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Preface

In nature, biological organisms produce mineralized tissues such as bone,
teeth, diatoms, and shells. Biomineralization is the sophisticated process of
production of these inorganic minerals by living organisms. Construction of
organic-inorganic hybrid materials with controlled mineralization analogous
to those produced by nature has recently received much attention because it
can aid in understanding the mechanisms of the biomineralization process
and development of biomimetic materials processing. The biomineralization
processes use aqueous solutions at temperatures below 100 °C and no toxic
intermediates are produced in these systems. From a serious global envi-
ronmental problem point of view, the development of processes inspired by
biomineralization would offer valuable insights into material science and engi-
neering to reduce energy consumption and environmental impact. One of the
most challenging scientific problems is to gain greater insight into the molec-
ular interactions occurring at the interface between the inorganic mineral
and the macromolecular organic matrix. Model systems are often regarded as
a straight-forward experimental approach toward biomimetic crystallization.
Hierarchical architectures consisting of small building blocks of inorganic crys-
tals are often found in biominerals. Studies of nanocrystal self-organization in
solution systems would also be helpful for understanding biomineralization.
In these volumes, we focus on construction of organic-inorganic hybrid ma-
terials with controlled mineralization inspired by natural biomineralization. In
the first volume, the reader will find contributions providing a basic scope of the
mineralization process in aqueous solution. The first chapter by Marc Fricke
and Dirk Volkmer introduce Mollusk shell formation, crystallization of CaCO3
underneath monolayer via epitaxial and non-epitaxial growth. Hiroaki Imai
describes hierarchically structured crystals formed through self-organization
in solution systems. A wide variety of complex morphologies including frac-
tals, dendrites, and self-similar structures are reviewed. Fluoratite-gelatine
nanocomposites, reviewed by Riidiger Kniep and Paul Simon, are suited to
obtaining deeper insight into processes of self-organization, and can help to
learn about essentials in the formation of inorganic-organic nanocomposites
of biological relevance. There is considerable academic and commercial inter-
est in the development of hydroxyapatite (HAp) bioceramics and HAp-loaded
polymer for bone replacement. Kimiyasu Sato summarized inorganic-organic
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interfacial interactions in hydroxyapatite mineralization process. Biominer-
als are most often considered in either their more traditional roles as critical
structural components of organisms. The biominerals are also important ion
reservoirs for cellular function. It is becoming apparent that biominerals act as
critical detoxification sinks within certain organisms. In the final chapter of the
first volume, David Wright and his co-workers explain that the detoxification
process make noble metal nanoparticles.

In the mineralized tissues, crystal morphology, size, and orientation are
determined by local conditions and, in particular, the presence of “matrix”
proteins or other macromolecules. Because the proteins that have been found
to be associated with biominerals are usually highly acidic macromolecules,
several water-soluble polyelectrolytes have been examined for the model of
biomineralization in aqueous solution. The second volume will focus on con-
trolled mineralization by synthetic templates. We start this volume with the
latest advances in hydrophilic polymer controlled morphosynthesis and bio-
inspired mineralization of crystals reviewed by Helmut Colfen. He also sum-
marizes classical crystallization pathways as well as non-classical nanoparticle
mediated crystallization routes. These basic overviews will be very useful for
the reader to understand this field. Shu-Hong Yu reviews controlled mineral-
ization by synthetic additives and templates, not only with simple water-soluble
polymers, but also artificial interfaces and matrixes including monolayers and
synthetic polymer matrix. In the next chapter, I will introduce delayed ac-
tion of polymeric additives as a new method for controlled mineralization by
synthetic polymers. Finally, Norikazu Ueyama and his co-workers describe
the detailed chemistry of the interface between the inorganic mineral and the
macromolecular organic matrix by their designed polymer ligands. Coordina-
tion information on synthetic Ca carboxylate complexes is important for the
elucidation of the Ca-O bond on the surface of Ca-based biominerals.

It was my great pleasure to invite leading international scientists to con-
tribute to this issue and write excellent and detailed reviews of recent de-
velopments in the field of biomineralization. Although several books about
biomineralization have been published, those books focused on the progress
of biomineralization in biology and molecular biology. No book about biomin-
eralization has focused on the viewpoint of constructing the bio-inspired
organic-inorganic hybrid materials. The continuous cooperation of organic
and polymer chemists with inorganic and biochemists for the field of biomin-
eralization is desirable for discovering new concepts and method for producing
composite materials and crystalline forms analogous to those produced by na-
ture.

Kyoto, September 2006 Kensuke Naka
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Abstract Biomineralization processes result in organic/inorganic hybrid materials with
complex shape, hierarchical organization, and superior materials properties. Chemistry,
which is inspired by these processes, aims to mimic biomineralization principles and to
transfer them to the general control of crystallization processes using an environmentally
benign route. In this chapter, the latest advances in hydrophilic polymer-controlled mor-
phosynthesis and bio-inspired mineralization of crystals are summarized with focus on
the various principles that can be used to generate inorganic and organic crystals with
unusual structural specialty and complexity. For this, classical crystallization pathways
using crystal face-selective polymer adsorption can be applied as well as non-classical
nanoparticle-mediated crystallization routes, which are based on amorphous or crys-
talline precursor particles. Current developments emphasize that probably all inorganic
and organic crystals will be amenable to morphosynthetic control by the described strate-
gies using either flexible polymer additives or suitable self-assembly mechanisms. The



2 H. Colfen

resulting unique hierarchical materials with structural specialty and complexity, and
a size range spanning from nanometers to micrometers, are expected to find potential
applications in various fields. In addition, bio-inspired mineralization with hydrophilic
copolymers offers the chance to understand basic principles of the complex and syner-
getic biomineralization processes.

Keywords Bio-inspired mineralization - Double hydrophilic block copolymers -
Mesocrystals - Non-classical crystallization - Oriented attachment - Self-assembly

Abbreviations
Amino acid abbreviations follow the standard three-letter code

ACC Amorphous calcium carbonate

AUC Analytical ultracentrifugation

CMC Critical micelle concentration

COD Calcium oxalate dihydrate

CTAB Cetyltrimethylammonijumbromide
DHBC Double hydrophilic block copolymer
DLS Dynamic light scattering

EDTA Ethylene diamine tetra acetic acid
HAP Hydroxyapatite

OCP Octacalcium phosphate

PAA Poly(acrylic acid)

PAH Poly(allylamine hydrochloride)

PAM Poly(acrylamide)

PASM Poly(ammonium 2-sulfatoethyl methacrylate)

PDADMAC Poly(diallyldimethylammonium chloride)
PDEAEMA Poly(diethylaminoethylmethacrylate)

PEI Poly(ethylene imine)

PETPA Poly(ethylene imine)-poly(acetic acid) or poly(EDTA)
PEO Poly(ethylene oxide)

PEG Poly(ethylene glycol) or low molar mass PEO

PGL Poly(glycidol)

PHEA Polyhydroxyethylacrylate

PHEE Poly(hydroxyethylethylene)

PHEMA Poly(2-hydroxyethyl methacrylate)
PHMA Poly(dihydroxypropyl methacrylate)
PILP Polymer induced liquid precursor
PMAA Poly(methacrylic acid)

PMVE Poly(methylvinylether)

PNIPAM  Poly-(N-isopropylacrylamide)

PPI Poly(propylene imine)

PSMA Poly(styrene-alt-maleic acid)
PSS Poly(sodium 4-styrenesulfonate)
PVA Poly(vinyl alcohol)

PVOBA Poly(vinyloxy-4-butyric acid)
PVP Poly(vinyl pyrrolidone)

SAM Self assembled monolayer

SANS Small angle neutron scattering

SAXS Small angle X-ray scattering
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SDS Sodium dodecylsulfate

SEM Scanning electron microscopy
SEM Scanning force microscopy

TEM Transmission electron microscopy
WAXS Wide angle X-ray scattering

1

Introduction

Synthesis of inorganic crystals or hybrid inorganic/organic materials with
specific size, shape, orientation, organization, complex form, and hierarchy
has been a focus of recent interest [1-13] because of the importance and the
potential to design new materials and devices in various fields such as catal-
ysis, medicine, electronics, ceramics, pigments, and cosmetics. For example,
shape control and structural specialty (size, shape, phase, dimensionality, as-
sembly etc.) have significant relevance for the properties of semiconductor
nanocrystals [8], metal nanocrystals [9-12], and other inorganic materi-
als [5-7], which may add additional variables for tailoring the properties
of nanomaterials [14]. Much effort has been made towards fabricating one-
dimensional nanowires or nanorods [15-21] by using hard templates such
as carbon nanotubes [15, 16] and porous aluminum templates [17-19] or by
laser-assisted catalytic growth (LCG) [20,21] as well as controlled solution
growth at room temperature or elevated temperature [8,9,22-25].

As an alternative strategy, bio-inspired morphosynthesis emerged as an
important and environmentally friendly route to generate inorganic materials
with controlled morphologies by using self-assembled organic superstruc-
tures, inorganic or organic additives, and/or templates with complex func-
tionalization patterns [5-7,26]. The biospecific interaction and coupling of
biomolecules with inorganic nanosized building blocks has shown the poten-
tial assembly capabilities for generating new organized materials with strong
application impact [27]. The directed self-assembly of inorganic and inor-
ganic/organic hybrid nanostructures has also been emerging as an active area
of recent research. It therefore makes a lot of sense to learn more about the
natural high technology mineral archetypes and to investigate and mimic the
mechanisms of biomineralization.

Biomineralization is the process by which living organisms secrete inor-
ganic minerals in the form of skeletons, shells, teeth etc. It is a rather old
process in the development of life and was adapted by living beings prob-
ably at the end of the Precambrian, more than 500 million years ago [28].
Biominerals are highly optimized materials with remarkable properties and
have attracted a lot of attention recently, not only among materials chemists,
because they are considered natural archetypes for future materials. In na-
ture there exists an abundance of biominerals, which are usually composites
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of inorganic and organic materials in a highly organized form with fascinat-
ing shapes and structures [29-33]. For example, pearls, oyster shells, corals,
ivory, sea urchin spines, magnetic crystals in bacteria, algae exoskeletons,
eggshells, bones, and teeth are typical biological minerals created by living
organisms.

During the past decade, exploration of novel bio-inspired strategies for
self-assembling or surface-assembling molecules or colloids to generate mate-
rials with controlled morphologies with structural specialty, complexity, and
related unique properties is among the hottest current research subject in the
area of materials chemistry and its cutting-edge fields [26, 34-40]. Biomin-
eralization and bio-inspired morphosynthesis have been rapidly developed
into one of the central objectives of biomimetic chemistry [41-45]. It has
been the object of intense recent research activity for materials scientists and
chemists to learn how to create superstructures resembling naturally existing
biominerals with their unusual shapes and complexity [1,46-48]. Recent re-
views report the latest research advances in biomineralization of unicellular
organisms with complex mineral structures from the viewpoint of molecu-
lar biology [49] or highlight how the interplay between aggregation and
crystallization can give rise to mesoscale self-assembly and cooperative trans-
formation and reorganization of hybrid inorganic/organic building blocks
to produce single-crystal mosaics, nanoparticle arrays, and emergent nanos-
tructures with complex form and hierarchy [40]. All these advances indicate
a large potential for bio-inspired mineralization. It is therefore not surpris-
ing that chemists have taken up the challenge to learn from the design of
nature’s sculptures and try to extend their synthetic toolbox with principles
from biomineralization.

In biomineralization processes, one must distinguish between a structural
insoluble matrix, which provides a scaffold for the subsequent mineraliza-
tion process, and a functional soluble matrix. Both can control the crystal-
lization process [50]. The latter is often composed of soluble and charged
macromolecules so that the application of hydrophilic polymers and polyelec-
trolytes is advantageous for achieving control over crystallization reactions.

Use of water-soluble polymers as crystal modifiers for controlled crys-
tallization is widely expanding and is a versatile route for controlling and
designing the architectures of inorganic materials. These additives do not
act as supramolecular templates like the surfactant type or other rigid tem-
plates, which predefine the later hybrid material structure but usually act as
a soluble species at various hierarchy levels of the forming mineral hybrid
(soluble matrix) [40]. In that way, the application of soluble macromolecules
as crystallization additives is bio-inspired and also opens up the possibility to
design model systems for understanding parts of the complex biomineraliza-
tion processes.

This review is organized in a way that first, crystallization itself is dis-
cussed, as several non-classical and particle-based crystallization pathways
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have recently been discovered. This will enable the reader to understand
the basic principles of crystallization control in biomineralization and bio-
inspired mineralization. As a second part, the possibilities for controlling
crystal morphogenesis by hydrophilic polymers are discussed. Conclusions
are drawn in the fourth part and the chapter finishes with the identification
of current trends and an outlook to the future (Heading 5).

2
Different Crystallization Modes and Ways to Modify Crystallization

Driven by the intensified research on biomineralization processes as inspira-
tion for the synthesis of future advanced materials [30, 32,51-56] and also
bio-inspired mineralization [41, 57], several indications were found that crys-
tallization does not necessarily proceed along the classical textbook crys-
tallization pathway, which is the attachment of ions/molecules to a primary
particle forming a single crystal.

Instead, crystallization can also proceed along particle-based reaction
channels [40]. Particle-mediated crystallization pathways have been identi-
fied that form crystals in the process of a so-called mesoscopic transform-
ation including self-assembly or transformation of metastable or amorphous
precursor particles [40]. Such crystallization pathways especially apply to
systems far from equilibrium, for which the classical thermodynamic con-
siderations are no longer valid for predicting the morphology or size of the
crystals (see also Sect.2.1.1). But, even for systems considered to crystal-
lize via the classical pathway, indications were found that nanoparticles are
involved in the crystallization process. This nanoparticle-mediated crystal-
lization pathway involving mesoscopic transformation is called “non-classical
crystallization” in the following text and involves multiple nucleation events
of nanoparticles to form a nanoparticle superstructure, in contrast to a single
nucleation event to form a single crystal.

Non-classical crystallization often involves self-assembly of preformed
nanoparticles to an ordered superstructure, which then can fuse to a single
crystal. These pathways are outlined in Fig. 1 and discussed below in more
detail.

From Fig. 1, it becomes clear that alternative particle-mediated crystalliza-
tion pathways can also finally lead to a single crystal (see Oriented Attach-
ment Sect. 2.2.1 and Mesocrystals Sect. 2.2.2 where the nanoparticle units can
fuse together by oriented attachment to form a single crystal) Amorphous
precursor particles (Sect. 2.2.3), which can crystallize and then form a sin-
gle crystal via a mesocrystal or directly by oriented attachment and even
liquid precursors (Sect. 2.2.4), also belong to these non-classical crystalliza-
tion pathways. These new and developing concepts are not only expanding
our views on crystallization in general, they are also possibly tools for un-
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Fig.1 Schematic representation of classical and non-classical crystallization. Pathway a
represents the classical crystallization pathway where nucleation clusters form and grow
until they reach the size of the critical crystal nucleus growing to a primary nanoparticle,
which is amplified to a single crystal (path a). The primary nanoparticles can also arrange
to form an iso-oriented crystal, where the nanocrystalline building units can crystallo-
graphically lock in and fuse to form a single crystal (oriented attachment, path b). If the
primary nanoparticles become covered by a polymer or other additive before they un-
dergo a mesoscale assembly, they can form a mesocrystal (path c). Note: Mesocrystals can
even form from pure nanoparticles. There is also the possibility that amorphous particles
are formed, which can transform before or after their assembly to complicated morpholo-
gies (symbolized by the question mark in path d). The scheme is partly based on that
in [40]

Crystal growth l

Primary
nanoparticles

Single crystal Iso- orlented
crystal

Oriented Attachment

derstanding biomineralization processes in more detail as they extend the
toolbox of crystallization, which has so far been set by the classical crystal-
lization pathway.

2.1
Classical Crystallization

The discussion of non-classical crystallization processes requires a brief con-
sideration of classical crystallization itself at the very basic level. Crystalliza-
tion starts from ions in the case of inorganic minerals or molecules. These
primary building units form clusters, which can grow or disintegrate again
because of the counter-play between the surface energy (~ r?) of the newly
created surface and the bulk energy gained from the formation of a crystal lat-
tice (~ r3). The clusters eventually reach the size of a so-called critical crystal
nucleus, at which the surface energy is counterbalanced by the bulk energy so
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that the change in the free enthalpy of the system becomes negative upon fur-
ther particle growth as the win in lattice energy overcompensates the loss in
surface energy. The critical crystal nucleus is the smallest crystalline unit ca-
pable of further growth. The so-formed primary nanoparticles grow further
by ion attachment and unit cell replication (Fig. 1 pathway a).

The shape of inorganic crystals is normally related to the intrinsic unit
cell structure and the crystal shape is often the outside embodiment of the
unit-cell replication and amplification. The diverse crystal morphologies of
the same mineral are due to the differences in the crystal faces with regard
to surface energy and external growth environment, as already revealed early
last century by Wulff [58]. Generally speaking, the growth rate of a crystal face
is usually related to its surface energy if the same growth mechanism acts on
each face. The fast growing faces have high surface energies and they will van-
ish in the final morphology, and vice versa. This treatment assumes that the
equilibrium morphology of a crystal is defined by the minimum energy re-
sulting from the sum of the products of surface energy and surface area of
all exposed faces (Wulff rule). Although it is nowadays well known that this
purely thermodynamic equilibrium treatment cannot always predict the crys-
tal morphology, as crystallization and the resulting morphology often also
relies on kinetic effects as well as on defect structures like screw dislocations
or kinks etc., it forms the basis for the consideration of additive-mediated
crystal morphology changes (see also Sect. 2.1.2).

2,11
Thermodynamic and Kinetic Crystallization Pathways

As mentioned above, consideration of the thermodynamic equilibrium is not
very well suited to describe the crystallization pathways observed in biomin-
eralization and biomimetic mineralization processes. Instead, it can be stated
that these systems are usually far from equilibrium so that kinetic effects pre-
vail over thermodynamic control, with the consequence that it is still almost
impossible to predict the morphology of a crystal with the currently existing
thermodynamic equilibrium models, which are more or less a reflection of
Wulff’s rule [58].

In general, kinetic control is based predominantly on the modification of
the activation-energy barriers of nucleation, growth, and phase transform-
ation (Fig. 2) [32]. In such cases, crystallization often proceeds by a sequential
process involving structural and compositional modifications of amorph-
ous precursors and crystalline intermediates, rather than a single-step path-
way [40, 56, 59, 60]. How far these metastable intermediates become stabilized
by the additive or are transformed to the next stable species according to Ost-
wald’s step rule depends on the solubility of the minerals and on the free
energies of activation of their interconversions, all of which are strongly in-
fluenced by additives [35]. The corresponding changes in composition and
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Fig.2 Crystallization pathways under thermodynamic and kinetic control. Whether a sys-
tem follows a one-step route to the final mineral phase (pathway A) or proceeds by
sequential precipitation (pathway B), depends on the free energy of activation associated
with nucleation (N), growth (g), and phase transformation (T). Amorphous phases are
common under kinetic conditions. Reproduced from [40] with permission of Wiley

structure usually occur by dissolution-renucleation processes closely associ-
ated with the surface and/or the interior of preformed particles, as demon-
strated for calcite hollow spheres grown on the surface of sacrificial vaterite
spheres [61]. The nucleation of a particular crystalline phase is therefore
highly heterogeneous and dependent on interfacial and hydrodynamic prop-
erties as well as on reaction kinetics. Therefore, this multistep process cannot
be readily described by the classical model of nucleation, which is based on
a thermodynamic treatment of the interplay between energy gain through
bulk crystallization and energy loss through increase in surface area, namely
the classical Wulff treatment [58].

