Cp(T); and the temperature-dependent entropy,
S(T). In particular, the quantities that should be evaluated are H(T) = U,(T) +
PV(0) + ZPE + [ Cp(T)dT and G(T) = H(T) — J; S(T)dT, where V(T) is
the volume at temperature 7 and P is the pressure. Here, our model is based on a
few main assumptions that are considered valid for many ionic, covalent and semi-
ionic crystalline systems at room temperature. Firstly, vibrations are assumed to
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Table 6.3 Values of the thermodynamic functions associated with the process aragonite — calcite
at 298 K (S in JK~'mol™!, the rest in kJ/mol). Vibrational contributions were not calculated for
B3LYP and PBE since they are expected to be of the order of fractions of kJ/mol and therefore
would not be sufficient to lead to correct values of AH and AG (Experimental values from Wolf
et al. 1996 and Konigsberger et al. 1999)

AU, AH(298) AS(298) AG(298)
PBEsol +1.3 +1.3 +3.7 +0.2
PBE* —6.7 - - -
PBE-D2 +0.7 +0.8 +3.1 —0.1
PBEO —4.8 —52 +4.1 —6.4
PBEO-DC? +0.5 +0.4 +4.0 —0.8
B3LYP“ —12.5 - - -
B3LYP-D2 -3.1 -2.9 +0.2 -29
Exp - +0.4440.05 +4.34£0.2 —0.840.2
Exp - +0.19 +3.72 —0.92

be harmonic. Secondly, thermal expansion is disregarded, so that V(0) >~ V(T) and
Cp(T) >~ Cy(T). Finally, only vibrational entropy is considered in the entropic term.

Computing the difference between these thermodynamic functions obtained at
the DFT level for two polymorphs would, in principle, predict their relative stability.
However, there are cases where this approach fails. In particular, the variation in
relative stabilities associated with different DFT functionals is known to be larger
than the actual values for phases that exhibit major structural differences and small
energy differences. This is due to short- and long-range dispersion interactions not
being properly accounted for Casassa and Demichelis (2012). Calcite and aragonite
represent one of those cases: their structures are very different and their energetics
very challenging, with AH and AG having opposite signs and being on the order of
fractions of kJ/mol. On the contrary, for polymorphs having similar densities, such
as calcite and vaterite, this error is fortuitously cancelled.

The relative energy differences between calcite and aragonite computed with
different DFT functionals are compared to the experimental values in Table 6.3.
A detailed description of the reasons behind the apparent discrepancies for many of
the functionals is given in Demichelis et al. (2013a) and references therein, together
with a discussion of the more complex case of hydrated polymorphs and water
incorporation in the solid phase. Data reported in Table 6.3 show that DFT schemes
that are able to provide an accurate description of many crystal properties (e.g.
B3LYP, PBEQ) are not necessarily able to reproduce the thermodynamics between
polymorphs that are too different in structure and density. It is also shown that the
choice of more appropriate dispersion coefficients (PBEO-DC) can at least partly
redress this lack of accuracy.

The full energetics of vaterite with respect to calcite will be discussed in detail
in Sect. 6.3. Table 6.4 reports only the values of the electronic energy differences
between calcite and one of the stable phases of vaterite (viz. VA in the table) obtained



122 R. Demichelis et al.

Table 6.4 Differences in electronic energy [kJ/mol per fu] between hexagonal vaterite (Vh,
P3,21) and calcite (C) and between hexagonal and monoclinic vaterite (Vm, C2). For the different
structures of vaterite, see Sect. 6.3

AU, (Vh— C) AU, (Vh — Vm)
PBEsol +3.1 —0.2
PBE +4.5 —0.1
PBEO +3.9 —0.1
PBEO-DC +4.1 —0.1
B3LYP +4.7 0.0

with a subset of DFT functionals, including those that give the largest deviations
from experiment in Table 6.3. The differences in electronic energy between two
forms of vaterite, namely, Vi and Vm, are also reported. Due to the more similar
densities of the considered polymorphs, all DFT methods are able to reproduce the
right stability order with small variations in the electronic energy difference.

6.2.3.3 Vibrational Spectroscopy

Raman and IR spectra of calcite, aragonite and related phases have been extensively
investigated from both a computational and an experimental point of view (e.g.
Donoghue et al. 1971, Frech et al. 1980, Gillet et al. 1996, Alia et al. 1997,
Prencipe et al. 2004, Valenzano et al. 2006, 2007, Wehrmeister et al. 2010, 2011,
Carteret et al. 2013, De La Pierre et al. 2014a,b). The method that we are applying
here is the same as the one adopted in many of the aforementioned publications
(see, e.g. De La Pierre et al. 2014a,b), with a demonstrated ability to provide
accurate predictions of both vibrational frequencies and intensities. Here we simply
highlight that the accuracy in computing vibrational properties is important for
three main reasons. Firstly, a predictive method, like the one we apply here, can
be successfully used to investigate phases whose properties and structure are still
a matter of debate. Secondly, as mentioned above, many thermodynamic functions
can be obtained via computing the vibrational frequencies of the system; the more
accurate the vibrational frequencies, the more accurate the quantities that depend
on them. Thirdly, since computed vibrational frequencies contain information about
the topography of the PES, they allow us to discriminate between stable structures
and transition states. Crucially, the third of these points has been used to investigate
the crystallography of vaterite and provide a model for its complex structure.

Table 6.5 shows that the B3LYP hybrid functional is, in principle, one of the
best choices for reproducing vibrational properties.®> The maximum (|A,,.|) and
the mean absolute difference (] A|) between computed and experimental frequencies

3 Aragonite is used in this example, and only Raman active frequencies have been considered, but
similar comments hold also for other minerals and for IR active modes.



6 Ab Initio Modelling of the Structure and Properties of Crystalline Calcium. . . 123

Table 6.5 Statistical analysis of the differences between calculated and experimental Raman
active modes of aragonite. | A,,| and |A| are the maximum and the mean absolute difference,
respectively, and A is the mean differences. All data are in cm™! (Experimental data from De La
Pierre et al. 2014a and Carteret et al. 2013)

PBEsol PBEO PBE(O-DC B3LYP
|A| +10.9 +19.5 +16.1 +7.8
A —7.4 +19.2 +16.1 +0.7
| A +57.9 +69.0 +65.7 +23.3

are the lowest, and the mean difference (A_) is around Ocm™!, meaning that there
is no systematic shift towards higher or lower values with respect to experiment.
However, Table 6.3 shows that B3LYP is not accurate in predicting the electronic
energy difference between different phases. As AU, is the contribution that
dominates the energetics, we should look for a compromise since ideally we want a
model that is able to reasonably reproduce vibrational spectra and thermodynamics
simultaneously. PBEsol can be considered a good compromise, as it provides
reasonable results for carbonate properties, including vibrational spectra, and for
their energetics. Despite the data in Table 6.5 suggesting that PBEsol is significantly
worse than B3LYP for predicting vibrational frequencies, if we consider the five
main regions of the spectrum separately (i.e. lattice modes, L; symmetric and
asymmetric stretching of CO3™, v; and vs; in-plane and out-of-plane bending of
CO3™, vy and 1,), all frequencies within a single region are shifted with respect
to the actual value by nearly the same quantity (AL = +3.1; Av; = —11.4;
Avy = —44.4; Avy = —7.8; Av, = —24.3; all in cm™!). To obtain a more accurate
prediction, it is therefore sufficient to subtract this quantity from each frequency of
the region (De La Pierre et al. 2014b).

6.3 The Multiple Structures of Vaterite

As mentioned in Sect. 6.1, vaterite is one of the three crystalline polymorphs of
anhydrous calcium carbonate. Though it is metastable with respect to calcite and
aragonite, it is found in nature as a result of biomineralisation (Cartwright et al.
2012; Hasse et al. 2000; Qiao and Feng 2007). For example, vaterite is crystallised
in bivalve organisms and mussels to repair damage in their hard tissues (Wilbur and
Watabe 1963; Spann et al. 2010). Vaterite is also often observed as an intermediate
phase during the transformation that leads from amorphous calcium carbonate
nanoparticles (ACC) to calcite and aragonite (Cartwright et al. 2012; Gebauer et al.
2010; Rodriguez-Blanco et al. 2011). For these reasons, vaterite is now attracting
much interest as further insight into its features could reveal new details about non-
classical nucleation pathways, polymorphism and crystallisation under biogenic
conditions.
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Table 6.6 Structures proposed for vaterite up to 2012: space group (SG) and lattice parameters
(a, b, ¢ [A]). Cell angles from Mugnaioli et al. (2012): B=118.94° (C2/c); a=y=90.0°, $=99.22°
(C1); @ =82.1°, B=97.9°, y=119.3° (P1, in parentheses, corresponds to the primitive unit cell of
the structure with C1 symmetry). Cell angles from Wang and Becker (2012): B=115.9° (C2/c)

Reference SG a b c
Meyer (1959) Pbnm 4.13 7.15 8.48
McConnell (1960), Bradley et al. (1966) P6322 7.135 7.135 8.524
Kahmi (1963), Sato and Matsuda (1969) P63 /mmc 4.13 4.13 8.49
Meyer (1969), Gabrielli et al. (2000) P63 /mmc 7.15 7.15 16.96
Dupont et al. (1997) P63 /mmc 7.169 7.169 16.98
Le Bail et al. (2011) Ama?2 8.7422 7.1576 4.1265
Medeiros et al. (2007) Pbnm* 4.531 6.640 8.480
Wang and Becker (2009) P6522% 7.290 7.290 25.302
Wang and Becker (2012) C2/c® 12.62 7.29 9.37
Mugnaioli et al. (2012) C2/c 12.408 7.1372 9.4067
Mugnaioli et al. (2012) Cl 12.17 7.12 25.32
(P1) 7.05 7.05 25.32

# First-principles study with no calculation of the second derivatives
b Force-field simulation

The structure of vaterite has been debated for over 50 years, due to what is often
referred to as “disorder” of the carbonate anion sites. Table 6.6 presents a summary
of the most relevant studies from 1959 to 2012 aimed at resolving the structure
of vaterite, showing a clear disagreement as to the crystal system (orthorhombic,
hexagonal, monoclinic and triclinic), the crystal symmetry and site occupancy and
even as to the unit cell size. We refer the readers to the original literature for more
details about these studies. Here we show how the approach described in this chapter
has contributed a new perspective through proposing a model which is in agreement
with most of the experimental findings.

In Demichelis et al. (2012, 2013b), electronic structure calculations were per-
formed for the orthorhombic models (Pbnm, Ama2), for the hexagonal model
(P6522) that was obtained by Wang and Becker (2009) as a result of re-examining
previously proposed models through DFT and force-field-based calculations and
for the monoclinic and triclinic models (C2/c and C1) proposed by Mugnaioli
et al. (2012) as a result of combined automated diffraction tomography (ADT) and
precession electron diffraction (PED). Note that Wang and Becker (2012) predicted
the presence of a monoclinic C2/c basin slightly less stable than their hexagonal
P6522 one through applying molecular dynamics techniques.

The calculation of second derivatives, which was not performed in previous com-
putational studies, showed that all of these structures but one (Ama2) correspond to
transition states rather than to minimum energy structures and therefore cannot be a
true representation of vaterite.

As mentioned in Sect. 6.2, transition states are characterised by the presence of
one or more imaginary modes (i.e. the Hessian matrix has one or more negative
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eigenvalues). The structure with Pbnm symmetry exhibits one imaginary mode, the
P6522 hexagonal model four and the monoclinic (C2/¢) and triclinic (C1) structures
two. Following the displacement along the eigenvectors related to the imaginary
modes, it was found that they all correspond to symmetry forbidden rotations of
carbonate anions. After removing the corresponding symmetry constraints, the true
minimum energy structures were found.

As aresult of this procedure, it was found that the structure with Pbnm symmetry
relaxes to a P2;2,2; configuration that is 1-2 kJ/mol per formula unit more stable
than the original one, depending on the DFT functional. The P6522 arrange-
ment relaxes towards three minimum energy structures, P3,21 (—3.5kJ/mol),
P65 (—2.5kJ/mol) and P112; (—3.0kJ/mol),* and one transition state with two
imaginary modes. The latter was not fully analysed, but through removing the
symmetry constraint related to the imaginary modes and reoptimising, P3,21 and
a P112; structures were obtained. The C2/c structure assumes either a C2 or a Cc
configuration, which are 1.4 and 0.5 kJ/mol more stable, whereas the C1 structure
falls into two very similar structures, both with symmetry C1 and about 0.1 and
0.2 kJ/mol more stable.’

A more accurate analysis of the structure and relative energies shows that both
of the orthorhombic models considered (Ama2 and P2;2,2;) do not fit with the
experimental expectations. Apart from being too dense, due to the optimised b
lattice parameter being about 10 % shorter than that suggested by Meyer (1959)
and Le Bail et al. (2011), P2,2,2; and Ama2 are about 1kJ/mol and 18 kJ/mol
less stable, respectively, than the lowest energy structure derived from Wang and
Becker’s model (P3,21). A second point against the most stable orthorhombic
model comes from a study performed by Balan et al. (2014) through simulation
of the mixing energy of sulphate into vaterite and reanalysis of the anomalous data
presented by Ferndndez-Diaz et al. (2010). Notably, this study also ruled out the
hexagonal P63;/mmec structure in favour of the P3,21 model proposed by Demichelis
et al. (2012), whereas the monoclinic and the triclinic models were not considered.