Kinetically driven crystallization often involves an initial amorphous
phase that may be non-stoichiometric, hydrated, and susceptible to rapid
phase transformation. Amorphous calcium carbonate (ACC) for instance is
highly soluble, has a low density of almost half of the crystalline mineral in-
dicating a high hydration [62], and rapidly transforms to calcite, vaterite, or
aragonite unless kinetically stabilized. In aqueous solution, this transform-
ation into vaterite or calcite takes place within seconds or less even if additives
are present, as shown by recent SAXS/WAXS measurements of ACC trans-
formation in the presence of a DHBC [63].
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In biomineralization, the kinetic ACC stabilization is thought to be
achieved by ions such as Mg?>* and PO4>", or by enclosing the amorph-
ous phase in an impermeable sheath of organic macromolecules, such as
polysaccharides [64] or mixtures of polysaccharides and proteins rich in
glutamic acid, threonine, and serine [65,66]. Thus, a significant number of
stabilized ACC biominerals have recently been documented in plant cys-
toliths [67, 68], snail shells [69], aragonitic mollusk shells [70, 71], nacre [72],
ascidian spicules [51, 65, 73], precursors of the carbonated apatite inner tooth
layer of chitons [74], and crustacean exoskeletons [75] and likely, more
biominerals belong to this list.

Kinetic control of crystallization can be achieved by modifying the in-
teractions of nuclei and developing crystals with solid surfaces and soluble
molecules [76]. Such processes influence the structure and composition of the
nuclei, particle size, texture, habit and aggregation, and stability of interme-
diate phases. In biomineralization, for example, structured organic surfaces
are considered to play a key role in organic matrix-mediated deposition by
lowering the activation energy of nucleation of specific crystal faces and poly-
morphs through interfacial recognition [77, 78]. Soluble macromolecules and
organic anions, as well as inorganic ions such as Mg?* and PO,>", can also
have a marked kinetic effect on crystallization, particularly with regard to
polymorph selectivity and habit modification. For example, magnesium or
polyphosphonate can inhibit CaCOj3 crystallization resulting in ACC [79-84].
These interactions can be highly specific; for example, proteins extracted ei-
ther from calcite or aragonite-containing layers of the abalone shell induce
the crystallization of calcite or aragonite, respectively, when added to super-
saturated solutions of calcium hydrogen carbonate in the laboratory with or
without being immobilized on a surface [50,85]. Atomic-force microscope
(AFM) studies [86] indicate that the macromolecules bind to growth sites on
well-defined crystal surfaces and influence the kinetics of crystal growth from
solution in accordance with the classical model of secondary nucleation [87].
These studies on bulk crystalline system growth indicate that polymer addi-
tives act in a classical, and thus predictable, way as selective surface poisoning
agents. This is further supported by the results of functionalized latex adsorp-
tion onto growing crystals [88, 89] so that they can even become occluded into
a single crystal, which can become an interesting porous material after latex
removal [90, 91]. However, it is not yet clear if these results can be transferred
to the more relevant case of crystalline nanoparticles at the early experi-
mental stage, shortly after nucleation, which are the relevant species for the
outcome of a polymer-directed crystallization reaction for many biomineral-
ization and biomimetic mineralization processes.
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2.1.2
Face-Selective Additive Adsorption

The thermodynamic consideration of crystallization discusses the crystal
morphology as a result of energy minimization of all exposed faces (Wulff
rule) [58]. The surface energy of a crystal face can be lowered by the adsorp-
tion of an additive. Therefore, the shape of crystals can be affected by various
factors, i.e., inorganic ions or organic additives. The anisotropic growth of
the particles can be explained by the specific adsorption of ions or organic
additives to particular faces, therefore inhibiting the growth of these faces by
lowering their surface energy.

This strategy of crystal morphogenesis has been known for a long time
and has even found industrial application, mainly based on empirical obser-
vations. The striking influence of small molecule additives on the shape and
structures of inorganic crystals has been well documented. These small ad-
ditives include simple inorganic ions, small molecular organic species, and
solvents, which have been found to exert strong influence on the shape of in-
organic crystals. However, the additives can also be much more complex and
even be designed to bind to specific crystal faces.

Laursen and DeOliveira have shown an excellent example of using pro-
tein secondary structures to control the orientation of chemical functionality
so that the protein can bind to a targeted crystal face. An «-helical peptide
(CBPI) with an array of aspartyl residues was designed to bind to the (110)
prism faces of calcite [92]. The careful observation of the effect of CBP1 and
other peptides on calcite crystal growth was skillfully done by adding the
peptide to rhombohedral seed crystals growing from a saturated Ca(HCO3);
solution. When CBP1 was added to seed crystals (as shown in Fig. 3a) and
growth was allowed to continue, the calcite crystals elongated along the [001]
direction (c-axis) with rhombohedral (104) caps (Fig. 3b). After washing the
crystals with water and replacing the mother solution with fresh saturated
Ca(HCO3), solution, a regular rhombohedron formed by a sort of repair pro-
cess with subsequent growth on the putative prism surfaces (Fig. 3c). CBP1
was only about 40% helical when the temperature was 25 °C, leading to the
formation of studded crystals by epitaxial growth perpendicular to each of
the six rhombohedral surfaces (Fig. 3d and e). After washing these crystals
and regrowing in fresh Ca(HCOs), solution, repair of the non-rhombohedral
surfaces was again observed. In each study, a new rhombohedron was formed
and thus six regular rhombohedra overgrew the original seed (Fig. 3f).

If additive adsorption occurs very selectively, even one-dimensional nano-
structures can be grown, as demonstrated for Ag nanowires with PVP adsorb-
ing onto the side faces of the elongated nanoparticle. Thus the surface energy
of these faces was lowered so that the Ag rods only grew at their ends [93].
However, if the polymer adsorption is not homogeneous and has defects,
branching may occur as shown later in Fig. 5a.
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Fig.3 Left: The footprint of two a-helical peptide (CBP1) molecules binding to the (110)
prism faces of calcite. The filled circles are Ca’' ions, and open circles are CO32" ions.
Large circles are ions in the plane of the surface and small circles are 1.28 A behind this
plane. The hexagons indicate that peptide carboxylate ions occupy CO32" sites on the
corrugated surface. Right: SEM micrographs showing the effect of CBP1 on the growth
of calcite crystals: a Calcite seed crystals showing typical rhombohedral morphology.
b Elongated calcite crystals formed from seed crystals at 3 °C in saturated Ca(HCO3);
containing ca. 0.2 mM CBP1, showing expression of new surfaces corresponding to the
prism faces and rhombohedral (104) caps; growth is along the c-axis, which extends
through the vertices of the end caps. ¢ “Repair” and re-expression of rhombohedral sur-
faces when crystals from b are allowed to grow in saturated Ca(HCO3), after removal
of CBPI1 solution. d,e Respective earlier and later stages of growth of calcite crystals
from rhombohedral seed crystals at 25 °C in saturated Ca(HCO3); containing ca. 0.2 mM
CBP1, showing epitaxial growth from the rhombohedral surfaces. e inset: Fluorescence
micrograph of epitaxial studded calcite crystals grown under similar conditions in the
presence of fluorescein-labeled CBP1; the dark spot in the center corresponds to a (104)
face, indicating that the peptide is binding to the newly expressed surfaces and not (104).
f “Repair” and re-expression of rhombohedral surfaces when crystals from e are allowed
to grow in saturated Ca(HCO3), after removal of CBP1. Reproduced in part from [92]
with permission of the American Chemical Society

2.2
Non-classical Crystallization

The particle-mediated non-classical crystallization path makes crystalliza-
tion more independent of ion products or molecular solubility. It can occur
without pH or osmotic pressure changes, and opens new strategies for crys-
tal morphogenesis. This is possible because the precursor particles can be
formed independently and can be transported to the mineralization site so
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that, at the site of crystallization, no supersaturation with its associated el-
evated ion concentrations is required and pH changes coupled to a crystal-
lization reaction can be avoided. As a result of these features, nanoparticle-
mediated non-classical crystallization should be especially relevant in the
process of biomineralization in biological systems because of the obvious
advantages for a living system, which has to handle the control of a crystal-
lization reaction. However, the identification of non-classical crystallization
processes in biomineralization processes is very difficult as many biomin-
erals are not static structures but are continuously remodeled according to
time-dependent demands, as for example in bone. In addition, the precursor
structures of the particle-mediated non-classical crystallization pathways are
difficult to detect as they are often only of a transient nature and can fuse to-
gether to form a single crystal by the process of oriented attachment (see also
Sect. 2.2.1) involving crystallographic fusion of mutually perfectly aligned
nanocrystals to a single crystal. Nevertheless, in bio-inspired mineralization,
non-classical crystallization is easier to study and thus better documented
than for biomineralization. However, the study of non-classical crystallization
is still in its infancy as these crystallization routes were only discovered a few
years ago.

2.2.1
Oriented Attachment

Oriented attachment was first found for TiO, particles generated in a hy-
drothermal process [94]. Chains of nanoparticles fused in crystallographic
register were found and the fusion surfaces were identified to be the highest
energy surfaces of the nanoparticles (Fig. 4).

From the thermodynamic viewpoint, the system wins a substantial amount
of energy by eliminating two high energy surfaces by crystallographic fusion,
which is the driving force for the directed particle fusion [95, 96]. This can
happen if two nanoparticles approach each other so closely that they mutu-
ally attract by van der Waals attraction. However, they can still have enough
thermal energy to wiggle around next to each other until, eventually, the high

Fig.4 TEM micrograph of a single crystal of anatase that was hydrothermally coarsened
in 0.001 M HCI, showing that the primary particles align, dock, and fuse to form oriented
chain structures. Reproduced from [94] with permission of Elsevier
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energy surfaces come into direct contact, lock in, and crystallographically
fuse together eliminating the two high energy surfaces.

In the meantime, oriented attachment was found for a variety of systems
such as TiO; [94, 97-99], FeOOH [100], CoOOH [101], Ag [102], ZnO [103],
and ZnS [104] and was recently summarized in a review paper [105].

Oriented attachment is not only described for the one-dimensional
case [94, 98,99, 103], but is also described for two- [106] and three-dimen-
sional cases [107]. Oriented attachment offers the special advantage of pro-
ducing defect-free one-dimensional single crystals, which is certainly of
interest in materials science. Classical crystallization always engenders de-
fect structures in the form of branches when attempting fiber growth by
additive adsorption to all crystal faces parallel to the growth axis and thus
these faces become blocked from further growth. In contrast, oriented attach-
ment offers the crystallographic fusion of nanoparticles to single crystalline
and defect-free fibers, which can be hundreds of micrometers long. This is
demonstrated in Fig. 5. Figure 5a shows the example of hydroxyapatite (HAP)
fibers, which grow in an aggregate of special block copolymers, adsorbing to
all faces parallel to the c-growth axis [108].

Although thin and long crystalline HAP fibers were obtained (the single
crystalline nature of the fibers could not be shown due to their small diam-

@?@?? ?

Fig.5 Classical (a) vs. non-classical crystallization (b,c). a Crystallization of hydroxyap-
atite (HAP) fibers from block copolymer aggregates [108], where the block copolymers
adsorb to all faces parallel to the HAP c-growth axis resulting in whisker structures
with occasional branches (see arrows). b,c Formation of single crystalline and defect-free
BaSOy4 (210) oriented fiber bundles by the process of oriented attachment in experiments
described in [109-111]. Figure reproduced from [112] with kind permission of Editorial
Universitaria, Universidad de Chile, Santiago, Chile
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eter of only 2-3 nm), the fibers clearly show occasional branches. These can
be attributed to a non-continuous polymer layer, so that branching can occur
at the non-covered sites on the crystal as result of the ion-based classical
growth mechanism. If on the other hand, all crystal faces parallel to one axis
of a nanoparticle are already covered by polymers, only two opposite faces
remain uncovered and thus become high energy faces. These faces can then
fuse together to form a single crystalline fiber without any defects following
the mechanism of oriented attachment (Fig. 5b,c). Here, the advantages of the
particle-based mechanism compared to the ion-based one become directly
obvious.

Although, so far, there are still comparatively few reports on the oriented
attachment of nanoparticles, this new growth mechanism offers an additional
tool for the design of single crystalline advanced materials with anisotropic
shape and it is certainly also worth exploring how far oriented attachment
plays a role in biomineralization.

222
Mesocrystals

Mesocrystals are colloidal crystals and are built up from individual nanocrys-
tals, which are aligned in a common crystallographic register (see also Fig. 1
pathway c) so that a mesocrystal scatters like a single crystal [113]. Probably,
mesocrystals are much more common than assumed so far but it is difficult to
detect them as they may be misinterpreted as single crystals due to their sin-
gle crystal scattering properties and their well-facetted appearance [113] (see
also Fig. 6 for an example). Additionally, if the surface of the nanocrystals is
not sufficiently stabilized, a mesocrystal can easily transform to a single crys-
tal by oriented attachment (Fig. 1 and Sect. 2.2.1), as the nanoparticle units
are already crystallographically aligned so that a crystallographic fusion is
thermodynamically favored.

Mesocrystals are a very interesting form of colloidal crystal, as they extend
the so far known colloidal crystals with spherical building units to those with
non-spherical building units. This offers new possibilities of superstructure
formation due to the anisotropic particle shape of the nanoparticle build-
ing units [113]. Thus, mesocrystals are colloidal crystals but with extended
possibilities for their self-assembled superstructure, offering new handles for
crystal morphology control.

The mesocrystal concept has just very recently been developed for min-
erals grown by a bio-inspired mineralization process (as reviewed in [113])
but it also appears to be of importance in biomineralization processes, as
very recently proposed for nacre with aragonite tablets built up from mutually
perfectly crystallographically aligned 45 nm nanograins [114]. In addition,
the construction of a natural nacre aragonite platelet from mutually oriented
nanoparticles was also reported by Oaki and Imai [115]. A further example is
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Fig.6 Fluoroapatite grown in a gelatin gel. a SEM of the hexagonal prismatic seed to-
gether with the corresponding diffraction pattern. The arrow indicates the direction of
the incident X-ray beam. b Gelatinous residue of the composite. ¢ SEM image of the
fracture area of a central seed. d Arrangement of hexagonal nanoparticles forming a su-
perstructure. The lines and arrows indicate preferred cleaving directions. Figures a,b,d are
reproduced from [119] with permission of Wiley. Figure ¢ is reprinted from [120] with
permission of the Royal Society of Chemistry

aligned nanobricks in sea urchin spines, which could clarify the long debate
on why the spines diffract like a single crystal but show the fracture behavior
of a glass [116].

One of the most investigated synthetic mesocrystals is the hexagonal pris-
matic seed crystal of fluoroapatite, formed in a gelatin gel, which further
grows to spherical particles via dumbbell intermediates (Fig. 6a,b) [117, 118].
The hexagonal seed shows all the typical features of a mesocrystal and is
thus a nice example for demonstrating the basic properties of a mesocrystal
and also the problems of identification (Fig. 6a). The hexagonal seed crystal
was not directly recognizable as a mesocrystal, as it showed a well-facetted,
single crystal-like morphology (Fig. 6a). Even X-ray diffraction showed fea-
tures of a fluorapatite single crystal oriented along the c-axis [119], due to
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the very high vectorial order of its nanoparticulate building units (Fig. 6a).
After gelatin crosslinking and apatite removal, the polymer distribution in-
side the crystal could be visualized replicating the structure of the former
dumbbell-shaped hybrid particle (Fig. 6b). The internal structure of the hex-
agonal seed crystals (Fig. 6¢) revealed a radial pattern and a superstructure
periodicity of 10 nm, in good agreement with a primary nanoparticle size
of about 10 nm [120]. In addition, structural defects attributed to a collagen
triple helix strand were detected, as well as self-similar nano-subunits nu-
cleated by gelatin [121]. On basis of this evidence, the growth model for the
observed radial outgrowth in the hexagonal seed was developed (Fig. 6d). It
agrees with the mesocrystal scheme presented in Fig. 1 pathway c, but for
hexagonal building units.

Although the above system has been very well investigated, the formation
process of the mesocrystal is still not fully revealed. This is essentially true for
most reported mesocrystals. Although precursor nanoparticles have already
been found experimentally [122] and dipole fields are suggested to be respon-
sible for their almost perfect alignment [117, 123], the full growth mechanism
has so far only been reported for two examples.

One example is a copper oxalate mesocrystal [124]. Here, nanoparticles
were found to arrange almost perfectly to a mesocrystal, which could be in-
fluenced in terms of morphology by hydroxymethylpropylcellulose (HPMC).
The polymer influences nucleation, nanocrystal growth and aggregation by
face-selective interaction. Upon aggregation of the nanocrystals, a mesocrys-
tal is formed as intermediate but is apparently not stable due to the low re-
pulsive electrostatic and steric forces. Depletion flocculation of the weakly ad-
sorbed polymer layers was suggested to be the reason for the depletion of the
polymer from the inner mesocrystal surfaces to the outer mesocrystal faces,
resulting in attraction of the nanoparticles with subsequent nanoparticle fu-
sion towards an iso-oriented crystal. As typical for mesocrystals, electron
diffraction indicated a minor, but detectable, orientational disorder that also
supported the nanoparticle self-assembly based mechanism for mesocrystal
formation. Later, the “brick-by-brick” self-assembly mechanism was exper-
imentally revealed in a time-dependent study [125]. The whole mesocrystal
formation process is visualized in Fig. 7.

Mesocrystals can even be formed without additive, as found for the re-
lated cobalt oxalate dihydrate [126]. Copper oxalate crystals were composed
of nanometer building units and strings of nanodomains oriented along the
principal axis of the particle were detected, revealing that the lateral and
basal faces of the precipitate are composed of stacked nanoparticle layers with
a thickness of 5-7 nm.

A time-resolved HRSEM study revealed the formation mechanism of the
mesocrystal [126]. Poorly crystalline primary particles (10 nm) first aggre-
gate to form secondary particles (23 nm). The latter subsequently aggregate
to form polydisperse elongated particles. These elongated particles also ag-
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Fig.7 Schematic representation of copper oxalate precipitation. Influence of HPMC on the
three major steps of particle formation. Figure reproduced from [124] with permission of
Academic Press

gregate at the end and center of a growing particle, building the mesocrystal.
Afterwards, there is a layer-by-layer growth by aggregation of primary par-
ticles onto the lateral external faces. Thus, the mesocrystal is a core-shell par-
ticle or core-shell mesocrystal, where the core is quite disordered due to the
polydispersity of the nanoparticle building units [126]. The presence of steps
and kinks on the external faces is reminiscent of the classical crystallization
models - except that the atoms or molecules are replaced by nanoparticles.
The evolution of supersaturation and thus ionic strength, closely associated
to colloidal stability of the otherwise unstabilized nanoparticles, were sug-
gested to play a predominant role in the ordering process of the nanocrystals
to a mesocrystal as the ordered mesocrystal shells were formed at a lower
supersaturation than the disordered cores.
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Mesocrystals can in principle not only be formed as a polymer-nanocrystal
two phase system but also from any other two phase system, where one phase
has to be the mutually oriented crystalline nanoparticle phase. The other
phase can be any other type of solid phase - the most important and relevant
case in view of biomineralization being an amorphous phase in between the
aligned nanoparticle crystals, although such phase has not yet been proven
for mesocrystals. That such thin amorphous layers can really exist was re-
cently shown by a HRTEM study of synthetic aragonite [127] and of Haliotis
Laevigata gastropod nacre [72]. It was suspected that this layer was formed by
accumulation of impurities, which prevented further crystallization in anal-
ogy to the zone melting process in metallurgy. A composite material between
aligned single crystalline nanoparticles embedded in an amorphous layer
containing the impurities and including polymers therefore seems to be an
intriguing hypothesis for biominerals such as sea urchin spines, which scat-
ter like single crystals (the aligned nanocrystal phase) but fracture like an
amorphous glass (the interparticle phase). Up to now, the glass-like frac-
ture behavior was explained as a result of the protein inclusions [128] and it
remains to be investigated how far such systems are mesocrystals. Recent in-
vestigations suggested this for skeletal elements of sea urchins as well as for
sponge spikes [129, 130] although the authors of these papers suggest a con-
tinuous crystalline phase. This indicates the degree of uncertainty that is still
related to the investigation of mesocrystals and the particular analytical prob-
lems associated with the analysis of such systems. Further complications arise
from the transient nature of mesocrystals.