The seven structures that were obtained through the computational procedure
highlighted in this chapter and that have structural and energetic features that are in
agreement with the experimental observations were divided into three groups: six-
layer hexagonal, referring to the structures derived from the hexagonal model that
has six layers of carbonate anions in the unit cell (P3,21, P65, P112;); two-layer
monoclinic, referring to those derived from the monoclinic structure that has two
layers of carbonate anions in the unit cell (C2, Cc); and six-layer triclinic, referring
to those obtained from Mugnaioli’s triclinic structure (C1, C1). Figure 6.1 shows
that these groups of structures can be considered different polytypes of vaterite,
differing only in the sequence of the carbonate layers stacked along the z Cartesian

“Unless stated otherwise, all energies given in the text were calculated with the PBEsol functional;
for vaterite similar values are obtained also with other functionals.

3The conventional choice for this space group would be P1; however, C1 is used to indicate that
it has been obtained from the C1 structure originally proposed by Mugnaioli et al. (2012). Despite
this structure being triclinic, its conventional cell has « >~ y =~ 90°, and this is why in a previous
publication we referred to this model as quasi-monoclinic or “6-layer” monoclinic.
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o=0=0 O

Fig. 6.1 Top: Ball and stick representation of the structures for vaterite belonging to the three
different families of polytypes, viewed along the a lattice vector. O, Ca and C are represented in
red, green and grey colours, respectively. From left to right: the six-layer hexagonal model, the six-
layer triclinic model and the two-layer monoclinic model. The latter has a smaller unit cell (bold
black line), so that a six-layer supercell (thin black line) is built to show the structural similarities
and differences with respect to the other models. The stacking sequence of CO3™ layers refers to
the orientation of the CO3 ™ units that have a C-O bond parallel to a: planes with the same shift with
respect to b are labelled with the same letter (A for 0; B for 1/3; C for 2/3); planes with the C-O
bond pointing towards +a and —a are labelled with and without a prime, respectively. Bottom: The
chiral image of a portion of the hexagonal structure is represented (left), as well as the meaning
of rotational disorder of CO3™, which is allowed at room temperature (Reprinted with permission
from Demichelis, Raiteri, Gale, Dovesi, The Multiple Structures of Vaterite, Cryst. Growth Des.,
13 (6), 2247-2251. Copyright 2013 American Chemical Society)

axis. In particular, one can go from the monoclinic to the hexagonal model by
switching two planes, whereas the triclinic model has two missing planes with
respect to the other two models, causing its y lattice parameter to deviate from
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90°. Starting from the hexagonal model, by performing all the possible physically
allowed permutations of the six different planes along the c axis, the only structures
that are found correspond to one of those in the hexagonal or monoclinic groups
(including their chiral images).

Notably, the hypothesis of stacking faults in vaterite was originally suggested
by Meyer (1969), and twin stacking faults were detected by Qiao and Feng (2007)
using HRTEM and SAED techniques on natural samples of vaterite. Wehrmeister
et al. (2010) suggested the existence of different polytypes of vaterite, though there
was not enough evidence in their data to fully support the claim. On the contrary,
chirality was never suggested prior to the studies of Demichelis et al. (2013b). At
this point, it is reasonable to hypothesise that a certain number of other structures
may exist, having missing planes and different sequences with respect to the three
groups of structures reported here.

Symmetry and thermodynamic data obtained for the aforementioned hexagonal,
monoclinic and triclinic models are summarised in Table 6.7. All structures present
similar free energies and are equally likely to represent a good model for vaterite,
with C2 and P3,21 models being the most stable. Data in the table also show
that switching two carbonate layers with each other has no or little cost in energy.
Figure 6.2 shows a plot of AU,; between a given structure and P3,21. While the data
presented here are unable to predict whether it is possible to transform a structure
belonging to one basin into a structure belonging to another one, the energy barrier
for rotating CO%‘ anions is so low that within the same basin we can suppose that
structures can interconvert between each other at 298 K.

From the above discussion, we can conclude that from a theoretical point of
view, the hypothesis of vaterite existing in several forms rather than assuming one
particular structure is very likely to be correct. In particular, our analysis shows that

Table 6.7 Symmetry and stability of the seven structures of vaterite found by Demichelis et al.
(2012, 2013Db). For each structure, the corresponding chiral image, crystal system and number of
independent carbonate anions in the unit cell (N¢o,) are indicated. The thermodynamic quantities
(PBEsol) associated with the process vaterite—>calcite at 298 K are calculated (all in kJ/mol except
for AS in J K~! mol™"). The Boltzmann relative populations p at 298 K are also calculated
for each structure. The Boltzmann-weighted average of the thermodynamic quantities and the
corresponding experimental data from Konigsberger et al. (1999) are shown

Chiral image | Crystal system | Nco, | AU, | AH | AS AG |p

Hexagonal | P3,21 | P3,21 Trigonal 4 H+3.1 H33 +08 +3.1 |[0.09
(6-layer) P65 P6, Hexagonal 3 438 +3.8 —1.1 H4.1 |0.060
P112; | P112, Monoclinic 9 H+3.6 +39 +12 H43.6 |0.074
Monoclinic | Cc - Monoclinic 3 440 H4.0 —0.5 H4.2 0.058
(2-layer) Cc2 C2 Monoclinic 4 432 +32 |—1.0 #+3.5 0.077
Triclinic Cl1 Cl Triclinic 18 H+3.5 +3.7 +1.7 #+3.2 |0.087
(6-layer) Cl Cl Triclinic 18 H+3.6 +3.9 +2.0 +3.3 |0.083
Average +3.5 +3.6 +0.6 +3.5

Exp. +3.60 +1.30 +3.21
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Fig. 6.2 Representation of AU,; for the three polytypes of vaterite, separated by vertical lines.
Space groups having a chiral image that belong to another space group are indicated. The structure
labelled as 754 is a transition state obtained after the analysis of one of the four imaginary
modes found for P6522; see text for more details (Reprinted with permission from Demichelis,
Raiteri, Gale, Dovesi, The Multiple Structures of Vaterite, Cryst. Growth Des., 13 (6), 2247-2251.
Copyright 2013 American Chemical Society)

there are three levels of complexity in the structure of vaterite: the intrinsic rotational
disorder of carbonate anions, the possibility of having different carbonate layer
sequences and the presence of chirality. The claim of vaterite assuming multiple
structures was confirmed for the first time in the study by Kabalah-Amitai et al.
(2013), where HRTEM images show that there are at least two interdispersed crystal
structures in a vaterite sample. However, this work does not investigate the details
of the structural features of the two different phases. It was found that their main
difference is related to carbonate anions, whereas calcium layers are nearly the
same. While one of the phases is claimed to be hexagonal, the structure of the other
one could not be determined.

As a further attempt to definitively solve the problem of the structure of vaterite,
two independent studies have been recently undertaken, using experimental and
computed NMR, XRD and Raman spectra, all leading to the same result.



6 Ab Initio Modelling of the Structure and Properties of Crystalline Calcium. . . 129

One of these works De La Pierre et al. (2014b) re-examined existing and
new experimental Raman data in the light of the new structural information from
Demichelis et al. (2013b) and Kabalah-Amitai et al. (2013). The rich collection of
Raman spectra recorded on a variety of vaterite samples of geological, biological
and synthetic origin from Wehrmeister and co-workers (2010; 2011) was used.
New samples considered in this study included Herdmania momus spicules from
the Great Barrier Reef (Queensland, Australia), the same kind of samples where
Kabalah-Amitai et al. (2013) identified two distinct structures.

One of the most significant points arising in this study was Wehrmeister et al.’s
(2010) observation, based on the analysis of their Raman spectra, that vaterite has
at least three independent carbonate units. Notably, all structures proposed in the
literature prior to Demichelis et al. (2012, 2013b) have no more than two such
groups. This means that either the new structures are a better choice or that multiple
structures within the same sample are present or both.

The Raman spectra for the seven structures proposed here as possible candidates
were computed by De La Pierre et al. (2014b) and compared to the experimental
data. Overall, they all look very similar. However, all the computed spectra but
two have peaks that do not appear in the most intense region of the experimental
spectra, namely, v; (symmetric stretching of CO2~, 1020-1160cm™") and v, (in-
plane bending of CO3~, 660-750 cm™"). Figure 6.3 shows that C2 and P3,21, the
most stable two-layer monoclinic and six-layer hexagonal structures, respectively,
have Raman spectra that match with those experimentally recorded. The latter
structure is in agreement with Kabalah-Amitai et al. (2013), who found that one
of the structures in their sample has a hexagonal unit cell.

On the basis of Raman spectroscopy alone, it is not possible to tell whether
the first, the second or both structures are present in the experimental samples.
Also, the remaining five theoretical structures seem to be ruled out according to
this study. These results then seem to provide evidence that opposes the room
temperature intra-basin structural interconversion via carbonate rotations suggested
by Demichelis et al. (2012). This would result in different domains being present in
the same crystal and thus in a spectra that is a Boltzmann-weighted average of all
seven spectra. A possibility is that the system becomes kinetically trapped in a subset
of the possible stable structures. To verify this hypothesis, further investigation is
required in order to determine the activation barriers for the interconversion between
all of the different energy minima.

A second study, by Burgess and Bryce (2015), has recently shown that only C2
and P3,21 structures are compatible with “*Ca NMR spectra recorded on samples
of vaterite, after considering most of the structures that have been proposed in the
literature. C2 and P3,21 were also shown to be compatible with the measured XRD
diffraction pattern. As with the Raman spectroscopy, also “*Ca NMR seems to
be unable to provide a definitive answer on whether the former, the latter or both
structures are present in the real sample.
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Fig. 6.3 Calculated Raman spectra for the seven structures of vaterite (red) and comparison
with one experimental spectrum recorded on a geological sample from Wehrmeister et al. (2010)
(black). Other samples exhibit very similar features. In the latter, signals resulting from calcite and
aragonite impurities are highlighted

6.4 Conclusions and Future Challenges

The theoretical approach highlighted in this chapter is highly predictive in deter-
mining the structures and properties of crystalline phases. These tools are therefore
particularly useful when studying phases and processes that are challenging to
investigate with experimental techniques. The case of vaterite represents one of the
best examples of how ab initio methods can be applied to unravel the complexities
of metastable biomineral phases and more generally of minerals that are not easily
accessible as large single crystals for diffraction. It also represents a successful



6 Ab Initio Modelling of the Structure and Properties of Crystalline Calcium. . . 131

example of how computational schemes can be combined with experimental
techniques to investigate complex mineral structures.

Future challenges in this field are related to the development of algorithms able to
address the non-generality of the many approximations on which ab initio methods
rely. In the particular case of biominerals, one of the most important features that
would open the way for an appropriate investigation of the composition, the stability
and the stoichiometry of the many hydrated and hydroxylated phases would be the
ability to properly account for weak interactions in a fast and accurate way. Methods
that are currently available are either too approximate or not available in solid-state
codes or computationally too expensive for systems that contain tens of atoms in
their unit cell (Pisani et al. 2008; Del Ben et al. 2012).

In the particular case of vaterite, future challenges are mostly related to finding
or developing experimental techniques that are able to distinguish the different
structures and confirm their features. Moreover, the average size of a vaterite single
crystal (tens of nm in the best case scenario) is too small to undertake any investiga-
tion as to its chirality with available optical techniques (Bilotti et al. 2002). From a
biomineralisation perspective, chirality would be an extremely interesting property
to investigate, since vaterite often grows under biogenic conditions, therefore in
the presence of biological molecules that are often optically active. In this context,
also other biominerals may exhibit optical activities, such as monohydrocalcite,
which like vaterite belong to one of those space groups that are intrinsically chiral
(Demichelis et al. 2014).
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Chapter 7
Classical and Nonclassical Theories of Crystal
Growth

Jens-Petter Andreassen and Alison Emslie Lewis

In this chapter, we discuss classical and nonclassical concepts of crystal growth
that coexist in the literature as explanations for the formation of both mono-
and polycrystalline particles, often of the same substances. Crystalline particles
with intraparticle nanosized subunits, nanoparticulate surface features, and complex
morphologies have led to the development of new nonclassical theories of crystal
growth based on the aggregation of nanocrystals in solution. At the same time,
similar morphologies are explained by monomer incorporation at conditions of
stress incorporation, which results in nucleation at the growth front and accom-
panying branching at the nanoscale. The two mechanisms are differently affected
by important process variables like supersaturation, temperature, or additives and
are analyzed with respect to their capability of predicting crystal growth rates. A
quantitative description of the formation kinetics of the solid phases is essential for
the design and operation of industrial precipitation and crystallization processes and
for the understanding of fundamental principles in material design and biomineral-
ization processes. In this chapter, we emphasize the importance of supersaturation in
order to account for the extensive nanoparticle formation required to build micron-
sized particles by nano-aggregative growth, as well as the accompanying change in
the population density.
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7.1 Introduction

During the last decades, various nonclassical concepts of crystal growth have
emerged in the scientific literature (Matijevic 1993; Colfen and Antonietti 2008).
They depart from the classical growth theories (Chernov 1984) by proposing that
crystals, both mono- and polycrystalline, are produced by aggregation or assembly
of nucleated nanocrystals, as opposed to integration of solute species into the crystal
lattice surface. These novel concepts have received considerable attention and are
now used extensively in the literature to analyze crystallization and precipitation
phenomena in both nature and industry.