A mesocrystal is usually only an intermediate in the formation pathway of
a single crystal. Fusion of the oriented nanoparticle building units as a re-
sult of the high total surface energy of the system will lead to a single crystal
by the process of oriented attachment under displacement of the stabilizing
polymers, eventually leaving parts of the initially nanoparticle-adsorbed or-
ganic components included inside the single crystal.

223
Amorphous Precursors

Another exciting possibility for creating complex morphologies via a non-
classical crystallization process involving mesoscale transformation of a na-
noparticle is the generation of amorphous precursor particles ( [40, 54, 56],
Fig. 1 pathway d). This strategy is especially capable of generating complex
crystal morphologies because amorphous precursors can be molded into
any form. The crystallization pathway via amorphous precursor particles is
also used in biomineralization [56,131] and is possibly more common than
known to date. Amorphous precursor particles offer the advantage of materi-
als storage in biological systems independently of osmotic stresses generated
by high salt concentrations, restrictions of pH or ionic strength constraints,
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and with the material being available in high concentration at a mineraliza-
tion site.

In synthetic bio-inspired mineralization systems, amorphous precursor
particles are omnipresent [57] so that they are often the early nanoparti-
cle stage in a non-classical crystallization pathway. However, these transient
species are difficult to observe in synthetic systems, and it seems very chal-
lenging to observe them in a forming biomineral. In this situation, it is
promising to learn more about a biomineralization process by applying a bio-
inspired model system. As one example, the retrosynthesis of nacre is given
as a synthetic model system, where the demineralized insoluble matrix of
a biomineral was used for filling with the mineral via amorphous precursors.
Nacre from Haliotis laevigata was demineralized in acetic acid and subse-
quently remineralized with amorphous CaCO3 nanoparticles, which were
formed in the presence of jig mL™! amounts of polyaspartic acid [132]. Via
these amorphous precursors, we were able to completely fill the compart-
ments of the insoluble organic matrix with CaCOs;. Calcite was obtained
instead of the natural aragonite and the single crystalline domains were
smaller than for the natural archetype (Fig. 8). Nevertheless, the retrosyn-
thesized nacre was indistinguishable from its natural archetype by electron
microscopy (SEM and TEM) as shown in Fig. 8. This experiment suggests that
(i) natural nacre is built up by amorphous precursor particles, (ii) no special-
ized protein functions are needed to achieve the generation and transport of
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Fig.8 Nacre retrosythesized in the insoluble organic matrix of a Haliotis laevigata shell
via amorphous precursor particles. The upper pictures compare the natural and synthetic
nacre. The lower pictures show the corresponding transmission electron micrographs
(TEM) of microtomed samples: a synthetic nacre, b synthetic nacre in higher zoom,
¢ electron diffraction pattern taken in this region and showing an almost single crystalline
calcite domain, and d thin cut of natural nacre. Reprinted from [132] with permission of
the American Chemical Society
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the amorphous precursor material to the mineralization site - a simple poly-
electrolyte function is sufficient, and (iii) the polymorph is controlled by the
soluble matrix, which was removed in this set of experiments. Indeed, arag-
onite could be nucleated in presence of soluble proteins extracted from an
aragonite nacre layer [50, 85].

224
Liquid Precursors

One of the most fascinating mechanisms for generating complex crystalline
morphologies is the pathway via liquid precursors. Liquid-liquid phase sep-
aration can be observed as an undesirable effect during protein crystalliza-
tion from solution [133] and has been known for more than a century for
CaCO3 [134-136]. If such a phase is used as a precursor phase for a sub-
sequent crystallization process, crystal morphologies with complex shape,
molten appearance, and crystalline coatings can be realized.

Such a liquid-liquid phase separation of a saturated crystallization solu-
tion can be induced with tiny amounts (ugmL™! range) of polyelectrolytes
like PAsp or PAA in case of CaCOs. Gower et al. proposed the term “polymer-
induced liquid-precursor (PILP) process” for the formation process of this
type of precursors [137]. They can be observed as little droplets in the crys-
tallization solution by light microscopy. Such liquid precursor droplets were
independently observed with anionic dextran sulfate as additive [138]. The
role of the polymer appears to be the sequestering and concentration of the
calcium ions while simultaneously delaying crystal nucleation and growth to
form a metastable solution.

As the resulting crystalline products retain the shape of the precursor, non-
equilibrium morphologies can be generated (Fig. 9). The amazing spherulitic
vaterite aggregates with helical extensions with spiral pits were suggested to

Fig.9 Left: CaCOs3 helix formed in the presence of polyaspartate. The helix has been frac-
tured, revealing an outer membrane and polycrystalline core. The helices were fractured
using a micromanipulator on an optical microscope. Scale bar represents 10 um. Right:
Hollow CaCOs helices fractured by micromanipulation. The fracture is different from that
of the solid structures, as shown on the left side. Scale bar represents 10 um. Reprinted
from [137] with permission of Elsevier
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grow inward from the deposited CaCOs3 films caused by the polymer. These
could act as the membranous substrate for the further growth of CaCO;
crystals as a result of elasticity effects of a gelatinous precursor membrane
or of a disclination effect in the partially crystalline membrane. Such in-
teresting phenomenon is quite similar to that occurring in some biogenic
minerals such as the otoliths of fishes [139, 140]. Here, spherulitic growth is
induced by nucleation sites distributed along a surface, and the aragonite or
vaterite crystals grow with their c-axes approximately perpendicular to the
surface [139].

Despite the very interesting nature of the PILP process, the reason why li-
quid droplets form, and the direct proof that they are indeed liquid, remained
an open question for the classical CaCOj3 system. In contrast, the liquid na-
ture of the droplets became directly accessible for an organic PILP system
with glutamic acid after droplet fusion by centrifugation [141]. However,
the reason for the PILP droplet formation is still unclear. In a recent paper,
Wegner et al. postulate a liquid-liquid phase separation with a lower criti-
cal solution temperature (LCST) point at about 10 °C in a saturated CaCO3
solution without additives. They postulated a virtual phase diagram in a co-
ordinate system spanned by temperature and CO; concentration [142, 143].
The term virtual means here that the natural consideration of CaCO3 crys-
tallization was not considered in this phase diagram as a reflection of the
problem of the thermodynamic description of kinetic processes, as out-
lined in Fig. 2, and additionally that the postulated liquid phase could not
be directly experimentally proven. Nevertheless, the proposed virtual phase
diagram means that under isothermal conditions and constant Ca?* concen-
tration, formation of the experimentally observed spherical hydrated ACC
particles of the postulated liquid character will begin at the binodal at point B
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Fig. 10 Schematic virtual phase diagram that explains the formation of spherical particles
by liquid-liquid phase segregation. Reproduced from [142] with permission of Wiley
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in Fig. 10 up to the spinodal decomposition point C under simultaneous
formation of a highly concentrated CaCO3 phase in water. The reverse be-
havior at still increasing CO, concentrations (region D-E) as can be seen
in Fig. 10.

Despite all remaining uncertainties about the exact formation mechanism
of the liquid mineral precursor droplets, what seems to be clear is that the
PILP process enables production of crystalline non-equilibrium morpholo-
gies resembling solidified melts or liquid crystals as they form from a fluid-
like precursor state. As a result of the shape flexibility of the liquid precursors,
the PILP process could be successfully used to produce fairly monodisperse
CaCO3-coated oil core-shell particles [144]. This also illustrates that almost
all kinds of templates should be suitable for CaCOj3 coating via a PILP precur-
sor. CaCO3; mineralization of collagen via a PILP process resulted in fibrous
aggregates growing from isotropic gelatinous globules and the fibers became
single crystalline with time so that it was suggested that PILP processes may
play a role in biomineralization [145].

3
Polymer-Controlled Crystallization

Among the various possible additives for the control of crystallization events,
polymers as a class of “surfactants”, stabilizers, functional additives or a soft
template have been found to play key roles in bio-inspired approaches for
mimicking the biomineralization process. The most important role of hy-
drophilic polymers in that respect is certainly that of a novel surfactant or
particle stabilizer. Such surfactants are not always surface-active in a classi-
cal sense (i.e., hydrophilic-hydrophobic being attracted by the air/water or
oil/water interface), but can also become selectively attracted by mineral or
metallic surfaces, only in aqueous solution [146, 147].

In recent years, hydrophilic biopolymers and various synthetic poly-
mers have been widely used for polymer-controlled crystallization and mor-
phosynthesis of different inorganic minerals with still increasing application
fields. The principle of controlled crystallization and morphosynthesis in the
presence of a soluble polymer not forming a self-assembled superstructure is
completely different from the transcriptive template effect provided by pre-
designed artificial polymer matrices or templates. The structure formation
relies on a synergetic effect of the mutual interactions between functionalities
of the polymers and inorganic species, and the subsequent reconstruction in
a “programmed” or “coded” way [35, 40, 146].

Biopolymers are often a natural soluble additive choice for morphogenesis
of complex crystalline superstructures [148] due to their role in biominer-
alization, even though it is still difficult to reproduce complex biomineral
shapes because an insoluble matrix strongly influences the crystallization lo-
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cation as a compartment. Often, synthetic polymers with precisely known
functions and solution behavior are the better choice in terms of a suitable
and simplified model system to understand the polymer-mineral interac-
tions. However, their synthesis is often more complex, like that of block
copolymers. Therefore, in recent years, biopolymers, homopolymers, and
simple random or alternating copolymers have been increasingly applied as
crystallization additives with good success after some basic principles have
been revealed for block copolymer model systems.

In the following sections, recent advances in the area of bio-inspired min-
eralization via morphosynthesis of various inorganic minerals by use of bio-
polymers, various synthetic polymers, and block and graft copolymers will
be discussed with a clear focus on recent developments in this rapidly emerg-
ing field. Some recent reviews at least partially covering the focus of the
present overview exist and shall be mentioned here to allow the reader to find
further detail [26, 34-36, 40, 43-45, 57,105, 113, 149-152].

3.1
Biomineralization — Some Typical Hydrophilic Polymers

The functional biopolymer matrix in biominerals is a multicomponent mix-
ture with the possibility of all kinds of interactions and this makes the
analysis of the individual polymer components difficult. Also, the biomin-
eralization proteins are often polydisperse, have a non-globular shape and
multiple charges and post translational modifications, which further hampers
the protein separation. It is even more difficult to reveal their function as they
are not only present in a polymer mixture with the associated possibility of
polymer interactions, but are furthermore often only active for a certain time.
For example, in calcified parts of crustacean cuticles, 33 different proteins
have already been identified [153] so that it is difficult to reveal the functions
of individual biomineralization polymers.

Nevertheless, whereas the active proteins for silica biomineralization are
cationic to catalyze the silica polycondensation [154], those found to interact
with Ca-biominerals are anionic to maintain an interaction with Ca?*.

Important molecules of this class are dentin phosphoryns or sialoproteins
containing high aspartic acid (Asp) and extremely high serine (Ser) amounts,
which can be phosphorylated by the enzymes casein kinases I and II. Exam-
ples include rat dentin phosphoprotein with 43% Ser and 31% Asp [155], rat
phosphoryn with 56% Ser and 32% Asp [156], human dentin phosphophoryn
with 58% Ser and 26% Asp [157] or a molluscan shell glycoprotein with 32%
Ser and 20% Asp [158]. It seems that phosphoserin (P-Ser) is of especial im-
portance for polymer-crystal interactions, very likely in blocked sequences.
In addition, the so-called Asprich proteins were recently identified in nacre
and can contain up to 53 mol % Asp and 11% Glu [159, 160].
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Polysaccharides are of importance as glycoaminoglycans (GAGs), which
are polysaccharides bound to a protein core found in vertebrate connective
tissues. GAGs are alternating copolymers of a hexosamine and either a galac-
tose or an alduronic acid. Individual GAGs differ from each other by the
type of hexosamine or alduronic acid (or hexose), the position and con-
figuration of the glycosidic bonds and the degree and pattern of sulfation.
The main acidic building blocks of GAGs are keratin sulfate, hyaluronic acid,
chondroin-4-sulfate, chondroin-6-sulfate, dermatan sulfate, heparin sulfate,
and heparin [161].

Thus, polysaccharides are usually of importance when they covalently bind
to proteins (glycoproteins for example in eggshell mineralization). They only
rarely occur unbound as a soluble matrix in biomineralization and often have
an alternating structure, usually of the AB copolymer type. They are therefore
closer to the structure of polyelectrolytes than to that of proteins/peptides
with multiple domain structures and functionalities.

Glycoproteins are also not too well studied as biomineralization poly-
mers although quite a number of biomineral associated proteins are gly-
cosylated [162-165] and evidence is reported that oligosaccharide chains
interact with biominerals and/or lectin-like domains of other biomineraliza-
tion proteins [166, 167]. For example, the calcite binding protein lithostathine
consists of a folded C-type lectin core domain and a random coil glycosy-
lated mineral interaction domain consisting of 11 amino acids: pyro-(Glu-
Glu-Asp-GlIn-Thr-Glu-Leu-Pro-Gln-Ala-Arg) [162]. Glycoproteins are also of
importance in antifreeze proteins, which are ice inhibition proteins found
in a large variety of organisms where they can show an extended glycosy-
lated helix like in the type IV antifreeze proteins [168-170]. A very inter-
esting glycoprotein is mucoperlin [171], an acidic polymer extracted from
Pinna nobilis nacre with a short N-terminus, a long set of 13 almost identi-
cal tandem repeats enriched in serine and proline residues, a C-terminus with
short acidic motifs, three cystein residues, and two potentially sulfated tyro-
sine residues. The tandem repeat domain offers 27 sites for O-glycosylation
at the serine units. Its function could be CaCOj; inhibition and Ca bind-
ing. Glycoproteins are also found in the biomineralization process of avian
eggshells. For example, on the outer sites of the eggshell membranes, dis-
crete masses of organic material are deposited, the so-called mammillae,
whose surface contain mammillan, a calcium-binding keratin sulfate-rich gly-
coprotein, which is involved in the nucleation of the first eggshell calcite
crystals [172-174]. Another glycoprotein, which accompanies the growth of
the crystalline columns of calcite, is ovoglycan, a dermatan sulfate-rich glyco-
protein [172-175].

Summarizing, most biomineralization proteins have a multidomain struc-
ture and can often be glycosylated by hydrophilic and often acidic polysaccha-
rides, which also can form the domains interacting with the mineral.
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3.2
Bio-inspired Mineralization

The term bio-inspired mineralization can be understood in a broad sense.
For example, the above mentioned retrosynthesis of nacre [132] is as much
bio-inspired as is the crystallization in presence of hydrophilic polymers [44],
although in the first case, the original biomineral structure is reproduced,
whereas in the latter case, no biomineral is reproduced but complex crystal
morphologies are obtained. The inspiration of both examples by biominer-
alization is the application of polymer additives to modify the crystalliza-
tion of a mineral. This can in turn even enable a closer understanding of
natural biomineralization processes, as in the case of the amorphous pre-
cursors for nacre retrosynthesis. As discussed above, the structural motifs of
biomineralization polymers are manifold, so that a general design strategy
for a polymer, which mimics the biomineralization polymers is not possible.
Structures, which more resemble polyanions (polysaccharides) are also found
as structures with blocked and hydrophilic blocks (dentin phosphoryns and
sialoproteins). Consequently, suitable bio-inspired crystallization additives
can be polyelectrolytes and block or graft copolymers with hydrophilic and
acidic blocks (DHBCs and DHGCs). But also, more complex functionaliza-
tion patterns can be applied in bio-inspired mineralization, like for example
designed peptides from combinatorial approaches as well as the biomineral-
ization polymers directly. Thus, in the broadest sense, bio-inspired mineral-
ization can be understood as the application of soluble polymeric additives
(mimics of the soluble matrix) for the control of crystallization reactions.

Similar considerations apply for the insoluble matrix, which can be mim-
icked by various structured templates acting as a mould for the forming
mineral. Only in exceptional cases (like in the nacre retrosynthesis ex-
ample [132]) was it possible to obtain an organic/inorganic composite ma-
terial, which was indistinguishable in structure from the original biomineral
by electron microscopy. However, the principal limitation of the current bio-
inspired bottom-up mineralization approaches is that they can only yield
self-assembled structures up to the micrometer level, unless an external tem-
plate is provided like in the nacre retrosynthesis case. Higher structural levels
that can be found in biominerals are controlled by cell action, which so far
does not have a close synthetic mimic. Therefore, only structured templates
like patterned monolayers [176,177], biomineral replicas [178,179], or the
original structural biomineral matrix [132] can be applied to achieve a struc-
turation up to the macroscopic scale. Nevertheless, despite these limitations,
the study of bio-inspired mineralization processes and the investigation of
the complex crystallization and self-assembly processes make sense. They can
help to understand parts of the biomineralization processes and explore ways
in which biomineralization principles can be transferred to the non-living
world to allow for the synthesis of advanced future materials.



26 H. Colfen

3.2.1
Biopolymers

The application of biopolymers as mineralization additives is a natural bio-
inspired choice due to their role in biomineralization processes. However,
biomineralization processes are very complex and usually involve a structural
(insoluble) and functional (soluble) matrix. Commonly, the structural matrix
is neglected and investigations focus on the soluble crystallization additives.

In vitro experiments with biopolymer additives have so far commonly
failed to reproduce the complex biomineral shapes. Examples include CaCO3
mineralized in the presence of cationic, anionic and non-ionic dextran [138],
collagen [180], plant or bacterial enzymes [181], soluble mollusk shell pro-
teins extracted from nacre [182], as well as the stabilization of spherical
ACC by extracted soluble macromolecules from coralline algae [183], protein
secondary structures for the control of the spatial orientation of functional
groups so that the protein can bind to a targeted crystal face [92], as well as
a combinatorial approach to select peptides from a 15-mer peptide library as
additives for CaCOs3 crystallization [184]. The failure of the above examples to
reproduce complex biomineral shapes can be mainly attributed to the com-
plicated biomineralization process, where an insoluble matrix also influences
the crystallization location as a compartment, so that the pure soluble ma-
trix — or even only a part thereof — cannot alone remodel the complex crystal
shape. Also, possible synergetic interactions between the various components
in the organic matrix of a forming biomineral are difficult to mimic. Never-
theless, the morphologies of the crystals obtained in the above examples are
still modified, often to a large extent. In addition, ordered self-assembly can
be induced, as observed for hydroxyapatite mineralized in the presence of the
glycosaminoglycan chondroitin-4-sulfate [185].