Classical mechanistic explanations of crystal growth have traditionally focused
on explaining the microscopic features of the crystal surfaces and the integration of
growth units leading to the development of faceted crystals. Derivation of the corre-
sponding rate expressions, accompanied by experimental verification, has provided
industrial practitioners with a tool to model and predict crystal morphology and size.
Emerging fields in material technology, nanoparticle science, and biomineralization
have introduced new experimental conditions and protocols, resulting in particle
morphologies that are very often quite different from the expected equilibrium
morphologies. Precipitation occurring at higher supersaturation and temperatures,
often in combination with additives and templates, results in various examples of
complex shapes and surface feature expressions that are not in accordance with
the classical morphology predictions from an energy minimization viewpoint. The
advancement of characterization techniques has opened up the ability to carry
out more detailed studies of processes going on during nucleation, growth, and
aggregation. New nonclassical concepts of crystal growth have been proposed as
a consequence of this. Phase change kinetics by these alternative routes will be very
different from what the classical theories predict. In this chapter, we present some of
the dominant concepts of crystal growth and discuss the main differences between
them, since the many different and often conflicting explanations presented in the
literature make studying and analyzing the phenomena of precipitation a challenge.

The aim is to identify which investigations are required to resolve the seemingly
conflicting descriptions in literature when it comes to determination and prediction
of growth kinetics during precipitation. This is motivated by the need for a consistent
description of crystal enlargement processes and the effect of the main operating
parameters during industrial manufacture and separation of crystalline materials
from solution.

7.2 Driving Force and Size Enlargement

Enlargement of crystalline particles in solution is traditionally described by two
processes: crystal growth and agglomeration due to encounters between the growing
crystals. In this classical picture, crystal growth is considered to progress by
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attachment of monomeric growth units from solution. These solute species are the
ions, molecules, or atoms which correspond to the primary constituents of the crystal
lattice. The driving force for solute incorporation is the difference in their activity
as solution species, a, and as incorporated in the solid, represented by the activity
of solution in equilibrium with the solid, a.,. The corresponding chemical potential
difference, A, for a non-dissociating compound can be expressed as

A
2R _ In 4 (7.1)
RT deq

leading to definition of the supersaturation ratio, S,

Sy = — (7.2)

For minerals and electrolyte crystals where each formula unit consists of a total
number of v ions, being the sum of vy cations and v_ anions, the expression
becomes

Ap _ at

vin
RT a4 eq

(7.3)

where a4 is the mean activity of the ionic species, resulting from the correction
of the free concentration of ions, ¢, by the mean activity coefficient, y 4. For
crystals composed of two divalent ions, like CaCOs3, the corresponding activity-
based supersaturation is thus

2

S = at+  [Ccopt " Ccoy2~ " Vi (7.4)

2 = = .
A+ eq Ksp,CaCO3

In this classical picture, agglomeration is a rather rare event that will occur if
the forces acting on the growing crystalline particles in solution cause them to
approach each other closely enough so that a crystalline bridge develops resulting
in a new stable particle. Hence in order for agglomeration to take place, crystal
growth must occur during the time of contact, which also implies that the system
must be supersaturated with respect to the crystallizing compound (Andreassen and
Hounslow 2004). Investigations of agglomeration kinetics have concentrated on the
contact brought about by shear forces in solution. In this context, agglomeration will
depend on the collision rate of the growing crystals and an efficiency parameter that
depends on the shape and contact point geometry and which also takes into account
the disruptive hydrodynamic forces. In order for particles to be brought into contact
by shear forces, their size needs to be in the micron meter range.

The recent new nonclassical theories challenge these ideas by claiming that
also crystal growth is an aggregation process that can take place by assembly
of nanosized crystalline particles by both oriented and non-oriented attachment,
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operating at much smaller length scales. The attachment of particles must in this
case be governed by very different forces (De Yoreo et al. 2015). The outcome of
these assembly processes can be both poly- and monocrystalline, which in the latter
case makes the end product indistinguishable from crystals growing according to a
classical mechanism. For systems like calcium carbonate and barium sulfate, and
many more, both classical and nonclassical explanations of crystal growth coexist
in the recent literature. We will thus start by describing classical crystal growth and
thereafter look into the newer theories and compare how the different conceptions
explain prediction of morphology and the kinetics of the enlargement process.

7.3 Classical Crystal Growth by Monomers

7.3.1 At Low and Intermediate Supersaturation

The incorporation of growth units from solution into the crystal lattice is a
complicated process of attachment and detachment at active sites on the crystal
surface. The attachment process involves desolvation of the monomers, adsorption
onto the surface, and diffusion along the surface toward the active sites. Attachment
at the active sites leads to advancement of steps over the surface. For the crystals
to continue growing, new steps must be generated constantly. The dominant source
of step formation varies with the supersaturation in the system. At driving forces
lower than the critical value for surface nucleation, inherent dislocations in the
crystal lattice are responsible for the presence of steps. Stacking faults lead to screw
dislocations that represents a nonterminating step source since growth preserves
the initial stacking fault of the lattice. Attachment along the screw dislocation step
results in spiral growth and growth hillocks that eventually merge and cause the
crystal face to propagate outwards. At a sufficient level of supersaturation, new
steps are formed around two-dimensional islands that nucleate on the surface. The
nucleation rate increases with supersaturation leading to a rough surface where
integration of new units can potentially take place anywhere. The microscopic
features of the surfaces growing by these two mechanisms of step generation can
be observed by in situ AFM experiments as shown for the two examples of BaSO4
and CaCOs; in Fig. 7.1.