Not only the morphology but also the polymorph can be influenced by
soluble biopolymers. A prominent example of the influence of soluble bio-
polymers on a crystallization event is the control of CaCO3 crystal modifica-
tion (aragonite/calcite) in the presence of soluble macromolecules extracted
from the respective layers of a mollusk shell [50, 85], as well as the CaCOs
morphology [182] (for a review, see [148]). Also, proteins can promote the
crystallization of a preferred mineral as was shown for the promotion of
fluorapatite crystallization by soluble matrix proteins from Lingula Anatina
shells [186].

Biopolymers can offer specific interactions, which can be exploited to
achieve a self-assembly or molecular recognition and by this means structure
inorganic matter. In that respect, the use of DNA in conjunction with inor-
ganic materials in nanostructure assembly has been well demonstrated due to
the strong electrostatic and coordinating interaction of DNA with nanoparti-
cles including Au [187-191], Ag [192, 193], Pd [194], Pt [195] CdS [196, 197],
and CdSe [198]. The programmed self-assembly of Au nanoparticle assem-
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blies has been confirmed by the interaction of DNA with Au nanoparticles
or nanorods to form either small two-dimensional structures, or large three-
dimensional structures [187-200], including liquid crystals formed via align-
ment of virus-bound Au nanoparticles [201]. The duplex linkages between
complimentary surface-anchored oligonucleotides especially provide a nice
possibility for programmed particle self-assembly [200]. A similar approach
using DNA double-stranded crosslinks with oligonucleotides bound to the
surfaces of Au and ferritin nanoparticles allowed for the self-assembly of
disordered networks between Au and ferritin, which could be reversibly dis-
assembled by heating [202]. The same strategy could be used to bind Au
nanoparticles onto the surface of mesoporous silica particles [203].

Besides DNA, other linear fibrous biopolymers like fibrin, dextran, and
collagen can be used for the coordination of nanoparticles to produce linear
nanoparticle arrays. Examples include Au and Pd nanoparticles assembled on
peptide nanofibers [204, 205], various metals and metal oxide nanoparticles
on a dextran template [206], TiO, and SnO, nanoparticles forming a one-
dimensional array on a collagen template [207] as well as ZnS, CdS, CoPt, and
FePt nanoparticle chains assembled on bacteriophage [201, 208-210]. The ap-
proach of nanoparticle coordination by biomolecules was also extended to
other proteins with the aim of protein wrapping to produce functionally iso-
lated hybrid nanoparticles like myoglobin, haemoglobin, or glucose oxidase
wrapped with an ultrathin shell of cationic aminopropyl-functionalized clay
oligomers [211]. Exfoliated sheets of the clay compound also interacted with
negatively charged biomolecules resulting in mesolamellar organic/inorganic
hybrid structures under preservation of the protein secondary structures for
myoglobin and glucose oxidase [212]. The wrapped enzyme showed activity
even at higher temperatures and over an extended pH range. Proteins could
also be coated with an amorphous silica shell without loss of secondary struc-
ture and showing an increased thermal stability [213].

DNA was also used as a template molecule for BaSO4 crystallization. Un-
usual needle shaped microcrystals with secondary perpendicular grown nee-
dles were observed, at high BaSO4 supersaturation, whereas at a moderate
supersaturation, flower-like crystals similar to that shown later in Fig. 22 were
obtained, clearly demonstrating the DNA influence [214]. Other linear bio-
polymers like dextran or dextran sulfate could also be successfully applied as
a crystallization additive rather than a template for nanoparticle coordina-
tion, as demonstrated for silver synthesis in the presence of these molecules
resulting in spherical and various plate morphologies [215]. On the other
hand, a viscous dextran solution can also serve as sacrificial template for
preformed nanoparticle arrangement with subsequent thermal decompos-
ition of the dextran, as demonstrated for zeolite/silica or NaY/silica frame-
works [216], or metal and metal oxide sponges [217], where the nanoparticles
aggregate and coalesce into interconnecting filaments between gas bubbles
formed by dextran decomposition. Fibers drawn from a viscous dextran so-
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lution with silicalite nanoparticles led to aligned silicalite nanocrystal fibers,
with subsequent removal of the dextran template [216]. A similar approach,
but with a dextran sulfate solution template and amino-acid coated hydroxya-
patite nanoparticles, could be used to generate hydroxyapatite sponges, which
showed promising properties for cartilage and soft tissue engineering [218].
Elevated temperatures were also applied in a hydrothermal approach using
starch and other polysaccharides for the production of carbon-coated silver
nanocables with remarkably uniform core and shell diameters and inter-
connection points [219]. Silver ions are reduced by starch leading to silver
particles entrapped in a starch gel matrix with subsequent aggregation of sev-
eral gel strings. Then, the silver-catalyzed carbonization reaction of the starch
takes place, finally leading to the observed silver nanocables shown in Fig. 11.

Biopolymer self-assembly can be achieved by complexation of multiva-
lent ions. One such example is the self-organized microgel reactor, which
is formed from Fe’* and k-carrageenan double helices in aqueous solu-
tion [220]. This self-assembled structure could be used for the synthesis of
stable FeO(OH); nanoparticles in the interior [220] as well as for other metal
hydroxides [221].

As one kind of amazing biosilica-producing organism, diatoms exhibit
complicated and highly organized superstructures that exist in living organ-
isms. Recently, Kroger et al. reported that the complex morphology of the
nanopatterned silica diatom cell walls is related to species-specific sets of
polycationic peptides, so-called silaffins, which have been isolated from di-
atom cell walls [154]. Silica nanospheres and their networks can form in
vitro within seconds when silaffins are added to a solution of silicic acid, im-
plying the catalytic role of the silaffins for the silica polycondensation. The
morphology of precipitated silica particles can be controlled by changing the
chain length of the polyamines as well as by a synergetic action of long-chain
polyamines and silaffins [222]. The results imply that similar mixtures are

b)
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Fig.11 a SEM image of the nanocables with encapsulated pentagonal silver nanowires.
The inset shows an incompletely filled tube with pentagonal cross section. b,c TEM mi-
crographs showing various forms of the nanocables. Figure reproduced from [219] with
permission of Wiley
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used in vivo by the diatoms to create their intricate mineralized cell walls.
Sumper has recently developed a model to explain the delicate pattern forma-
tion in diatom shells by phase separation of silica solutions in the presence of
these polyamines [223]. This demonstrates that the role of a biomineraliza-
tion polymer can be manifold - in this case, it acts as a catalyst and also as
a mould for silica condensation by induced phase separation.

More recently, the same group has developed a gentle extraction method
for the extraction of silaffins in their native state in order to avoid the use of
harsh anhydrous HF treatment for dissolving biosilica during extraction. The
extracted silaffins contain additional modifications besides their polyamine
moieties [224]. The phosphorylation of the serine residue is essential for
biological activity and a plastic silaffin-silica phase was detected through
time-resolved analysis of silica morphogenesis in vitro, which could represent
building materials for diatom biosilica [224]. A 19 amino acid peptide derived
from silaffin showed the ability to form several silica morphologies ranging
from spheres to complex fibrils [225].

Various linear synthetic analogs of the natural active polyamines in biosil-
ica formation on the basis of linear poly(ethylene imine) or poly(propylene
imine) were recently synthesized and reported to accelerate the silic acid con-
densation even more than the above-mentioned silaffins [226]. This implies
that it is not the silaffin protein superstructure that is responsible for its cata-
lytic activity,as is the case for example in enzymes. In addition, poly(L-lysine)
also led to modified silica morphologies such as fibers or ladders [227].

3.2.2
Homopolymers and Random Copolymers

Homopolymers and random copolymers are a naturally simple choice from
the toolbox of synthetic polymers, as many of these polymers are com-
mercially available and do not need to be synthesized by the researcher.
The electrosteric stabilization of inorganic colloids by polyelectrolytes has
been demonstrated for iron oxyhydroxide, which was immediately stabi-
lized by cellulose-sulfate and «-carrageenan to avoid the precipitation of
amorphous solid [220]. In addition to stabilization, the use of low molecu-
lar mass polyelectrolytes such as polyacrylic acid or polyaspartic acid crys-
tal growth modifiers or structure-directing agents can lead to structured
calcium phosphate [228] or the formation of unusual hierarchical super-
structures such as helical CaCOs3 [137,229], complex spherical BaCO3 super-
structures [230], hollow octacalcium phosphate (CagH»(PO4)s - H20) [231],
BaSO4 [109] and BaCrO4 fiber bundles or superstructures with complex
repetitive patterns [111]. It has to be pointed out that the experimental win-
dow for the formation of the latter superstructures is narrow.

Unusual complex structures of calcite helices or hollow helices can be ob-
tained via PILP liquid precusors in the presence of a chiral as well as achiral
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poly(aspartate). This can produce helical protrusions or occasionally produce
hollow helices as observed by Gower et al. [137], showing that it is not essen-
tial that the polypeptide has to be chiral to produce these helical structures
(Fig. 9). Very recently, a CaCO3 PILP with PAsp was used to infiltrate and min-
eralize a PHEMA hydrogel replica of a sea urchin spine [232]. Although the
structural replication of the spine was not perfect, this example shows that
PILPs can be even used to enter pores within a gel structure.

The crystallization via PILP precursors proved to be very versatile for
the generation of complex crystalline morphologies. So far, the PILP process
has been mainly established for CaCO3 systems. Interestingly, PILP processes
could also be revealed for organic crystals, as recently demonstrated for var-
ious acidic and basic amino acid systems that formed PILPs upon addition
of the countercharge polycation or polyanion (PAA and PEI) [141]. For this
system, a direct proof of the liquid PILP character was possible by centrifu-
gation and observation of a very viscous PILP phase (Fig. 12c). Crystallization
of the PILP droplets resulted in porous microspheres composed of nanoplates

Fig.12 a pr-Glutamic acid crystals obtained from a concentrated PILP precursor phase
with PEL b Zoom in of a showing the porous structure and the nanoplate building units.
¢ Experimental proof of the liquid character of a DL-glutamic acid PILP phase after
centrifugation and removal of the supernatant aqueous phase. d L-Histidine crystals ob-
tained from a concentrated PILP precursor phase with PAA. e L-Lysine crystals obtained
from a concentrated PILP precursor phase with PAA. The insets show the default crystals
without additives. Scale bars represent a 10 um, b 200 nm, d 20 um, and e 3 pm. Figure
reproduced from [141] with permission of Wiley
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(Fig. 12). These amino acid spheres have a size suitable for packing in chro-
matographic columns and are available in an enantiomeric form so that they
may find potential application in chromatographic racemate separations as
they are much easier to obtain than the imprinted particles applied up to now.

However, the most intensively studied system with liquid precursors is still
CaCOs. If PILP droplets are deposited on a substrate, they coalesce and form
a coating, which subsequently transforms into patchwork-like calcite films
with different single crystalline domains via an amorphous to crystalline
transition [229].

Gower et al. were also able to synthesize calcite nanofibers via a PILP
process, in a deposition mechanism termed solution-precursor-solid (SPS)
mechanism, which has features of vapor-liquid-solid and solution-liquid-
solid deposition mechanisms [233]. In these experiments, calcite seed rhom-
bohedra were overgrown with fibers, with rounded tips indicating their
growth via a liquid precursor. Compared to the high temperature vapor de-
position techniques, the PILP route is operational at ambient temperatures
down to 4 °C, which indicates a promising route towards fibrous materials.
CaCOj3 PILPs were also found to mineralize collagen and amazingly, the PILP
precursors were even able to enter the nonometer-sized gap zones of colla-
gen resulting in a structure partly resembling that of bone [234]. These results
suggest that bone mineralization might also proceed via a PILP precursor and
a paradigm was suggested that Ca-based biominerals form via PILP precur-
sors [145] although the current evidence is still based on CaCO3 only.

If the PILP technique is used to deposit an amorphous precursor film,
which is composed of ACC nanoparticles and PAA on a substrate, it can be
slowly transformed into a partially crystalline film by slow drying [235]. Heat-
ing yields a crystalline film with a patchwork structure of single crystalline
patches with differing crystallographic orientations, as revealed by polariza-
tion microscopy (see also Fig. 13). Overgrowth of the patchwork film with
CaCO3 without polymer resulted in single and multiple layers of highly ori-
ented calcite crystals grown on top of the polycrystalline patchwork film,
finally leading to a laminated CaCOs coating (Fig. 13). The crystal texture
changes abruptly at the borderline between different domains but stays con-
stant within each individual domain, supporting the epitaxial overgrowth.
The multilayered structure is reminiscent of the nacre architecture although
the present films have a simpler architecture. Nevertheless, they show irides-
cence so that the presented route is an interesting low cost and bio-inspired
pathway towards photonic materials [235].

A close structural mimic to nacre, with aragonite tablets being a mesocrys-
tal composed of aligned crystalline nanoparticles [115], was reported to form
spontaneously from a precursor solution containing K,SO4 and PAA [115].
As found for the nacre archetype, the K;SO4-PAA composite is composed
of platy units with the architecture of the layered units being an oriented
assembly of nanoparticle units oriented along the b-axis and scattering like
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Fig.13 Three-step procedure for the morphosynthesis of nacre-type laminated CaCOs3
coatings. In the first step, an amorphous highly hydrated CaCOj thin film is deposited on
a glass substrate. Upon heating, this precursor film is transformed into a polycrystalline
thin film consisting of a mosaic of flat single-crystalline calcite domains. In the last step,
highly oriented single and multiple layers of calcite crystals are grown epitaxially on the
underlying polycrystalline thin film. Reproduced from [235] with permission of Wiley

a single crystal, in contrast to the c-axis orientation for natural nacre. Also,
the K,SO4-PAA composite showed nanostorage properties like natural nacre,
allowing for the infiltration of dye molecules [115]. Thus, the reported purely
synthetic system is already a close structural mimic to natural nacre exhibit-
ing all the important features on several hierarchy levels (see also Fig. 15).

Complex spherical shell architectures of CagH,(POy4)s - 5H,0 (OCP) pre-
cipitated from aqueous solutions containing polyaspartate or polyacrylate
were explained by a similar mechanism as that proposed for the CaCOj3
helices in Fig. 9 by Gower et al. [231], namely that the hollow microstruc-
tures consist of a thin porous membrane of oriented OCP crystals that are
highly interconnected. The hierarchical growth processes involve the radial
growth of dense, multilayered spheroids, secondary overgrowth of a porous
thin-shell precursor, and anisotropic dissolution of the spheroidal cores, pro-
ducing this remarkable hollow structure [231]. A double jet precipitation of
calcium phosphates in the presence of the related polymer sodium polyaspar-
tate on the other hand results in the formation of hierarchical structures of
calcium phosphates through structure transformation from amorphous pre-
cursors into well-defined structures [228].

In addition to the above reported helical or hollow spherical morpholo-
gies, elegant nanofiber bundles and their superstructures of inorganic crys-
tals could be generated by the process of oriented attachment (Fig. 14). The
sodium salt of polyacrylic acid can serve as a very simple structure-directing
agent for the large scale, room temperature synthesis of highly ordered cone-
like crystals [109] or very long, extended nanofibers of BaCrO4 or BaSO4 with
hierarchical and repetitive growth patterns [111]. Temperature and concen-
tration variation allow control of the finer details of the architecture, namely



Bio-inspired Mineralization Using Hydrophilic Polymers 33

.M 2 um T

Fig.14 Complex forms of BaSO,4 fiber bundles produced in the presence of 0.11 mM
sodium polyacrylate (M, = 5100), at room temperature, [BaSO4] = 2 mM, pH 5.5, 4 days.
Reproduced from [151] with permission of the Materials Research Society (Fig. 4c,d)

length, axial ratio, opening angle, and mutual packing [109]. The observed
(210) growth axis implies that the polyanion adsorbs to all parallel faces to
this axis on the nucleated nanoparticles leaving the negatively charged (210)
faces uncovered and thus making them the highest energy faces, which then
fuse together by oriented attachment to form the fibers (see also Fig. 25 and
corresponding discussion).

The formation of interesting hierarchical and repetitive superstructures
by simple polyelectrolyte additives is worth exploring further in other
mineral systems. Other low molecular weight polyelectrolytes, such as
poly(allylamine hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate)
(PSS), can be used for the self-assembly of complex spherical BaCO3 su-
perstructures through a facile mineralization process under ambient con-
ditions [230]. The obtained BaCOj; spherulites were built from smaller,
elongated rod-like building blocks with a typical diameter of 50 nm and
length of 200 nm, which apparently adopted the more equilibrated isostruc-
tural aragonite appearance. Crystallization of spherical CaCOs3 particles in the
presence of PSS has also been reported by Jada et al. [236] and spherical, rod-
like and flower-like BaSOy4 particles [237] as well as hierarchically structured
porous CaCO3 microspheres [238] and monodisperse peanut shaped celestine
(SrSO4) particles with mesoporous microstructure [239] were obtained with
a PSMA additive. On the other hand, PAM was found to be a successful addi-
tive for promoting the formation of well-crystallized aragonite (CaCO3) and
BaCOj3 rods at elevated temperatures [240].

The addition of polyelectrolytes with strong inhibition ability [241, 242]
will stabilize amorphous nanobuilding blocks in the early stage and then
stimulate a mesoscale transformation [40] or act as a material depot in a dis-
solution-recrystallization process. This could be shown in a time resolved
study on the CaCOs; scale inhibition efficiency of polycarboxylates, where
amorphous precursor particles were detected in the initial stages [243].
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The additive systems for crystallization control can also get more complex
than the discussed single polymer additives. For example, Deng et al. have
recently reported a ternary additive system of PEG, PMAA, and SDS for the
crystallization control of CaCOs3 [244]. Here, the active additive is formed by
a PEG-PMAA complex and the simultaneous PEG-SDS interaction to form
complex micelles [245]. A variety of nanoparticle aggregate structures like
spheres or hollow spheres could be obtained. This approach is interesting
because it uses simple and commonly available components instead of the
specialized block copolymers, which essentially yield similar results for these
particular polymer blocks. Also, the additive system is modular, allowing
for a large variety of additive variations exploiting the interaction and co-
operation between soluble macromolecules, which can create synergetic and
cooperative effects [244].

Another recent work by Tremel et al. addressed the common limita-
tion of the bio-inspired mineralization approaches in only using a mimic
of the soluble matrix in biomineralization even though the structural ma-
trix also plays a role. Tremel applied a self-assembled monolayer as mimic
for the structural matrix and PAA as the soluble matrix, which adsorbs
onto the SAM [246]. ACC nanoparticles attach to the PAA/SAM and sub-
sequently, vaterite nanowires are formed by cooperative PAA/SAM action.
These nanowires are themselves aggregates of nanoparticles that nucleated
from the ACC nanoparticles on the PAA backbone, which initially formed
a wire template by crosslinking of several PAA chains by Ca%*. The strategy of
a combined application of a soluble and insoluble matrix was also applied in
the nacre retrosynthesis approach using the demineralized organic nacre ma-
trix as the insoluble and polyaspartic acid as the soluble matrix ( [132], and
Fig. 8). As also found by Tremel [246], application of functional and structural
matrices together led to different results than could be obtained by the ap-
plication of a single additive. In the nacre retrosynthesis example, a material
indistinguishable from the natural archetype by electron microscopy could be
obtained [132] (Fig. 8). The nucleation of an amorphous CaCOs3 film under
a Langmuir monolayer (mimic of insoluble matrix) in the presence of PAA as
mimic of the soluble matrix, observed by in situ X-ray scattering techniques,
was also reported and showed that the nucleation of the film is not directed
by templating on an atomic scale [247].

These results clearly show that most of the current bio-inspired mineral-
ization approaches use over-simplified systems, which is a result of the often
cumbersome analytics of the obtained organic/inorganic hybrid systems and
their formation mechanisms.