7.3.2 At High Supersaturation

Despite that the surface features of spiral growth and 2-D nucleation growth can be
observed at the microscopic level, crystal faces resulting from these mechanisms
are macroscopically smooth and the crystals are dense. However, when further
increasing the supersaturation, the interface becomes unstable due to a change from
integration-controlled growth to mass-transfer-controlled growth, by diffusion from
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Fig. 7.1 AFM images of crystal faces showing examples of spiral growth and growth hillocks at
lower supersaturation and two-dimensional (2-D) nucleation islands at higher supersaturation for
(a) calcite, CaCOs; at two levels of supersaturation (o corresponds to the left-hand side of Eq. 7.1)
(Reproduced from De Yoreo and Vekilov (2003) with permission from the Mineral Society of
America), and (b) barite, BaSO, — first five pictures in the panel is a growth sequence over 60 min
for a supersaturation of S2 = 12 (when S, is according to the definition in Eq. 7.4). In the last
picture, the supersaturation has been increased, corresponding to S? = 26 (Reproduced from (Pina
et al. 1998) with permission from Nature Publishing Group)

the surrounding bulk liquid. This transition (Fig. 7.2a) comes about when the surface
turns rough and highly kinked due to extensive surface nucleation. Integration of
new units is not rate limiting, and depending on the diffusion field around the
crystal and the crystal morphology, certain edges and corners of the crystal will get
access to solution of higher supersaturation. The consumption of supersaturation at
these locations prevents growth of the central part of the crystal faces, and so-called
“hopper” crystals develop. This elevation of the growth rate for certain parts of
the crystal is self-enforcing, since the same edges, corners, or surface perturbations
will access yet higher supersaturation levels and as a consequence dendritic growth
starts to dominate. The crystal branches off in directions of higher supersaturation
in an interplay dictated by the nature of the crystal lattice and the changing
supersaturation profile from the surface into the bulk of the surrounding liquid. This
branching is crystallographic, leading to a monocrystalline and usually symmetric
object of complex shape. The shift in growth morphologies is a consequence of
the change in growth regime and not the supersaturation itself. The supersaturation
is merely responsible for introducing the diffusion limitation by increasing the
monomer integration rate. This has been illustrated by similar morphology shifts due
to diffusion limitations imposed by the surrounding medium, by performing mineral
precipitation in hydrogels, relevant for biomineralization processes (Asenath-Smith
etal. 2012).

The overall growth rate of crystals in solution is determined by the chemical
affinity, the chemical potential difference between the solution and the crystal. The
power law relationship shown in Eq. 7.5 is frequently used to relate the overall
growth rate, G [ms™!], to the activity-based supersaturation ratio, S, (Eq. 7.4),
and the solubility- and temperature-dependent growth rate constant, k,. The growth
order, g, signifies the mechanism of crystal growth. At low supersaturation, and
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Fig. 7.2 (a) Growth rate, crystal growth mechanisms (where A is spiral growth, B is growth
by two-dimensional nucleation and C is rough growth) and corresponding morphology changes
as a function of driving force for a hypothetical crystal bounded by {111} faces (Reproduced
from Sunagawa (2005) with permission from Cambridge University Press). (b) Two categories
of spherulitic growth: Category 1 describes multidirectional growth from a central nucleus, and
category 2 describes growth front nucleation and resulting branching on the fast-growing tips
of an elongated precursor crystal (A), leading to intermediate dumbbell morphologies (B-D) and
potentially to a polycrystalline sphere (E) (Reproduced from Granasy et al. (2005) with permission
from Cambridge University Press). (¢) Category 1 vaterite spherulites grown in water at an initial
supersaturation of S, = 5.7 (with respect to vaterite) (Reproduced from Andreassen et al. (2012)
with permission from RSC) (d) Intermediate-shaped category 2 spherulites grown at an initial S,
(vaterite) = 3.8 in a mixture of ethylene glycol and water (90/10 %) and (e) nearly fully developed
spherulites after 45 min when the initial supersaturation was increased to S, = 7.0; the spherulites
tend to break in two halves along the resulting equator (Reproduced from Andreassen et al. (2010)
with permission from Elsevier)

provided that growth is dominated by simple, single sourced dislocation spirals, the
value of g is 2, resulting in the so-called parabolic growth law. When supersaturation
is increased and 2-D nucleation starts to dominate, g takes on higher numbers,
evident of the exponential nature of the nucleation process. When the surface
becomes rough and the growth rate is mass-transfer controlled, g is equal to 1.
Although the power law model is a simplified and averaged approach to the detailed
crystal growth processes and composite mechanisms taking place on the surface of
individual crystal faces (Teng et al. 2000), it has had success in the operation of
industrial crystallization processes, by being used to adjust liquid phase parameters
in order to control solid phase characteristics.

G = ky(Sy — 1)° (1.5)



7 Classical and Nonclassical Theories of Crystal Growth 143

In contrast to the crystallographic branching that characterizes dendritic growth, a
new branching mechanism starts to become operative at yet higher driving forces.
Surface nucleation is no longer crystallographic and, as a result, the particle now
becomes polycrystalline. This growth front nucleation will, as opposed to dendritic
growth, often produce spherical space-filling structures, hence the term spherulitic
growth. It has been a topic of numerous studies for well over a century, but is
still not properly recognized in the precipitation literature. Spherulitic growth has
been reported for various systems independent of the nature of the crystallizing
compound. Molecular, atomic, and ionic crystals all grow by spherulitic growth,
and although many of the studies are based on polymer crystallization and crystal-
lization from viscous melts, it has been shown that neither large molecules, high
viscosity, nor impurities are crucial for this mechanism (Beck and Andreassen
2010; Shtukenberg et al. 2012). Also crystals growing from pure aqueous solutions
will produce spherulites when the conditions for internal stress accumulation, like
high supersaturation, result in nucleation of new sub-individuals on the surface for
the relaxation of this stress. The morphology will depend, firstly, on the progress
of growth (supersaturation and branching frequency) and, secondly, on which of
the two mechanisms of spherulitic growth in Fig. 7.2 that operates, which has
been elegantly demonstrated by phase field modeling (Granasy et al. 2005). When
growth front nucleation starts from a central nucleus, it results in isotropic type
1 spherulites, while type 2 spherulites are formed by branching on the two fast-
growing faces of an elongated precursor, ultimately leading to polycrystalline
spheres.

Both categories of spherulitic growth offer explanations of spherical polycrys-
talline particles without invoking an aggregation mechanism. Like for the other
classical crystal growth mechanisms, the driving force A, is also a controlling fac-
tor for non-crystallographic branching, but the criteria for which type of spherulite
that develops is not well known. As an example, both category 1 and 2 spherulites
of the vaterite polymorph of calcium carbonate can be produced in solution at
sufficiently high supersaturation (Fig. 7.1c—e). Category 1 spherulites grew by
transformation from initially formed amorphous calcium carbonate (Andreassen
2005) in water, whereas category 2 spherulites developed in mixtures of ethylene
glycol and water where the degree of branching was dependent on the initial
supersaturation (Andreassen et al. 2010). Glycol reduces the growth rate of vaterite
and allowed for a time-resolved observation of morphology development, but was
not considered a prerequisite for this category of spherulitic growth. Category 2
spherulites of aragonite have been produced in water/ethanol mixtures (Sand et al.
2012) but also in aqueous solutions without additional solvents (Andreassen et al.
2012). The category 2 mechanism can offer an explanation for many other literature
observations of sheaf of wheat and dumbbell morphologies that are described
for crystalline mineral particles, like fluorapatite (Busch et al. 1999), BaSO, (Qi
et al. 2000), and hematite (Sugimoto et al. 1993) but also in crystallization of
higher-solubility compounds and from melts (Shtukenberg et al. 2012). The kinetic
expression for spherulitic growth should reflect that this is an interface-controlled
process driven by nucleation at the growth front and not diffusion controlled.
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However, it has frequently been modeled as a diffusion problem, but this is related
to the special conditions in many of the systems where spherulites are observed,
i.e., high-viscosity metal or polymer melts where heat and mass transfer is limiting
(Shtukenberg et al. 2012).

The mechanistic shifts and corresponding morphology predictions in classical
crystal growth, from faceted monocrystals to surface-instability driven polycrystals,
are explained with reference to the increasing supersaturation. Although there
are some unresolved questions related to the phenomenon of non-crystallographic
branching and the accompanying kinetic dependency on supersaturation, especially
for growth in impurity-free low-viscosity media, the success of the classical
monomer incorporation models has been their corresponding rate expressions that
have been of great use to model industrial crystallization processes. The current
alternative nonclassical concepts do not propose corresponding rate equations
and do not necessarily obey the classical criterion related to the supersaturation
dependence. They rather base their explanations on the colloidal stability of initially
nucleated nanocrystals and how they may aggregate to create both mono- and
polycrystalline structures.

7.4 Growth by Assembly of Precursor Crystals

A recent review (De Yoreo et al. 2015; see also Chap. 1 de Yoreo et al. 2017,
this volume) presents a general concept of crystallization by particle attachment
(CPA) by discussing attachment of a wider range of precursor particles, like
oligomers, droplets, amorphous particles, or fully developed nanocrystals. We limit
the following analysis to attachment and aggregation of prenucleated nanosized
crystals.

Although polycrystallinity by growth of monomeric units can be explained
by growth front nucleation, hardly any of the papers advocating an aggregation-
based theory refer to such growth phenomena, indicating that it has been largely
unknown in the field of mineral precipitation. However, it is of vital importance
to understand whether growth is facilitated by particles nucleated in solution and
transported to the crystal or if the resulting subunits nucleate and grow on the
advancing crystal surface. In the former case, a high 3-D nucleation rate and hence
a high supersaturation are required, as well as an efficient assembly or ordering
principle, whereas in the latter case the degree of epitaxy and non-crystallographic
branching during growth front nucleation is the determining factor for the level of
polycrystallinity.

7.4.1 Spontaneous Precipitation Systems: Mesocrystals
and Polycrystalline Particles

Egon Matijevic (Matijevic 1993) was a pioneer in establishing an alternative
interpretation of particle growth and proposed aggregation of nanosized crystals
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as the mechanism responsible for the formation of polycrystalline micron-sized
particles of various minerals. The underlying assumption was that an object that
is spherical and polycrystalline can only be explained by assembly of already
nucleated crystals, but other morphologies in the vast collection of “monodispersed”
colloidal systems were also explained by a coagulation mechanism of nanoparticles.
Ocaiia et al. (Ocana et al. 1995) summarized some of the systems undergoing
nano-aggregation and categorized the possible mechanisms as either undirectional
or directional aggregation. Undirectional aggregation results in spherical particles,
whereas ellipsoids, platelets, prisms, spheres, and rods could all be produced by
directional aggregation, often assisted by additives.

Oriented attachment (OA) was demonstrated for a smaller assembly of nanopar-
ticles some years later (Penn and Banfield 1999; see also Chap. 13 Penn et al.
2017, this volume) by hydrothermal treatment of 5 nm titania crystals (Fig. 7.3a).
The particle size increased both by monomeric crystal growth and by assembly
of up to ten individual crystals, a process that took place over several hours.
When this oriented attachment process is non-perfect, it introduces dislocations
in the resulting crystal (Penn and Banfield 1998), explaining how dislocations
necessary for subsequent crystal growth can appear even though the initial nuclei are
dislocation-free. Recent advances have allowed for direct observation of nanoparti-
cle coalescence by high-resolution transmission electron microscopy using a fluid
cell. In situ observations of platinum nanocrystals (Zheng et al. 2009) show that
they grow by both monomer addition and particle-particle attachment events in
the same order of numbers as that of the initial particles, illustrating that a few
nanocrystals combine to make the new particles. This is an important growth

Fig. 7.3 (a) TEM micrograph of a single crystal of anatase demonstrating oriented attachment
of titania nanocrystals in 0.001 M HCIl (Reproduced from Penn and Banfield (1999) with
permission from Elsevier). (b) Cryo-TEM images of goethite mesocrystals developing by aging
of a suspension of ferrihydrite nanocrystals at 80 °C, after (@) 5 days, (b) 10 days, and (c) 24 days
(Reproduced from Yuwono et al. (2010) after permission from American Chemical Society)
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trajectory to explain the nearly monodisperse particles resulting from an initially
broad size distribution. The oriented attachment processes of iron oxyhydroxide
nanoparticles observed in fluid cell TEM demonstrate how the particles rotate and
interact until they find a perfect lattice match, and the attachment is followed by
atom-by-atom addition. The translational and rotational accelerations show that
direction-specific interactions drive the attachment, and the electrostatic field can
promote these oriented attachment events (Li et al. 2012; Zhang et al. 2014; Nielsen
et al. 2014).

The development of larger particles involving oriented attachment of a higher
number of nanoparticles, in the orders of ten to hundreds, has been shown (Yuwono
et al. 2010) by cryo-TEM monitoring of a suspension of ferrihydrite (Fig. 7.3b;
see also Chap. 13 Penn et al. 2017, this volume). Over the course of several days,
long thin mesocrystal assemblies of oriented goethite nanocrystals are developed
by (1) self-assembly of primary nanocrystals, (2) crystallographic reorganization
within the self-assemblies, and (3) conversion to oriented aggregates, which are new
secondary crystals.