Recently, chiral copolymers of phosphorylated serine and aspartic acid with
molar masses between 15000-20 000 g mol~! were reported to be very efficient
additives for the generation of helical calcite superstructures consisting of elon-
gated 70 nm wide, uniform and highly aligned calcite nanoparticles where the
helix turn corresponded to the copolymer enantiomer [248] (Fig. 15).
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Fig.15 Optical and SEM micrographs of chiral morphologies of CaCO3. Helical growth
in the presence of a copoly[L-Ser-(P)75L-Aspys], a clockwise P twisted spiral morphology.
Reproduced from [248] with permission of Wiley

For the growth of the helical structures, a narrow experimental window
was identified. The helical structures formed when a high degree of phospho-
rylated Ser (75 mol %) and 25 mol % Asp in the copolymer were applied in
combination with a tenfold Ca?* concentration with respect to the monomer
- similar to the conditions where a shellfish forms a shell. Nevertheless, the
formation mechanism of the chiral crystalline superstructure is unclear and
remains to be revealed in the future.

Helices from twisted twin subunits were reported for triclinic K,Cr,07
and H3BOs3, formed in a diffusion field created around a growing crystal in
poly PAA or PVA gels [249] or orthorhombic K,SO4 in a viscous PAA solu-
tion [250]. In the latter case, the crystal habit was modified by selective PAA
adsorption leading to tilted platy crystals in addition to the diffusion-limited
growth condition, controlling the assembly of the tilted subunits. Even the di-
rection of the helical turn could be influenced for K,Cr,07 in a gel medium
by molecular recognition of the enantiomeric triclinic subunit surfaces by
glutamic acid enantiomers [251].

The face-selective PAA adsorption onto orthorhombic K;SO4 crystals led
to the formation of tilted unit crystals, which were assembled in a diffusion-
limited condition resulting in various complex morphologies like helices or
zig-zag assembly of twinned crystals [250]. A conclusive explanation of the
various possibilities of particle growth in an anisotropic diffusion field was
given. It is remarkable that the K;SO4-PAA system has six hierarchical levels
from the nanometer scale to that of several hundreds of micrometers, which
is a typical feature of biominerals and has so far only ben rarely reported for
a synthetic system (Fig. 16) [252].

Superstructure design at each level was controllable by changing the poly-
mer concentration and the observed hierarchy was attributed to the inter-
action between crystals and polymers and the diffusion-controlled condi-
tions [252]. A similar hierarchical system was recently found for potassium
hydrogen phthalate and PAA [253]. Again, plate-like units were composed of
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Fig.16 Overview of the hierarchical architecture in the K;SO4-PAA system and its
schematic illustrations at six different size scales (cppa = lOgL‘l): a,b field emission
scanning electron microscopy (FESEM) image and a schematic representation of the
macroscopic lattice architecture consisting of large thin plates and columns (Tier I); ¢,d
columnar assembly between plates (Tier 2); e,f units in the columns (Tier 3); g,h subunits
inside a unit (Tier 4); i,j field-emission transmission electron microscopy (FETEM) image
and schematic representation of crystallites with the same orientation in a subunit; inset
corresponding selected area electron diffraction (SAED) patterns taken along the [010]
direction (Tier 5); kI energy-filtered TEM (EF-TEM) image and schematic illustration of
the organization of dye molecules in a nanostorage space (Tier 6). Figure reproduced
from [252] with kind permission of Wiley
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aligned crystalline nanocrystals, so that the well-facetted plates on the mi-
crometer scale can be considered as mesocrystals, although the authors of the
original paper also discuss mineral bridges between the subunits as a pos-
sibility for the explanation of their mutual crystallographic alignment [253].
As the concept of particle assembly in diffusion fields coupled with face-
selective polymer adsorption was demonstrated for both inorganic and or-
ganic crystals [252,253], it seems to be much more versatile than realized
so far.

Other mesocrystal systems were also recently reported. CaCO3 precipita-
tion in the presence of a PSS additive yielded mesocrystals with a morph-
ology that could be systematically changed by variation of the PSS/CaCOs
ratio [122]. At higher CaCOs concentrations, even the symmetry of the
morphology was broken and convex-concave shaped mesocrystals with
a central hole were obtained (Fig. 17).

The observed morphogenesis sequence in Fig. 17 was speculatively ex-
plained by the generation of nanoparticles with oppositely charged counter

[Ca®] =
1.25 mM

[Ca®] =
25mM

[Ca] =
5.0 mM

[PSS]=1.0gL [PSS]=0.5¢g/L [PSS]=0.1g/L

Fig.17 Typical SEM images of calcite mesocrystals obtained on a glass slip by the
gas diffusion reaction after 1 day in 1 mL of solution with different concentrations of
Ca?* and polystyrene-sulfonate: a [Ca?*] = 1.25 mmol L™}, [PSS] = 1.0 gL™!; b [Ca?*] =
1.25 mmol L7}, [PSS] = 0.5gL7!; ¢ [Ca?*] = 1.25 mmol L}, [PSS] = 0.1gL7}; d [Ca?t]
2.5mmol L7}, [PSS] = 1.0gL™!; e [Ca?*] = 2.5mmol L}, [PSS] = 0.5gL!; f [Ca®"]
2.5mmol L1, [PSS] = 0.1gL™!; g [Ca?*] = 5mmolL™, [PSS] = 1.0gL™%; h [Ca?t]
= 5mmol L, [PSS] = 0.5 gL‘l; i [Ca%*] = 5mmolL™, [PSS] = 0.1 gL‘l. Figure partly
reproduced from [122] with permission of the American Chemical Society
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(001) faces as a result of dielectric interaction throughout the crystal after
adsorption of the first PSS molecules on one (001) face. This leads to dipole
fields, which can order and mutually align the nanocrystalline building units
of the mesocrystal; a similar proposal to the one initially made for fluorap-
atite growth in a gelatin matrix [117].

Face-selective polymer adsorption can also lead to the formation of one-
dimensional particle aggregate arrays without the particle fusion of the in-
dividual nanoparticles that takes place during oriented attachment. This was
demonstrated for silicalite nanoparticles, which self-assembled to chains after
selective PDADMAC adsorption [254].

Even very simple polymers without an obvious functionality can have an
influence on a mineralization process, as demonstrated for the generation of
porous silica in the presence of PEG [255]. PEG had a multiple role serving as
flocculation agent in silica sols, silica polymerization agent, phase separation
agent, and porogen to generate pore dimensions of 2-20 nm.

The knowledge gained through the hydrothermal synthesis of silver
nanocables in the presence of starch [219] could be extended to synthetic
homopolymers and other inorganic systems. Examples are silver nanocables
with crosslinked PVA shells, where the PVA has synergetic effects as stabilizer
and for silver binding [256], or copper ions resulting in PVA-coated copper
nanocables with lengths up to 100 um [257]. The latter study demonstrated
that even multivalent ions are accessible by this easy large scale synthesis
approach leading to uniform and flexible nanocables.

3.2.3
Dendrimers

Dendrimers have been widely used as organic matrixes for the synthesis of in-
organic materials as a mimic of micelles or proteins [258-270]. Highly soluble
nanocomposites of ferrimagnetic iron oxides and dendrimers are produced
with good stability under a wide range of temperature and pH [261]. Re-
cently, dendrimers were discovered as active additives for controlled CaCO3
precipitation [271], as reviewed by Naka [272]. A motivation for this is the
defined dendrimer structure, shape, and chemical functionality. Anionic star-
burst dendrimers were found to stabilize spherical vaterite particles for up
to a week with controllable particle size in the range of 2.3-5.5nm, de-
pending on the dendrimer generation number [273]. Poly(propylene imine)
dendrimers interacting with octadecylamine are the only known synthetic
polymeric species that are reported to stabilize kinetically formed amorphous
calcium carbonate (ACC) for periods exceeding two weeks in water [274, 275].
The latter system appears especially versatile, as the dendrimer functionality
can be easily varied by a simple exchange of the surfactant hydrophobically
interacting with the dendrimer.
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3.24
Double Hydrophilic Block Copolymers (DHBCs)

Following the classical understanding of the term “amphiphilic”, block
copolymers usually consist of a hydrophilic and hydrophobic block so that
they can be used as polymeric surfactants, which show a similar behavior to
low molecular weight surfactants [276, 277]. However, the term amphiphilic
(Greek for “loving both”) can be understood in the much more general sense
of an affinity to two different phases, regardless of what they are. Most im-
portant for bio-inspired mineralization is certainly a mineral phase in an
aqueous environment. To address these phases in a targeted way, a new class
of functional polymers, the so-called double-hydrophilic block copolymers
(DHBCs), has been designed for mineralization purposes [147]. These poly-
mers are bio-inspired insofar as they just contain those parts of a protein that
are commonly recognized as those interacting with a mineral surface (acidic
or basic amino acid units), and those which keep the protein dissolved in
the aqueous environment where biomineralization takes place (hydrophilic
amino acid residues). As active biomineralization proteins often contain high
amounts of acidic amino acids in blocked sequences, the DHBC design is
a blocked structure serving as a model system where the block lengths can
be varied to study the influence on crystallization events.

Consequently, DHBCs consist of one hydrophilic block designed to inter-
act strongly with the appropriate inorganic minerals and surfaces, and an-
other hydrophilic block that does not interact (or only weakly interacts), and
mainly promotes solubilization in water (Fig. 18). Owing to the separation of
the binding and the solvating moieties, DHBCs are “improved versions” of
polyelectrolyte homopolymers (see Sect. 3.2.2) and turn out to be extraordi-
narily effective in crystallization control of various minerals. These polymers
are typically rather small, having block lengths of 10°-10* gmol~!. This has
also practical reasons, as too long an interacting block might stick to more
than one mineral nanoparticle and would thus lead to particle aggregation
and bridging flocculation [278]. In addition, longer interacting blocks may
lead to aggregation of the DHBC upon interaction with bivalent ions like
Ca?* [279].

Using the DHBC design, not only the required lowering of the crystal-
water interface energy by polymer adsorption is obtained, but it is also pos-
sible to create a high specificity to distinct crystalline surfaces by adjustment
of the functional polymer pattern [280].

Due to the DHBC design, the stabilizing block can be tailored in length
so that either steric particle stabilization (a in Fig. 18) or only temporary,
steric nanoparticle stabilization is achieved. This leads to nanoparticle build-
ing units for complex morphologies. The short stabilizing block lengths of
typical DHBCs of 2000-5000 g mol~! are in the range for at least tempo-
rary steric particle stabilization but short enough to still enable particle



40 H. Colfen

andle

Molecular tool:
O = hydrophilic, interacting with mineral
H
H

ad = = hydrophilic, non interacting with mineral

Particle stabilization
when in contact with
crystal

i\
Template

Fig. 18 Concept of DHBCs, their interaction with mineral surfaces and possibilities for
particle stabilization or self-assembly. a Nanoparticle stabilization, b unordered par-
ticle aggregation, ¢ oriented attachment, d ordered aggregation/mesocrystal formation,
e arrangement of nanoparticles around a template. Reproduced from [151] with permis-
sion of the Materials Research Society

self-assembly [278]. This can be unordered nanoparticle aggregation (b in
Fig. 18), oriented attachment of nanoparticles by DHBC displacement or face-
selective DHBC adsorption (c in Fig. 18), ordered programmed self-assembly
by face-selective DHBC adsorption (d in Fig. 18), and arrangement of tempo-
rary stabilized nanoparticles around a template (e in Fig. 18).

From the viewpoint of particle stabilization, DHBCs have an optimized
molecular design combining the advantages of electrostatic particle stabiliza-
tion with those of steric particle stabilization by polymers. In addition, they
are able to selectively adsorb on certain crystal faces and can therefore con-
trol particle shape upon further growth. This can also be achieved with ions
or low molar mass additives (Fig. 19a) but then the particle is not sterically
stabilized. On the other hand, polymers can be adsorbed and stabilize the
particle (Fig. 19b), but if the polymers are long, they do not adsorb selec-
tively but cover all crystal faces. A DHBC, however with a short sticking block
combines the advantages of face-selective adsorption with that of particle sta-
bilization due to the longer stabilizing block (Fig. 19¢).

The proper adjustment of the block lengths between stabilizing and inter-
acting block is also an important issue in DHBC design. It appears plausible
that a DHBC with too short an interacting block will not stick well on a par-
ticle surface. On the other hand, too long a stabilizing block has too high
space demands, so that less DHBCs can adsorb on a particle surface and the
stabilization effect is decreased. This is outlined in Fig. 20. In Fig. 20a, the
sticking block is too long and the stabilizing block too short so that the stick-
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Fig. 19 Face-selective adsorption of ions or low molar mass additives (a), steric particle sta-
bilization by polymers (b) , and face-selective adsorption and particle stabilization by DHBC
(c). Figure reproduced from [57] with permission of the Royal Society of Chemistry

Fig.20 Stabilization of a particle surface by a DHBC with a polyelectrolyte (PE) sticker
block and a stabilizing (ST) block to illustrate the necessity of an appropriate block length
ratio. a PE block too long and ST block too short, b PE and ST block in good ratio, ¢ PE
block too short, ST block too long, and d PE block far too short and ST block too long.
The SEM micrographs illustrate the difference of a PMAA polymer additive as homopoly-
mer and DHBC with stabilizing PEO block for the example of CaCOs crystallization.
Reprinted from [282] with permission of Wiley

ing block demands too much space on the particle surface, leading to a low
polymer coverage and bad stabilization. In extreme cases of polymer adsorp-
tion onto several particle surfaces it can even lead to bridging flocculation.
If the length ratio between stabilizing and sticking block is balanced, a good
particle stabilization can be achieved (Fig. 20b) whereas too long a stabilizer
block also leads to a bad particle stabilization because its space requirements
lead to a low polymer coverage of the particle (Fig. 20c). In an extreme case,
the sticker block is far too short and the DHBC does not adsorb on the
particle surface anymore. These considerations were recently verified exper-
imentally for the stabilization of ACC by PEO-b-PAA [281].
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In typical DHBCs for mineral stabilization, the polyelectrolyte sticking
block is 500-5000 g mol~! whereas the stabilizing block is 2000-10 000 g mol™'.
According to the above considerations, the length of the stabilizer block can
be used to tune particle stabilization, so that mineral nanoparticles with only
a temporary stabilization can be also generated. These can be used as building
units for complex superstructures via a self-assembly mechanism. The advan-
tage of block copolymers as compared to homopolymers for the stabilization
of particles is shown for the example of CaCO3, which was precipitated in the
presence of a PMAA homopolymer and a PMAA DHBC with a stabilizing PEO
block (Fig. 20). For the homopolymer, spherical particle aggregates are ob-
tained, which are glued together by PMAA molecules adsorbing onto several
nanoparticle surfaces. This does not happen for the DHBC, as the stabiliz-
ing PEO shell prevents gluing of the dumbbell-shaped microparticles, which
remain dispersed.

DHBCs have shown remarkable effects in synthesis, stabilization, and crys-
tallization for a wide range of inorganic, inorganic/organic hybrids, as well
as organic crystals with interesting shapes and complex forms through the
mesoscale self-assembly of the “programmed” primary units (for a recent
review see [57]). They can therefore nicely serve as a bio-inspired soluble
matrix for controlled particle self-assembly.

Different kinds of DHBCs with different functional patterns have been de-
signed and used as crystal modifiers [57, 147]. All functional groups, which
are important for the interaction with inorganic crystals, were synthetically
realized. More specificly, DHBCs reported to date have functional blocks with:
—OH, — COOH, —-SO3H, — S04, —PO3H;, —PO4H;,, — SCN, — NR3, — HNR;,
and — HoNR (for a review on DHBC syntheses, see [147]).

It is possible to use DHBCs as a tool to break down the three-dimensional
symmetry of the interaction between nanoscale objects into dimension-
specific communication [283]. Recent advances have demonstrated the pos-
sibility to self-assemble complex superstructures through the selective ad-
sorption of functional polymers onto specific inorganic surfaces, thus induc-
ing mesoscale self-assembly, cooperative transformation, and reorganization
of hybrid inorganic/organic building blocks [40]. It has been shown that
DHBCs [147, 284, 285] can exert a strong influence on the morphology and/or
crystalline structure of inorganic particles such as CaCO; [61, 282, 286-292],
PbCO3, CdCO3, MnCO3 [61], calcium phosphate [108], barium sulfate [293-
296], barium chromate [110, 297], barium titanate [298], calcium oxalate di-
hydrate [299], zinc oxide [288,300-303], cadmium tungstate [304], chiral
organic crystals [305], as a template for silica formation [306], and even on
the control of the structure of ice and water [307]. These results show that
not only the shape control of primary nanocrystals is achieved, but also that
complicated superstructures can be produced through the mesoscale self-
assembly of the “programmed” primary units.



Bio-inspired Mineralization Using Hydrophilic Polymers 43

All the above advantages of DHBC design also apply to the corresponding
graft copolymers (DHGCs) with the further advantage of the easier syn-
thetic accessability of graft copolymers. The main applications of DHBCs
and DHGCs as crystallization additives will be described, ordered by typical
DHBC applications. For a more extensive treatment of DHBC synthesis and
applications, especially as an additive for crystallization control, the reader is
referred to the specialized literature [57, 146, 147].

3.24.1
Formation and Stabilization of Nanocrystals

Various DHBCs have successfully been used as a stabilizer for the purely steric
or combined steric/electrosteric stabilization of ceramic precursor particles
like Al,O3 [308,309], BaTiO3 [310-314] colloidal silica [315-320] alumina
coated TiO, [321], CeO, [322], a-Fe, 03 (hematite) [281, 323-325], and vari-
ous pigments [327] in aqueous solution. The solid amount can be stabilized to
extremely high concentrations (up to 80 wt % [327]) showing the stabilization
capabilities of optimized DHBCs.

For example, the stabilization mechanism for «-Fe,03 (hematite) par-
ticles by PMVE-b-PVOBA was investigated in detail for various block lengths
addressing the adsorption isotherms, adsorbed layer thickness, and ¢-
potentials [323, 324]. While PVME homopolymer did not absorb and PVOBA
adsorbed as a polyelectrolyte at the applied pH, the highest polymer adsorp-
tion was observed for the block copolymer. The ¢-potential of the particles
decreased with increasing PMVE block length due to the formation of a layer
of neutral polymer providing steric stabilization [324]. These results could be
confirmed by the stability of the dispersions stabilized with DHBCs with long
PMVE blocks upon salt addition and indicate the role of the block copolymer
architecture as outlined in Fig. 20 for a successful steric particle stabiliza-
tion. Similar results were recently described for the stabilization of ACC by
PEO-b-PMAA, which may be a useful building material for the construction
of complex CaCO3; morphologies [281]. Extremely small high quality CeO,
nanoparticles of only 2 nm could be synthesized and stabilized with PEO-b-
PMAA in a hydrothermal reaction [322]. This shows that the DHBC concept
can also be applied to syntheses at elevated temperatures and that nanopar-
ticles can be obtained with a very small size, which makes them attractive
for the formation of homogeneous films or coatings with high surface area.
If the nanoparticles are not directly accessible to DHBC adsorption due to
equal charge and the resulting repulsion, the layer-by-layer assembly tech-
nique of countercharged polyelectrolytes can be successfully applied. This
was demonstrated for the coating of maghemite nanoparticles by PEI and
subsequent adsorption of a PEO-b-PGlu DHBC for excellent steric particle
stabilization even at high salt concentrations [326]. These particles can be
used for magnetic resonance imaging applications.
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Recently, DHBCs have been used as a good stabilizer for the in-situ for-
mation of various metal nanocolloids and semiconductor nanocrystals such
as Pd, Pt [328-330], Au [280, 328-330], Ag [331], CdS [332], and lanthanum
hydroxide [333]. PAA-b-PAM and PAA-b-PHEA were used as stabilizer for
the formation of hairy needle-like colloidal lanthanum hydroxide through
the complexation of lanthanum ions in water and subsequent micellization
and reaction [333]. The polyacrylate blocks induced the formation of star-
shaped micelles stabilized by the PAM or PHEA blocks. The size of the
sterically stabilized colloids was controlled by simply adjusting the polymer-
to-metal ratio, a very easy and versatile synthesis strategy for stable colloids
in aqueous environment [333]. The concept of induced micellization of an-
ionic DHBCs by cations was also applied in a systematic study of the direct
synthesis of highly stable metal hydrous oxide colloids of AI**, La**, Ni?*,
Zn**, Ca**, or Cu®* via hydrolysis and inorganic polycondensation in the
micelle core [334,335]. The A" colloids were characterized in detail by
TEM [336], and the intermediate species in the hydrolysis process by SANS,
DLS, and cryo-TEM ([337].