Directional aggregation has also been found to take place in the early process
of gypsum precipitation (Van Driessche et al. 2012). The process started by
formation of nanoparticles of the hemihydrate bassanite which after growth to
nanorods of some 100 nm in length aggregated to needle-shaped particles which
later transformed to the dihydrate gypsum. This oriented aggregation of bassanite
was explained by an increase in the enthalpy with decreasing surface area, favoring
aggregation over crystal growth.

Along with, and often based on, these demonstrations of crystal growth by
oriented attachment, a significant number of studies in the recent literature have
extended the argument to conclude that also larger micron-sized particles, both
monocrystalline (Fig. 7.4) mesocrystals (Colfen and Antonietti 2005; see also
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Fig. 7.4 Aggregation schemes for monocrystalline particles in solution, left, assisted by macro-
molecules resulting in mesocrystals (Reproduced from Colfen and Antonietti (2005) after
permission from John Wiley and Sons) and, to the right, self-assembled aggregation in the absence
of additives leading to porosity in the final crystals (Reprinted from Judat and Kind (2004) after
permission from Elsevier)
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Fig. 7.5 Aggregation scheme (to the /eft) illustrating how growth of monodisperse polycrystalline
secondary particles of gold (by reduction of auric acid) in solution (micrograph A and B) occurs
by addition of primary particles to secondary particles, to ensure a sharply peaked particle size
distribution (Reproduced from Park et al. (2001) with permission from American Chemical
Society)

Chap. 8 Rao and Colfen 2017, this volume) and polycrystalline particles (Fig. 7.5),
are formed by assembly mechanisms, suggesting that aggregation of nanocrystals is
a universal mechanism for growth of crystalline particles. However, many orders of
magnitude, higher number of primary nanocrystals and a highly efficient assembly
mechanism, are required to account for these rapidly formed large micron-sized
particles. Kind et al. (Judat and Kind 2004) used cryo-TEM to study shock-
frozen samples from the rapid precipitation of BaSO,4 in a T-mixer arrangement
and concluded that the internal porosity of the particles was a consequence of
highly ordered aggregation of nanoparticles formed in the beginning of the process
(Fig. 7.4). A similar evaluation of copper oxalate precipitation (Soare et al. 2006)
discussed how the high ionic strength due to high concentration during nucleation
would lead to aggregation of the nuclei, by suppression of the electric double
layer and accompanying low colloidal stability. This initial random aggregation
resulted in a core of randomly oriented primary particles whereas the outer aligned
crystallites were explained by directional aggregation due to lower ionic strength at
lower supersaturation later on in the growth process.

Calcium carbonate precipitation of both mono- and polycrystalline particles, both
in the absence and presence of additives, is frequently explained as a result of non-
classical crystal growth based on observations of intraparticle subunit structure and
nanoparticle surface features. The argument of aggregation of nanosized crystals
has been used to explain both polycrystalline spherical particles and monocrystalline
hexagonal particles of vaterite. In the case of polycrystalline particles, aggregation is
not oriented, but for the formation of hexagonal plates (Xu et al. 2006), additives in
the system are said to be necessary to aid the assembly process, following a similar
principle as described in Fig. 7.4. By contrast, it has been shown (Andreassen et al.
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2012) that the morphologies of calcium carbonate that are explained as a result of
modulating additives can in fact also be produced in the absence of any additives,
by simply controlling the value of the activity-based supersaturation, S, (Eq. 7.4).
It was concluded that calcium carbonate in this case forms by a classical growth
mechanisms, since the supersaturation, S,, is too low for the extensive nucleation
required to supply an attachment process with the necessary primary crystalline
particles.

Peak broadening in Powder XRD is widely used to support a nano-aggregation
mechanism and the nanoparticle size is estimated by the Scherrer equation. The
resulting size determination of the nano-domains tends to result in a range of 20—
50 nm, irrespective of the mineral in question. Assuming that the final micron-sized
particles would be constructed by aggregation of 20 nm particles in a space-filling
structure, the number of primary crystals required for each final particle is in the
order of 10% (Andreassen 2005). Nucleation of such a high number of primary
crystals, or building blocks, would require a substantial supersaturation, and their
presence should be easily detectable in solution by in situ or cryo-TEM or even
in dry samples separated from the solution during the 5-min growth period. In
this case, the vaterite spheres were growing at a moderate supersaturation dictated
by the transformation of amorphous calcium carbonate, and as a result, it was
concluded that spherulitic growth was the operating mechanism and not aggregation
of nucleated precursor crystals. When polycrystalline spheres of vaterite were
seeded to systems of constant supersaturation well below the nucleation threshold,
the particles grew by incorporation of ions from solution, constantly creating surface
units that varied in size with the applied level of supersaturation (Andreassen et al.
2012), as predicted by the dependency of branching on the thermodynamic driving
force (Shtukenberg et al. 2012). In a recent critical analysis of monocrystalline
calcite mesocrystals precipitated in the presence of polymers (Kim et al. 2014),
it was shown that the use of the Scherrer equation to infer information about
primary building blocks is not valid and that the main source of the peak broadening
was substantial strain in the crystal lattice which occurred when the crystals were
grown in the presence of additives. In addition, the high surface area due to the
nanoparticulate surface features could be fully explained as a consequence of the
additive action on crystal growth in a classical sense. In a recent investigation, a
polycrystalline vaterite biomineral (Pokroy et al. 2015) was also suggested to form
from solution by ion-by-ion spherulitic growth, as opposed to nano-aggregation,
due to 0 and 30° angle spreads and no interfacial organic layers between adjacent
crystals. Other biomineralization examples where spherulitic growth has been
shown is in the formation of earthworm granules (Hodson et al. 2015) and to
infer information about microbial activity responsible for the formation of dolomite
rock where some organisms make spherulitic Ca-Mg carbonate by increasing the
supersaturation levels locally (McKenzie and Vasconcelos 2009).

In the current literature that uses the argument of aggregation of nanosized
crystals, the total number of nanoparticles required and the reduction in numbers
due to aggregation is normally not part of the analysis when attachment processes
are discussed. However, in the classical industrial crystallization literature, it is
essential to show that there has been a reduction in the number of crystals in order to
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demonstrate that aggregation has taken place. A population balance analysis offers
a consistent accounting tool to distinguish between particle enlargement by growth
and by aggregation, and this has traditionally been applied for the agglomeration
of larger crystals growing by classical crystal growth (Andreassen and Hounslow
2004; Costodes et al. 2006).

When it comes to the nonclassical growth mechanisms, only a few attempts
have been made to quantify the kinetics of growth. Early attempts (Dirksen et
al. 1990) to use a populat