The formation of various metal colloids in the presence of DHBCs through
either rapid reduction by addition of foreign reducing agents, or self-
reduction in the presence of the DHBCs itself, can be an elegant way towards
stabilized noble metal colloids in water [280,328-331]. Through the DHBC
functional block interaction with the cationic metal ions, micellization can
be induced, where the micelle core acts as the reaction environment for metal
salt reduction [328-330]. Such metal-filled micelles (Pd in PEO-b-P2VP) were
successfully applied in water/isopropanol mixtures at different pH for a selec-
tive catalytic dehydrolinalol hydrogenation, showing the potential of aqueous
DHBC/catalyst micelles [338].

Another systematic study showed that both the particle size and shape of
Au could also be controlled by variation of the functional group pattern of
the DHBCs and that the plasmon absorption band can be fine tuned depend-
ing on the type of polymer and the irradiation power [280]. PEO-b-PEI has
been used as effective stabilizer for the solution synthesis of high-quality CdS
nanoparticles with a size of 2-4 nm and good resistance against oxidation
in water and methanol [332]. Here, the CdS particle size could be tuned by
a simple polymer concentration variation, in analogy to the lanthanum hy-
droxide [333] or ACC [281] described above. This synthesis is easy and is
performed in aqueous environment, in contrast to most of the toxic reaction
environments for this material described in the literature. A comparison of
a linear, branched, and dendritic functional DHBC block revealed that the
branched block had the best stabilization capability, which was attributed to
the high local functional group density combined with a certain molecular
flexibility compared to the linear or dendritic counterparts [332]. The above
examples imply that DHBCs can be applied to many more mineral or metal
systems than have been described so far.
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3.2.4.2
Stabilization of Specific Crystal Planes

The stabilization of specific crystal planes by face-selective polymer adsorp-
tion is a powerful tool for modifying the crystal morphology and for deriving
low dimensional crystal morphologies like plates or fibers. Recent reports
show that the DHBCs can also be used for stabilization of specific planes of
some crystals for their oriented growth, e.g., Au [280], ZnO [300-302], cal-
cium oxalate [299], PbCOj3 [291], and BaSO4 [295].

A recent study shows that Au nanoparticles with shapes like triangles,
truncated triangles, or hexagons, and a small fraction of smaller nearly spher-
ical nanoparticles, can be obtained in the presence of a PEO-b-1,4,7,10,13,16-
hexaazacycloocatadecan (hexacyclen) ethyleneimine macrocycle. The typical
image in Fig. 21 shows the very thin and thus electron transparent triangles,
truncated triangular nanoprisms, and the hexagons with high crystallinity as
confirmed by the selected area electron diffraction pattern.

The results suggested that this polymer can well stabilize the (111) faces
of cubic Au nanoparticles, leading to the preferential orientation and growth
of other faces due to the selective absorption effects of the polymer. This
results in the formation of the observed very thin plates. The unexpected,
preferential, selective and strong polymer adsorption to the (111) faces can
be understood on the basis of molecular modeling results, which show a good
geometrical match of the interacting nitrogens in the hexacyclen part to the
Au hexagons on the (111) face so that a high polymer surface coverage and
thus extremely retarded growth of this face can be expected (Fig. 21b). The

Au(111)

Fig.21 a TEM image and electron diffraction pattern of Au nanoparticles synthesized by
self-reduction of 10~# M HAuCly solution in the presence of the block copolymer PEO-b-
1,4,7,10,13,16-hexaazacycloocatadecan (hexacyclen) EI macrocycle. b Molecular modeling
of the Au (111) surface and a hexacyclen molecule in vacuum, which show the perfect
match of this molecule to the hexagonal atom arrangement on Au (111). Yellow Au; blue
N; gray C; white H. Figure drawn to scale. Reprinted from [280] with permission of
American Scientific Publishers
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span distance of the neighboring — NH, is 2.94 A, which matches quite well
with the distance of the neighboring Au atoms within the (111) face, as shown
in Fig. 21b.

However, these considerations cannot be generalized. Application of the
same DHBC additive for CaCOs crystallization did not result in crystal
morphologies, which could be predicted from computer calculations of the
additive adsorption onto different crystal faces [339]. Although interesting
morphologies in the form of stacked pancake structures, discs with rough
surfaces, or spheres were obtained, a conclusion of this study was that it is not
only epitaxial match that drives polymer adsorption, but also charge/ion sur-
face density, particle stabilization, and the time for polymer rearrangement.
This polymer rearrangement to more favorable faces leads to adaptation of
the thermodynamic crystal morphology, which becomes predictable again by
calculation of the face-selective additive interactions [339].

Precipitation of ZnO under mild conditions usually produced elongated
hexagonal prismatic crystal shapes with wide diameter range. Addition of
PEO-b-PMAA resulted in a strong decrease of the particle size distribution
width and decreasing crystal lengths, suggesting a good stabilization and se-
lective adsorption effects of the DHBCs for a retardation of crystal growth
perpendicular to (001) faces [300]. More rounded particles with a central
grain boundary and a narrow size distribution were also produced in the
presence of PEO-b-PMAA [301-303]. With the more strongly acidic PEO-
b-PSS copolymers, a lamellar intermediate precipitate was found at the be-
ginning, then this structure eventually dissolved and hexagonal prismatic
crystals were produced. A striking effect was observed when a subsequent
growth process produced uniform “stack of pancake”-shaped ZnO crystals.
The formation of a metastable intermediate and the release of the polymer
from the side faces of the core crystals, as well as the selective adsorption on
the (001) ZnO faces, display a collective effect in the determination of such
“stack of pancakes” morphology [303].

PEO-b-PMAA was also found to favor the morphological transition of
COD crystals from the default tetragonal bipyramids dominated by the (101)
faces to elongated tetragonal prisms dominated by the (100) faces, which
could be due to the preferential adsorption of the polymer on the (100) face of
COD crystals. With increasing polymer concentration, the morphology of the
obtained COD crystals gradually changed from tetragonal bipyramids domi-
nated by the (101) faces to rodlike tetragonal prisms dominated by the (100)
faces, which is a morphology adopted by some plant COD crystals but not
previously obtained in vitro [299].

Recent work shows that DHBCs can also be used to stabilize a single crys-
tal face of PbCOj3 crystals [61]. In the presence of PEO-b-PMAA, disc-like
nanoplatelets are formed as the primary short-term structure, in contrast to
the poorly defined default star-like PbCO3 structure under the chosen con-
ditions. With increasing time, these nanoplatelets tend to branch or stack
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Fig.22 a SEM micrograph of BaSOy single crystals with a symmetry-forbidden tenfold
symmetry precipitated in the presence of PEO-b-PEI-SO3H at pH 5. b The morphology of
a primary crystal with ten side faces. Reprinted from [295] with permission of the Amer-
ican Chemical Society

together to form complex structures. When a new kind of DHBC, a stiff
polymer PEO-b-[(2-[4-dihydroxy phosphoryl]-2-oxabutyl) acrylate ethyl es-
ter] was used, flat uniaxially elongated quasi-hexagonal and single crystalline
nanoplates with a smooth surface were obtained by selective polymer adsorp-
tion onto (001).

A striking example of complex morphologies that can be obtained by
selective polymer adsorption showed that flower-like BaSO4 particles with
a forbidden tenfold symmetry can be produced by a multistep growth process
in the presence of a sulfonated PEO-b-PEI, as shown in Fig. 22a [295].

For the formation of these particles, an elongated primary nanoparticle
formed by selective polymer adsorption was proposed which has ten side
faces (Fig. 22b, 4 x (022), 4 x (041) and 2 x (002) family) [295]. This particle
serves as a seed for the heterogeneous nucleation of ten single crystalline
petals with the polymer selectively adsorbing onto (200), forming the petals
with exposed (200), which are overgrown in a later stage. Thus a structure
forms that is single crystalline (the petals) but which does not violate the
laws of crystal symmetry due to the primary particle with ten side faces.
It is remarkable that similar flower-like crystals, although not exclusively
representing this unusual structure, could be obtained with a linear DNA
template, which possibly acted as the template for the formation of a lin-
ear primary crystal [214]. These examples imply that symmetry-forbidden
crystal structures are possible in a polymer-directed multistep crystallization
process.

3.243
Control of Crystal Modification and Stabilization of Kinetic Phases

DHBCs have also been found to exert remarkable effects on the control of
metastable crystal modifications and stabilization of kinetic phases. One ex-
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ample is a flexible DHBC containing multiple strongly chelating EDTA func-
tional groups [286]. The interesting fact here is not that a vaterite sphere con-
sisting of nanocrystallites was formed, as this is common for the early stages
of CaCOs crystallization, but that the vaterite modification was stabilized for
at least 1 year under conditions where a transformation of the kinetically fa-
vored vaterite modification into the thermodynamically stable calcite would
occur within 80 h [340]. The remarkable stabilization of a metastable crys-
tal modification suggests that the functional pattern of the flexible PEDTA
block adopted that of the initially formed vaterite surface and that the crys-
tal was fixed at the surface by the adsorbed polymer. Hence, a transformation
into a thermodynamically stable crystal modification was not favored any-
more because too many electrostatic bonds between Ca** and the polymer
would have to be opened for restructuring. Similarly, prolonged stabilization
of vaterite was observed with DHBCs with an acidic amino acid [341] or phos-
phoric acid functional group [292].

The stabilization of usually metastable crystal modifications hints at the
potential DHBCs may have for crystal design purposes besides the morpho-
logical control, as many crystals of technical importance are made at high
temperature to obtain the desired crystal modification. The same may be
achieved by a polymer in water, via a kinetic metastable phase, if the func-
tional block has the appropriate functional pattern, which requires a modular
synthesis strategy towards DHBCs.

3.24.4
Chiral Discrimination and Morphogenesis of Organic Crystals

A series of chiral block copolymers were synthesized on the basis of a PEO-
b-PElpranched copolymer with a variety of chiral functional groups attached
to the PEI block as an additive to achieve racemate separation upon crys-
tallization of racemic compounds [305]. In the crystallization of calcium
tartrate tetrahydrate (CaT), it was found that appropriate chiral DHBCs can
slow down the formation of the thermodynamically most stable racemic
crystals as well as the formation of one of the pure enantiomeric crystals.
Therefore, chiral separation by crystallization occurs even when racemic
crystals are thermodynamically favored. However, the chiral separation was
only observed (though still with low chiral purity) at the early stages of
the crystallization reaction. At longer crystallization times the enantiomeric
separation decreased again in favor of the racemate crystal formation. This
indicates that a promising way for racemate separation with a chiral poly-
mer additive is the separation of the crystals at early reaction stages so
that an enrichment of one enantiomer appears possible via subsequent
crystallization steps.

The presence of DHBCs can also modify the crystal morphology and create
unusual morphologies of higher complexity reflecting the polymer-crystal
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interaction [305]. The basic principles of polymer-controlled crystal morpho-
genesis are also adaptable to organic crystals, which are promising for the
investigation of polymeric crystallization control as they have a lower lat-
tice energy than their inorganic counterparts. Furthermore, they are crystals
built up from molecules, thus allowing for additional control parameters like
inherent dipole fields in a molecule/crystal and chirality.

The most interesting observation was made when an amino acid was crys-
tallized with one of the above-mentioned chiral DHBCs. The formation of
facetted superstructures composed of highly aligned nanoparticle building
units could be observed for prL-alanine, which was the first description of the
mesocrystal concept [123].

This pL-alanine mesocrystal is shown in Fig. 23. The mesocrystal morph-
ology (a) is modified with respect to the single crystalline needle obtained
without polymer (b) and clearly shows the nanoparticle building units (c).
The XRD scattering pattern is, however, very similar to that of the single
crystal but in this case with a slight angular distortion (d and e). Dipolar
fields were suggested for the almost perfect alignment of the nanocrystalline
subunits because pL-alanine has a carboxy- and an amino-terminated end
along the c-axis. Selective adsorption of the polyanionic DHBC to the amino-
terminated end would lead to platelets, which then stack together to the
mesocrystal with the platelet fine structure being visible in Fig. 23c.
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Fig.23 DpL-Alanine mesocrystals formed in presence of a chiral double hydrophilic block
copolymer. a SEM micrograph showing the facetted mesocrystals, b DL-Alanine single
crystal control, ¢ Higher resolution SEM of a mesocrystal surface showing the nanopar-
ticle building units, d XRD pattern of a mesocrystal, and e of a single crystal. The figures
were reproduced from [123] with kind permission of Wiley
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3.2.4.5
Mesoscopic Transformation and Controlled Higher Order Self-Assembly
of Nanoparticles

Mesoscopic transformation [40] and controlled higher order self-assembly of
nanoparticles are to date the most interesting morphogenesis mechanisms
employing DHBCs, as they yield complex and often hierarchical structures by
programmed self-assembly. In an ideal case, the self-assembly can even be en-
coded already in the block copolymer design to determine the crystal face for
selective polymer adsorption so that the nanoparticle building units can as-
semble in a defined and programmed way. Nevertheless, the morphogenesis
mechanisms are at present not yet completely understood.

The isomorphic BaSO4 and BaCrOy systems are often applied as mineral
model systems as they only crystallize in the barite and hashemite modifi-
cations, respectively. The platelet morphology in case of BaSO,4 remains the
same over the entire pH range. Thus, BaSOy is very well suited to investigate
the role of polymeric additives on crystal morphology, as the shape varia-
tion caused by different crystal modifications can be excluded here. Figure 24
gives an overview of the large variety of accessible single- and polycrystalline
morphologies that can be obtained with DHBCs as additive.

Figure 24 illustrates the strong influence of the functional group pattern
on an identical polymer backbone on the final crystal morphology [293,
294]. Without additives, rectangular BaSO4 plates were formed. With the aid
of different DHBCs, flower-like single crystalline structures, peanut shaped

PEG-b-PEI-SO;H PEG-b-PMAA-PO.H,
e 2um

No additive

PEG-b-PEI-COOH PEG-b-PMAA-Asp

Fig.24 Morphology control of inorganic BaSO4 crystals mineralized at pH 5 in the pres-
ence of various DHBCs. Reprinted in part from [293] with permission of Wiley. Parts
of the figure are reproduced from [294, 295] with permission of the American Chemical
Society
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polycrystalline particles monodisperse in size and shape, and polycrystalline
spherical particles with notches were formed [293, 294].

It is noteworthy that the same polymer backbone (for example PEO-b-PEI
in Fig. 24) can not only lead to entirely different crystal morphologies as men-
tioned above, but also to a single crystal in the case of the sulfonate functions,
or to polycrystalline particles in the case of the weaker acidic carboxyl func-
tions. Thus, it is evident that different morphogenesis mechanisms are active
for the different DHBCs and the important role of the interacting functional
polymer block is highlighted.

Crystallization control of the isomorphic BaCrO4 by DHBCs is possible in
a similar way [110]. It is interesting to note that all DHBCs based on a bare
cationic PEI binding site give comparatively little control over the oriented
growth of the crystals under the applied acidic conditions at pH 5, underlin-
ing that the growing crystals prefer to interact with negatively charged groups
instead of the positively charged PEI block, a finding that is also valid for
a number of Ca-based biomineral systems.

A block copolymer with carboxyl and phosphonated groups, PEO-b-
PMAA-PO3H;, leads to the formation of single crystalline fiber bundles by
oriented attachment (Fig. 24) similar to the bundles displayed in Fig. 14. How-
ever, the block copolymer is a far better particle stabilizer than polyacrylate
so that a larger number of nanoparticle building units is generated and avail-
able for oriented attachment. As a result, the voids, which can be observed in
the fiber bundles shown in Fig. 14, are not observed anymore for the struc-
ture obtained in presence of the DHBC. All other features of the bundles, like
self-similarity or flat growth faces, are the same. Figure 25 shows an image of
fibrous self-organized superstructures with sharp edges composed of densely
packed, highly ordered, predominantly parallel nanofibers of BaCrOy4, which
can be obtained with the phosphonated DHBC in analogy to BaSO4 [110].
A selective area electron diffraction pattern taken from such an oriented pla-
nar bundle (as shown in Fig. 25) confirms that the whole structure scatters as
a well-crystallized single crystal where scattering is along the [001] direction
and the fibers are elongated along (210), suggesting a two-dimensional order
of the nanofibers.

The atomic surface structure modeling data for the surface cleavage of
the hashemite crystal shows that the faces (122), (121), (120), and (120),
which are parallel to the (210) axis, contain slightly elevated barium ions.
This indicates that the negatively charged — PO3H;, — COOH groups of PEO-
b-PMAA-PO3H; can preferentially adsorb onto these faces by electrostatic
attraction and block these faces from further growth. In contrast, the sur-
face cleavage of the (210) face shows no attackable barium ions on the surface
(red lines in Fig. 25), suggesting that the negatively charged functional poly-
mer group does not favorably adsorb on this face, making the (210) face
a high energy face and thus favorable for oriented attachment, resulting in the
nanoparticle fusion to defect-free fibers along (210).
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Fig.25 a TEM image of highly ordered BaCrO4 nanofibers obtained in the presence
of PEO-b-PMAA-PO3H,, pH 5. b Electron diffraction pattern taken along the [001]
zone, showing that the fiber bundles are well-crystallized single crystals and elongated
along (210). ¢ Plot of the BaCrO4 crystal structure as calculated with the Cerius? soft-
ware viewed perpendicular to the (210) axis (indicated by white dashed arrow). Blue =
Ba, red = O, light brown = C. The red lines are (210) faces. a,b reprinted from [110] and
¢ from [297] with permission of Wiley

The initially formed particles are amorphous with sizes of up to 20 nm
and can aggregate to larger clusters. Evidently, this state of matter is the typ-
ical starting point for all types of highly inhibited reactions. The very low
solubility product of barium chromate (Ksp = 1.17 x 10719) shows that the su-
perstructures do not really grow from a supersaturated ion solution but by
aggregation/transformation of the primary clusters in agreement with other
literature reports (as reviewed in [40]). This is in perfect agreement with
earlier findings that in an ion solution with concentrations far above the sat-
uration level, amorphous clusters are formed first, which then produce the
crystalline nuclei at a later stage [243,342]. The fibrous structures always
grow from a single starting point, and from an aggregate of amorphous pre-
cursor particles, implying that they are nucleated on the glass wall or other
substrate such as TEM grids, which obviously provide the necessary hetero-
geneous nucleation sites. In contrast, only spherical particles were obtained
when the same reaction was done in polypropylene (PP) bottles [111].

The growth front of the fiber bundles is always very smooth, suggesting the
homogeneous joint growth of all single nanofilaments with the ability to cure
occurring defects in line with the earlier findings for BaSOy4 [109]. The open-
ing angle of the cones is always rather similar, but depends on temperature,
phosphonation degree of the polymer, and the polymer concentration [110].
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Control experiments show that the higher the temperature, the more linear
the structures become until the fibre structure is completely lost at 100 °C,
where spherical or peanut-shaped particles were obtained. This could be due
an increasing hydrophobicity of the PEO block at elevated temperatures, and
increased particle mobility favoring uncontrolled nanoparticle aggregation
over oriented attachment at lower temperatures. In addition, the concentra-
tion of the reactants, the ratio of cations and anions, pH, and the copolymer
concentration all have a strong influence on the morphogenesis of BaCrOy4
because all these parameters determine the surface energies of the various
nanocrystal faces [110,297].

The whole suggested mechanism relies on the absence of flow, which would
disturb the directed aggregation. Indeed, no fiber bundles or cones were ob-
tained when the solution was stirred continuously at room temperature after
mixing the reactants. Instead, only irregular and nearly spherical particles
were obtained. This is again in agreement with a recently published mech-
anism where the fiber formation is due to the directed self-assembly of the
primary particles [109, 111], which is suppressed by stirring.

It is interesting to note that a mixture of DHBCs, each of which result
in defined BaSO4 superstructures like spheres or slightly elongated particles
(with a PEO-b-PMAA additive, Fig. 26¢) and fibrous cones (with its partially
phosphonated derivative, Fig. 26a) can result in cumulative or cooperative
morphogenesis mechanisms, depending on the DHBC mixing ratio and the
total additive concentration [333]. For example, shuttlecock morphologies

PEG-b-PMAA-PO,H, (1%) 1 mgiml 8  PEG-b-PMAA-POH, (1%) 0.7 mg/mi

. PEG-b-PMAAD.3 mg!ml_z‘
W

Cumulative

y PEG-b-PMAA-PO,H, (1%) 0.9 mg/ml ;’
_  PEG-b-PMAA 2.1 mg/ml !

Cooperative

Fig.26 BaSO4 precipitated under the control of PEO-b-PMAA (c), its partially phos-
phonated derivative (a), and their mixtures at different total polymer concentration and
mixing ratio (b), (d). Reproduced from [343] with permission of the Royal Society of
Chemistry
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could be obtained by secondary fiber cone nucleation onto initially precip-
itated spherical microparticles in a cumulative mechanism and in a pre-
dictable manner, as these structures are a superposition of a sphere and
a cone or a fibrous cone nucleated on an initially formed sphere (Fig. 26b).
This morphology is predictable and the extent of fibrous cone formation on
the spherical template can be tuned by the DHBC mixing ratio. It should be
noted that the sphere itself is already a polycrystalline aggregate controlled
by PEO-b-PMAA, whereas the fibrous cone is controlled by the phosphonated
derivative, which is a strong crystallization inhibitor so that the cone nucle-
ation happens as heterogeneous nucleation on the sphere substrate.

However, if the total polymer concentration is increased, the entire nucle-
ation becomes inhibited and a cooperative mechanism results in new complex
fiber-related morphologies, which are not predictable from the crystal mor-
phologies triggered by the individual DHBCs and strongly depend on the
mixing ratio of the two functional DHBCs [343] (Fig. 26d).

These results show that the range of obtainable morphologies can be sig-
nificantly enhanced by mixing of functional DHBCs. Another lesson that can
be learned from this example is that even very simple mixtures of model
polymers (here a DHBC and its phosphonated derivative) can result in com-
plex morphologies via a so far unknown mechanism. This gives a taste of
how difficult it is to understand the often synergetic actions of the multi-
component biopolymer mixtures, which control biomineralization events as
a soluble matrix.

Calcium carbonate (CaCOs) has been widely used as a model system for
studying the bio-inspired mineralization process due to its abundance in na-
ture and also its important industrial applications in paints, plastics, rubber,
and paper [344]. Bio-inspired synthesis of CaCOj3 crystals in the presence of
organic templates and/or additives has been intensively investigated and re-
cent reviews show the wealth of results obtained in the last few years [44, 45].

CaCO3 shows a broader morphological variety than BaSO4 when crys-
tallized in the presence of DHBCs. This is partly a reflection of the fact
that CaCOs3 already has three different anhydrous polymorphs with differ-
ent morphologies. Most of the reported studies on DHBC-controlled CaCO3
crystallization deal with self-assembled structures whereas mesocrystal for-
mation, oriented attachment, or PILP mechanisms have not yet been reported
with DHBC additives. However, the formation of amorphous precursor par-
ticles is omnipresent in the DHBC-controlled crystallization of CaCOs3.

PEO-b-PMAA is probably the most extensively studied block copolymer
so far. Its application was first independently reported in [286] and [287],
although the reported structures were different (dumbbells and spheres
in [286] and elongated overgrown calcite rhombohedra in [287]). Later on,
a unifying overall scenario for this particular polymer-mineral system was
evaluated, which allowed for an empirical morphology prediction if the pH as
well as the polymer/mineral concentration ratio were known [282]. This re-
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sult shows that already one particular polymer-mineral system can be tuned
through a variety of particle aggregate morphologies, which are predom-
inantly nanocrystal superstructures with complex morphologies, and that
a uniform growth mechanism for several of these superstructures can be as-
sumed. One such mechanism, which was identified for CaCOs3 in this particu-
lar system, is the rod-dumbbell-sphere morphogenesis scenario, in formal
analogy to the results obtained for fluoroapatite in a gelatin gel [345-347].

The morphology evolution process of CaCO;3 particles under control of
DHBCs suggests that the final stage of spherules results from a complex
growth mechanism, as first reported in detail for the growth of fluoroap-
atite in gelatin gels by Busch and Kniep [345, 346]. In the fluoroapatite case,
rod-like particles are formed first, which can grow at their ends to result in
dumbbell-like particles due to a dendritic growth [345-347]. These dumb-
bells grow further into spherical particles. Such fluoroapatite morphologies
are intuitively consistent with a particle growth along electric dipole field
lines, although this mechanism has not yet been proven [346,348]. This
morphology evolution process is qualitatively in agreement with the dumb-
bells and spheres observed for CaCO3 mineralized in the presence of DHBCs.
Here, however, the complex morphologies appear to result from a nanopar-
ticle aggregation mechanism, as WAXS data evaluated by the Scherrer equa-
tion reveal small primary nanoparticle building units with sizes around
20 nm [286]. A time-resolved electron microscopy study indeed revealed that
dumbbells are the precursors to the much bigger spherical particles and that
amorphous precursor nanoparticle aggregates are present, which most likely
act as a material depot [282].

Nevertheless, the rod-to-dumbbell-to-sphere transition seems to be a gen-
eral crystal growth phenomenon and was observed for several other car-
bonate systems in the presence of DHBC additives (CaCOs, BaCO3, MnCOs3,
CdCOs3) [61] as well as in rare cases even without additives. Thus it appears
that the polymer additive does not only play a structure-directing role as
the above discussion may imply, but also a controlling role for the release of
building material consisting of amorphous particles.

An interesting morphogenesis strategy, which can be realized with DHBC
additives, is the generation of sacrificial precursor particles of a metastable
crystal polymorph. It is well documented that DHBCs can stabilize thermody-
namically metastable polymorphs like vaterite for extended periods of time,
even in aqueous solution [113]. Therefore, it can be a rewarding strategy
to apply a DHBC, which is able to control the morphology of a metastable
polymorph but is only able to stabilize this polymorph for a time not much
extending that required for generation of the sacrificial precursor particle.

An example was reported for hollow spheres composed of calcite rombo-
hedra, which where grown on a sacrificial spherical vaterite template particle
grown in the presence of PEO-b-PMAA at an acidic starting pH [61]. Initially,
amorphous nanoparticles were formed and stabilized by the DHBC. Subse-



56 H. Colfen

quently, vaterite nanoparticles were formed, which aggregated to spheres.
These vaterite spheres were the template particles for the nucleation of calcite
via a dissolution-recrystallization process (Fig. 27). Similar scenarios can be
imagined for a large variety of metastable or unstable phases including liquid,
amorphous, kinetically labile or metastable polymorph phases.

It is remarkable that hollow calcite spheres, but with less expressed surface
rhombohedra, have been reported when the same block copolymer was used
together with the SDS surfactant [245]. These rhombohedral surface struc-
tures are very similar to those reported by Tremel et al. when Au nanocolloids

Fig.27 Top: SEM images of CaCOs3 particles grown on a glass slip in the early reac-
tion stage, PEO-b-PMAA, [CaCl,] = 10mM, 1gL™!, 5h. a CaCOs particles with either
spherical or hollow structures. b Zoom showing the calcite rhombohedral subunits grown
on the surface of the hollow structure and the inner part consisting of tiny primary
nanocrystals with a grain size of about 320 nm as indicated by the arrow (sacrificial va-
terite template). Bottom: Proposed formation mechanism of the calcite hollow spheres:
a polymer-stabilized amorphous nanoparticles; b Formation of spherical vaterite precur-
sors; ¢ aggregation of the vaterite nanoparticles; d vaterite-calcite transformation starting
on the outer sphere of the particles; e formation of calcite hollow spheres under consump-
tion of the sacrificial vaterite precursors. Reproduced in part from [61] with permission
of the American Chemical Society
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were used as nuclei for crystallization of calcite spherules with sizes of about
10-15 jum [349, 350].

Spherical vaterite microparticles were also found if acidic polypeptide
blocks like PGlu were used as functional blocks in a PEO-based DHBC [341,
351]. These structures are again formed from amorphous precursor nanopar-
ticles (50 nm), which are remarkably uniform. However, in contrast to the
calcite rod-dumbbell-sphere morphology transition that is observed for cal-
cite with a PEO-b-PMAA additive, in the vaterite case, spherical particles are
directly formed without any rod or dumbbell precursors, as shown in solu-
tion by dark field and phase contrast light microscopy. It is remarkable that
the structure-directing polymers do not differ much. Both contain a PEO sta-
bilizing block of similar length and a functional polycarboxylic acid block
(PMAA7 in the calcite case and PGluy in the vaterite case). This indicates that
subtle changes of the functional DHBC block can have a huge influence on
the crystallization scenario. In addition, it could be shown that a random coil
conformation of the polypeptide chain allowed for better crystallization con-
trol than the ordered «-helix conformation [351], which is in agreement with
the findings in the literature about biomineralization proteins, which tend to
adopt the unfolded structures for their interacting motifs [352].

The most advanced way to encode nanoparticle self-assembly is to selec-
tively adsorb additives onto specific crystal surfaces and thus to program their
self-assembly. Such a possibility approaches the ability of nature to transform
soft structures, which can be encoded in genetic information and can thus be
highly regulated into hard organic/inorganic replicas through the process of
biomineralization.

One example of such a polymer-encoded self-assembly process was dem-
onstrated for BaCOs3 crystallization in presence of a stiff phosphonated
DHBC [353]. Here, the selective adsorption of the stiff DHBC onto the (110)
witherite surfaces leads to the tectonic arrangement of the elongated ortho-
rhombic BaCO3 by programmed self-assembly resulting in remarkable helical
structures from a non-chiral mineral crystal system and a racemic polymer
(Fig. 28a). The amount of left- and right-handed helices was found to be simi-
lar [353].

This arrangement via coded self-assembly relies on two processes. The
first is the existence of favorable (110) faces for the adsorption of the stiff
DHBGC, leading to a staggered arrangement of aggregating nanoparticles, be-
ing controlled in direction after the aggregation of the first three particles
(Fig. 28d-g). The driving force is the loss of conformational entropy of the
polymer if it would have to bend after aggregation of another nanoparticle
building unit into an unfavorable position, and the face-selective polymer ad-
sorption onto the (110) face, which exposes positive Ba?* ions so that the
polyanion is attracted. The result is a nanoparticle aggregation along a com-
mon growth direction, which is determined by the aggregation of the first
three building units.
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Fig.28 a-c SEM micrographs of BaCO3 nanoparticle superstructures obtained under con-
trol of a stiff phosphonated DHBC, [Ba?*] = 10 mM. a Helices formed at starting pH 4,
CPolymer = 1 gL7!; b starting pH 5.6, CPolymer = 1 gL‘l; ¢ starting pH 4, Cpolymer = 2 gLl
The colors in d-g correspond to the indexed faces of the primary nanocrystal witherite
building block in h. d Interparticle aggregation along the (011) and (020) faces makes the
adsorption faces at the tip different, allowing the particles to differentiate between favor-
able and unfavorable arrangements. The (partially) staggered arrangement is preferred
(e,f with f being much more improbable) over the probable but energetically excluded
arrangement with unfavorable polymer adsorption sites (circle shown in g) and predeter-
mines addition of subsequent particles. The result is directed aggregation of subsequent
particles either upwards or downwards as defined by the first three aggregated particles.
i Perpendicular view along the helix growth axis. The alternation of particle aggregation
by (011) (red lines) and (020) (black lines) faces breaks the linear character and brings in
helicity {only one (020) face sterically accessible in a favorable way}. The yellow and or-
ange spots indicate different (011) faces for an attaching particle. The orange spot is more
favorable for subsequent particle attachment and thus, the helix turn is continued. Over-
lay of processes d-g and i leads to the helical superstructure j, which even tolerates some
mismatched particles. Please note that in Fig. 28, the polymer is not drawn as a stiff rod
and also not to scale. Figure partly reproduced from [151] and [353] with permission of
Nature Publishing Group and the Materials Research Society
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On the other hand, in the perpendicular direction (Fig. 28i), a particle ap-
proaching an aggregate can also envisage favorable and unfavorable adsorp-
tion sites leading to a turn in the particle aggregate. If a particle aggregates
along (020), a linear arrangement will result, whereas two possibilities exist
for an approaching particle to aggregate along the (011) faces (Fig. 28i). These
possibilities are indicated by a yellow (unfavorable) and orange (favorable)
spot in Fig. 28i. The yellow position is unfavorable because the approaching
particle has to be oriented along two faces, whereas for the orange position,
the orientation along (011) is sufficient. Therefore, this will be the preferred
adsorption site. This introduces a counterclockwise turn in the particle aggre-
gate in the example in Fig. 28i.

Overlay of these two processes leads to the helix formation shown in
Fig. 28j. The pitch of the helices can be controlled by influencing the coun-
terplay between the two processes controlling self-assembly. For example,
increasing the pH (Fig. 28b) favors the nucleation of nanoparticle building
units and consequently the particle aggregation. Furthermore, the nanoparti-
cle building units get less charged as the raised pH approaches the isoelectric
point of BaCO3 (10.0-10.5) so that particle repulsion is decreased and particle
assembly favored.

On the other hand, increase of the polymer concentration leads to in-
creased polymer adsorption and also to less favorable (110) faces so that no
axial aggregation can occur anymore. The result is a back biting helix with-
out pitch like that in Fig. 28c. However, the above extreme examples show
that even the pitch of the tectonic helix arrangements can be controlled by
a parameter as simple as pH or polymer concentration. This example shows
the delicate balance necessary for programmed particle self-assembly and
the possibilities of such approach, which can even create chirality from non-
chiral/racemic compounds.

Besides programmed self assembly, synergy between polymer-controlled
crystallization and crystallization-induced reordering of a polymer aggre-
gate structure can create a feedback loop and result in highly complex
organic/inorganic mesostructures. A striking example for such a mechan-
ism was reported for calcium phosphate precipitated within an aggregate
of poly(ethylene oxide)-b-alkylated poly(methacrylic acid) (PEO-b-PMAA-
Ci2) [108]. In this polymer, the functional carboxy groups are in the direct
neighborhood of the hydrophobic alkane chains. This is special in the way
that the three hydrophobic chains attached to the functional methacrylic acid
block induce a weak aggregate formation in water, as evidenced by dynamic
light scattering (DLS) and analytical ultracentrifugation (AUC). These loose
aggregates sequester Ca’* ions and thus serve as localized mineralization
centers upon phosphate addition.

By controlling the pH of the Ca**-loaded polymer solution and thus the
crystal polymorph (brushite and hydroxyapatite), delicate mesoskeletons of
interconnected calcium phosphate nanofibers with star-like, neuron-like, and
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more complex nested form can be obtained as shown in Fig. 29 [108]. The fil-
aments are very thin with only 2-3 nm diameter and they are oriented along
the hydroxyapatite c-axis.

The complex structures result from a feedback loop between selective
polymer adsorption on all faces parallel to the hydroxyapatite c-axis and the
deformation of the polymer aggregate by the polymer adsorption onto the
growing filaments. From Fig. 29d, it becomes clear that the negatively charged
DHBC will adsorb to all faces that are parallel to the hydroxyapatite c-axis, as
these faces can expose Ca?* ions. The only face exposing negatively charged
phosphate tetraeders is (001) so that the polymer adsorption to all faces ex-
cept (001) leads to the filament formation with c-axis orientation.

The above example also shows that the three-dimensional structure of the
crystallization additives prior to mineralization provides a further variable for
the control of crystal morphogenesis by polymers, which even more closely
resembles natural protein systems in the soluble matrix of biominerals.

\ “x..\
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View along the
crystal c-axis

Fig.29 TEM images of calcium phosphate block copolymer nested colloids. a Star-like
form at an early stage at pH 4.5. b Later stage showing a complex central core, and very
long and thin (2-3 nm) filaments. ¢ Neuron-like tangles produced at pH 5. d View along
the hydroxyapatite c-axis. Four unit cells (unit cell indicated by red line) are displayed.
Horizontal Ca?* distance is 2.2 nm and vertical Ca?* distance is 1.7 nm, which fits the
experimentally observed fiber diameter. Reproduced from [108] with permission of Wiley
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3.2.4.6
Combination of DHBCs with External Templates

From the above examples, it is clear that DHBCs can promote the formation
of complex crystal morphologies, often involving nanoscopic building units.
However, it is known from biomineral examples that their formation takes
place in confined reaction environments and in contact with external tem-
plates. Thus, it is interesting to investigate the influence of an external tem-
plate on a DHBC-controlled crystallization system. In one reported example,
the chosen template was as simple as CO; gas bubbles, which are generated by
CO;, evaporation from supersaturated Ca(HCO3); solutions (Kitano method).
Here, the gas bubbles, which emerge in solution and float to the surface
where they stay for a while, were used to structure DHBC-generated CaCOs3
nanoparticle building blocks to complex morphologies including polycrys-
talline flower, shuttlecock, and hollow half-sphere morphologies [292]. The
morphologies could be tuned via variation of the solution surface tension.
This was adjustable by the variation of the polymer phosphorylation degree.
CaCO3 nanoparticles were generated and temporarily stabilized by the DHBC
until they aggregate as a ring around a CO, bubble at the solution surface.
This ring closes by further particle aggregation and the structure sinks to the
bottom of the reaction vessel and gets quenched from further growth as soon
as it became too heavy to be held at the surface by the solution surface ten-
sion. Adjustment of the surface tension thus allows control of how complete
the particle aggregate structures can grow. This shows a simple way to com-
plex CaCO3 morphologies via the concept of polymer-stabilized nanoparticle
building units.

Similarly, a combination of the mineralization under control of low
molecular weight polyelectrolytes and a foreign static template such as
air bubbles has been explored for the generation of macroporous BaCOs;
spherulites [230], which is similar to that found in the microemulsion system
reported by Mann et al. [354].

However, particles can also be used as templates instead of gas bubbles. In
order to break the previous constraint of bundle formation in BaSO4/BaCrO4
crystallization controlled by a phosphonated DHBC [109, 110], a new and po-
tentially facile stage of the morphological control of inorganic materials using
a combination of crystal growth control by DHBCs and controlled nucleation
was applied, resulting for the first time in the fabrication of uniform, sepa-
rated BaCrOy single crystalline nanofibers with extremely high aspect ratios
of >5000. This was achieved by adding a minor amount of a cationic col-
loidal particle, thus enriching the DHBCs as well as Ba** in a confined area of
space and reaching high local supersaturation and nucleation close to these
spots [297]. The attachment and growth of a second fiber onto an already
formed one was effectively hindered by adsorption of the colloidal seed par-
ticles to the sides of existing fibers, thus acting as sterical blockers.



62 H. Colfen

If DHBCs are encoded in a crosslinked microgel architecture, they can be
used as a template for crystallization. One advantage of such an approach
is that the microgels can serve as a localized crystallization environment
as they are able to sequester ions and thus act as ion sponges. A PMAA-
b-PNIPAAM-b-PDEAEMA microgel with PMAA core was used for CaCO3
crystallization [127]. The metastable aragonite polymorph was nucleated at
ambient temperature and pressure and it could be shown that the applied
microgels act as a highly selective nucleation and polymorph control agent,
which is active at low concentrations down to only 0.1 ppm. The advantage
is that, consequently, the nucleated aragonite particles are essentially free
from organic contaminants and can be used as they are. The adapted arag-
onite morphology was that of a sheaf bundle, which was nucleated in the
microgel particle with progressing growth of a ring of aragonite nanocrys-
tals. Interestingly, the aragonite sheaf bundle superstructure is composed
of a large number of individual nanocrystals, which are coated by an ACC
layer only a few nanometers thick [127] as was also recently found in natural
aragonite in nacre [72]. However, the formation of a large number of arago-
nite nanoparticles from a single template particle implies that the individual
nanoparticles are connected by mineral bridges. This is a synthetic analog of
the finding in biomineralization that a tiny amount of additive can influence
a large amount of inorganic crystals.

3.24.7
DHBC-Surfactant Complexes as Crystallization Templates

The combination of crystallization control by DHBCs and self-organization
of surfactants in aqueous environment can lead to remarkable new crys-
talline structures as also reported for similar but more simple polyelec-
trolyte/surfactant additives [355, 356]. Elegant featherlike BaAWO, nanostruc-
tures were prepared under mild conditions in a multistep growth mechanism
by combination of both catanionic reverse micelles (undecyl acid and de-
cylamine) and the block copolymer PEO-b-PMAA itself [357]. Numerous,
nearly parallel single crystalline barbs stand perpendicular on both sides of
a polycrystalline central shaft, showing that special template effects can be
achieved in a limited experimental window (Fig. 30).

These structures could be varied from star-like structures to a single shaft by
a simple variation of the DHBC concentration, although the role of the DHBC
in the generation of these complex structures initially remained unclear.

The morphogenesis of the feather-like structures in Fig. 30 was recently
investigated in more detail. The same type of structures was generated with
catanionic reverse micelles [358]. These results implied a two-stage morpho-
genesis mechanism, where first a BaWOy shaft is generated under the control
of PEO-b-PMAA. Subsequently, [001] oriented nanobelts then grow perpen-
dicular to the shaft under the control of the surfactant additive. This example



Bio-inspired Mineralization Using Hydrophilic Polymers 63

Fig.30 TEM image of penniform BaWO, nanostructures obtained in the presence of
0.5 gL' PEO-b-PMAA after aging for 8 h in reverse micelles. Scale bar represents 5 jLm.
Reprinted in part from [357] with permission of the American Chemical Society

shows again that complex structures can be generated by mixtures of addi-
tives if a time axis can be utilized with the action of the two additives being
separated in the time domain (see also Fig. 26 [343]).

In addition, hollow structures of calcite and disc-like hollow vaterite par-
ticles can be obtained by the cooperative template effects of the complex
micelles formed by PEO-b-PMAA and SDS and remaining free DHBC as
inhibitor in solution [245]. The cationic surfactant CTAB, which can com-
plex to the anionic PMAA groups of the DHBC, on the other hand yielded
unusual calcite pine-cone shaped particles. The concept of PEO-b-PMAA-
SDS micelles as template was further extended to the production of hollow
submicrometer-sized Ag spheres [359].

3.24.8
Fine-Tuning of the Nanostructure of Inorganic Nanocrystals
by Adjusted Crystallization Conditions

In addition to the above reported superstructure formation under control
of block copolymers, the DHBCs can also be used to fine-tune the nanos-
tructure details of other inorganic nanocrystals. Very thin one-dimensional
and two-dimensional CAWO,4 nanocrystals with controlled aspect ratios were
conveniently fabricated at ambient temperature or by hydrothermal ripening
under control of DHBCs [304]. Simple temperature changes could be applied
to tune the particle morphologies between plates and rods.

3.24.9
DHBC-Controlled Crystallization in a Mixed Solvent

When the crystallization conditions of CaCOs3 in the presence of a DHBC
are modified by applying water-alcohol solvent mixtures with varying sol-
vent compositions the solvent quality changes for the block copolymer and
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CaCOs. Thus, further handles are available to tune the higher order assembly
of CaCO3 nanoparticle aggregates including well-defined elongated or spher-
ical morphologies [360]. However, as worsening of the solvent quality for
DHBCs is against the concept of well-soluble polymer additives, such strategy
develops more towards externally triggered DHBC aggregation, which may be
an interesting additional experimental variable as cation-induced micelliza-
tion has shown. Further, as the mineral solubility product is simultaneously
changed, interesting cooperative morphogenesis scenarios can be expected
with DHBC additives, as the morphology and polymorph of CaCOs is already
influenced by the composition of mixed water-alcohol solvents [361].

3.25
Double Hydrophilic Graft Copolymers (DHGCs)

Double hydrophilic graft copolymers also follow the concept of DHBCs and
essentially behave similarly. They are potentially interesting because their
synthesis is easier than that of the DHBCs and can be scaled up. Neverthe-
less, only a few examples have been reported so far for crystallization con-
trol in aqueous environments applying DHGCs [362]. Wegner et al. applied
poly(ethylene oxides) connected to the carboxylic acid group of methacrylic
acid to prepare poly(ethylene oxide) graft copolymers with methacrylic acid
and/or vinylsulfonic acid by free radical polymerization [362]. These poly-
mers were active in the control of ZnO crystallization and the ZnO morph-
ology could be controlled by the vinylsulfonic acid content in the block
copolymer under otherwise unchanged conditions, where vinylsulfonic acid
was much more active than the weaker methacrylic acid [362].

Poly(ethylene oxide) graft copolymers with a polyacetal backbone result-
ing in graft copolymers with functional carboxy groups along the main chain
were also reported [363]. These polymers were applied as additives in the
crystallization of CaCO3 and the influence of the variation of molecular par-
ameters on the crystallization was systematically studied with respect to dis-
persion stability, particle size, and shape [364]. Variation of the block lengths
of the hydrophilic and ceramophilic blocks resulted in altered calcite particle
size, shape and dispersion stability, and aggregation behavior so that an op-
timum balance between both moieties in the graft copolymer was found to
be essential for maximum effect on the CaCOj3 crystallization behavior [364].
This is in analogy to the considerations for DHBCs in Fig. 20.

4
Conclusion

In this overview, several strategies of bio-inspired crystallization with hy-
drophilic polymer additives have been presented. The most well known
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one is the strategy to influence a classical crystallization reaction, proceed-
ing by addition of ions to crystal faces, by face-selective adsorption of the
polymeric additive. The polymer adsorption will lower the interfacial en-
ergy of this face so that its growth velocity is decreased. This strategy,
which relies on thermodynamic principles, would in principle even lead to
predictable crystal morphologies according to Wulff’s rule. This rule de-
scribes the equilibrium morphology of a crystal as the minimum energy
solution of the sum of the product of interface area and energy [58]. How-
ever, this is only rarely the case, as additive-controlled crystallization mainly
proceeds along kinetic crystallization pathways so that the prediction of
the resulting morphology is almost impossible, even if the crystallization
system, additive, and conditions are well known. However, face-selective
polymer adsorption can still lead to remarkable effects as it can program
a subsequent self-assembly process, which can even lead to chiral struc-
tures from achiral/racemic compounds [353]. Combination of a template and
additive-mediated self-assembly, additive-controlled crystallization coupled
with crystallization-mediated polymer aggregate rearrangement, and poly-
mer or polymer-surfactant mixtures with both additives acting on a different
time-scale can also lead to very complex structures. In general, the inspiration
taken from biomineralization archetypes points towards the way of complex
and often coupled additive mixtures, with components acting at different
time-scales and in different localized reaction compartments. In addition,
self-assembly of preformed nanoparticles is an important strategy towards
complex morphologies.

Mimicking these natural strategies, even with very simplified synthetic
systems, has already led to remarkable results concerning the generation of
complex mineral morphologies and control over crystallization events. How-
ever, most of the crystallization mechanisms are still unknown due to the
complexity of the system, which involves time-dependent structures with
sizes spanning the entire colloidal level.

However, the strategy to copy natural biomineralization systems is just
one side of the coin. Bio-inspired mineralization can also lead to the explo-
ration of new crystallization pathways, which might also be of importance in
biomineralization processes but have not yet been discovered in these systems
due to their complexity, so that bio-inspired simplified model systems are
clearly desirable. Mechanisms, which have been discovered in bio-inspired
mineralization systems are “oriented attachment” as well as crystallization
via amorphous or even liquid precursors and mesocrystal precursors. These
mechanisms do not all proceed according to the textbook knowledge of crys-
tallization so that they can be summarized under the term “non-classical
crystallization”. A common feature is that all of these mechanisms lead to
the formation of a final single crystal via particle (or liquid droplet) pre-
cursors instead of the classical ion-by-ion building of a single crystal. These
nanoparticle-based pathways imply that the definition of a single crystal
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formed by classical crystallization should be based on a single nucleation
event, whereas non-classical nanoparticle-mediated crystallization is associ-
ated with multiple nucleation events.

While amorphous precursors were already found and discussed for
biomineral systems as a sophisticated way towards minerals as they avoid
high salt concentrations with their associated high osmotic pressures, the
other mechanisms emerged from purely synthetic systems. Only very re-
cently, the first evidence was reported that, for example, mesocrystals can
be found in biominerals like aragonite platelets in nacre [114] or cal-
cite nanocrystals in sea urchin spines [116]. Much has still to be done to
understand the forces that control the perfect nanoparticle alignment in
mesocrystals, as well as the exact building mechanism and the possibilities
for manipulating these structures. However, the toolbox of crystallization is
clearly extended now.

This means that bio-inspired mineralization can in turn also lead to in-
spiration for the exploration of biomineralization systems as the bio-inspired
systems can be kept as simple as necessary to reveal the required detail in
a complex mineralization process. Current developments undoubtedly em-
phasize that probably all inorganic crystals will be amenable to morphosyn-
thetic control by use of either flexible molecule templates or suitable self-
assembly mechanisms. These emerging new nature-inspired solution routes
may open alternative pathways towards low dimensional nanocrystals and
more complex superstructures. Further exploration in these areas should
provide new possibilities for rationally designing various kinds of inorganic
materials with ideal hierarchy and controllable length scale. These unique
hierarchical materials of structural specialty and complexity, with a size
range spanning from nanometers to micrometers, are expected to find po-
tential applications in various fields. In addition, it is undoubtedly necessary
to investigate the relationship between the structural specialty/complexity
(shape, size, phase, dimensionality, hierarchy etc.) of the materials and
their properties, which could result in novel applications as building blocks
in various fields of materials science and other related fields. As a bot-
tom line, it is clear that the textbook knowledge on crystallization needs
to be extended and that a further understanding of alternative particle-
mediated crystallization pathways, as an extended crystallization toolbox,
will give insight into alternative future ways for the generation of advanced
materials.

5
Current Trends and Outlook to the Future

In the last few years, the number of reports about the application of bio-
inspired crystallization mediated by hydrophilic polymers has significantly
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increased. This is triggered by increased knowledge gain in three important
key fields:

1. Biomineralization processes are increasingly well understood as a result
of better analytical capabilities. Therefore, alternative crystallization sce-
narios, like that via amorphous precursor phases and very recently even
via mesocrystals, have become visible. On the other hand, more and
more biomineralization polymers (mainly proteins) have been separated,
characterized, and sequenced so that the molecular knowledge base on
biomineralization additives is also increasing. All these efforts already al-
low a view on the mechanisms of polymer-controlled crystallization, even
though it is still fragmented.

2. Synthetic polymer chemistry has made significant advances towards con-
trolled radical polymerization reactions and solid state peptide synthe-
ses so that model polymers for biomineralization polymers have become
available by easier synthesis procedures than the ionic polymerization
routes.

3. The evidence for non-classical particle-mediated crystallization reactions
has increased over the last few years. Oriented attachment, liquid pre-
cursors, as well as mesocrystal crystallization pathways have shown their
potential to significantly expand the crystallization toolbox in materials
chemistry. On the other hand, biomineralization processes can be seen
from a new perspective.

A shift from the descriptive treatment of reaction products under various
experimental crystallization conditions to an analytical consideration of the
underlying mechanisms of the observed and often amazing controlled crys-
tallization reactions can be stated. Also, a trend can be observed in that the
bio-inspired model systems are increasingly being chosen to answer a spe-
cific question and to reveal mechanistic details, rather than the empirical
approaches of the past, which were descriptive in nature but helped to set
the field for more promising systematic investigations. Continuation of the
present research effort on bio-inspired mineralization with hydrophilic poly-
mer additives will possibly even reveal further non-classical crystallization
pathways and will lead to an increased understanding in important areas of
general scientific interest, for example:

1. Description of crystallization as an important phase transformation pro-
cess from a more generalized viewpoint.

2. Controlled nanoparticle self-assembly over several length scales.

3. Transformation of morphological information encoded in soft organic
matter to organic/inorganic hybrid systems.

4. Exploration of new material design strategies and generation of materi-
als with improved chemical and physical properties. The approach from
nature is adaptable to functional materials as well.
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5. Treatment of biomineralization-related diseases like bone or teeth defects
etc. with repair possibilities as well as implant design.

6. Nanotechnology in general as bio-inspired crystallization also concerns
the spatially controlled deposition of functional crystalline units. How
can self-assembly be triggered and controlled in complex multicomponent
systems?

7. Biology can profit from an increased understanding of biomineralization
processes to reveal the design strategies of nature’s sculptures.

8. Physical chemistry and physics can profit from the emerging alternative
particle-mediated crystallization pathways, which have in common that
they are multistep processes that follow a kinetic pathway. New physical
insights into the structuring of matter can be gained. For example, the
reason why nanocrystals self-assemble in a three-dimensional crystallo-
graphically aligned manner in a mesocrystal is not yet revealed.

Reflection on the above points already indicates that an even further in-
creased scientific interest into polymer-controlled crystallization can be ex-
pected. This field is multidisciplinary because it is of interest for multiple
scientific disciplines. Bio-inspired mineralization is straight at the heart of
several key development fields for future technological benefit. Therefore, it
will be of importance that multidisciplinary teams of researchers share their
ideas and results in this complex field.
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Abstract Recent advances in bio-inspired strategies for the controlled growth of inor-
ganic crystals using synthetic templates will be overviewed. There are a huge number
of additives with different functionalities which can influence crystal growth; however,
we only focus on the controlled growth and mineralization of inorganic minerals using
synthetic templates as crystal growth modifiers, including biopolymers and synthetic
polymers. New trends in the area of crystallization and morphogenesis of inorganic
and inorganic-organic hybrid materials will be reviewed, including synergistic effects
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of crystal growth modifiers in water and in a mixed solvent, and crystallization on
artificial interfaces or within matrices. Combination of a synthetic template with a nor-
mal surfactant or crystallization in a mixed solution system makes it possible to access
various inorganic crystals with complex form and unique structural features. Several
different morphogenesis mechanisms of crystal growth, such as selective adsorption,
mesoscopic transformations, and higher order assembly, will be discussed. In addition,
crystallization on artificial interfaces including monolayers, biopolymer and synthetic
polymer matrices for controlled crystal growth, and emerging crystallization on foreign
external templates and patterned surfaces for creation of patterned crystals will also
be overviewed.

Keywords Crystal growth - Crystallization - Biopolymer - Synthetic polymer - Interface -
Matrix - Self-assembly

1
Introduction

Biominerals are well-known composites of inorganic and organic materials
in the form of fascinating shapes and high ordered structures, which exist
in Nature as, for example, oyster shells, corals, ivory, sea urchin spines, cut-
tlefish bone, limpet teeth, magnetic crystals in bacteria, and human bones,
created by living organisms [1,2]. During the past few decades, it has been
one of the hottest research subjects in materials chemistry and its cutting-
edge fields to explore new bio-inspired strategies for self-assembling or
surface-assembling molecules or colloids to generate materials with con-
trolled morphologies, unique structural specialty, and complexity [3-10, 12,
13]. Especially, learning from Nature on how to create superstructures re-
sembling naturally existing biominerals with their unusual shapes and com-
plexity has attracted a lot of attention [14-20]. Furthermore, exploration
of rational methods for the synthesis of a rich family of functional inor-
ganic crystals or hybrid inorganic/organic materials with specific size, shape,
orientation, organization, complex form, and hierarchy has also attracted
a lot of attention owing to their importance and potential applications in
industry [21-32].

In recent years, several excellent reviews on biomineralization/crystal-
lization with different viewpoints and focuses have been published [10, 33,
34]. For example, biomineralization of unicellular organisms with complex
mineral structures from the viewpoint of molecular biology [33], generat-
ing new organized materials through the biospecific interaction and coupling
of biomolecules with inorganic nanosized building blocks [34], producing
single-crystal mosaics, nanoparticle arrays, and emergent nanostructures
with complex form and hierarchy by mesoscale self-assembly and coopera-
tive transformation, and reorganization of hybrid inorganic-organic build-
ing blocks [10]. In addition, advances in polymer controlled crystallization
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and directed crystal growth, biomimetic mineralization, and synthesis of
mesoscale order in hybrid inorganic-organic materials via nanoparticle self-
assembly have been highlighted very recently [35-38].

In this review, the latest advances in the synthetic template controlled
growth and crystallization of various inorganic minerals by bio-inspired ap-
proaches will be overviewed. The review is organized into five parts. First,
general principles of crystal growth will be summarized (Sect. 2). Second,
an overview of the recent advances in bio-inspired crystal growth of differ-
ent inorganic crystals under the control of diverse biopolymers and synthetic
templates will be summarized (Sect. 3). Emerging crystallization approaches
and synergistic effects of crystal growth modifiers such as by a combina-
tion of polymers, or the combination of a polymer with low-mass surfac-
tant molecules, as well as crystallization in a mixture of solvents, will be
overviewed (Sect. 4). The diverse crystallization events occurring on the in-
terfaces/substrates or within artificial matrices, and on emerging patterned
crystallization will be overviewed (Sect. 5). Finally, we will give a summary
and perspectives on this active research area (Sect. 6).

2
Basic Principles of Crystal Growth

2.1
Crystal Growth Habit and Crystal Shape

It is well known that diverse crystal shapes of the same compound are due
to the differences of the crystal faces in surface energy and external growth
environment [39]. Basically, crystal shape is determined by crystal habit and
branching growth [39-45]. Crystal habit is determined by the relative order
of surface energies of different crystallographic faces of a crystal [39-41], and
in fact the shape of a crystal is usually the outside embodiment of its intrin-
sic cell replication and amplification. Branching growth created by a diffusion
effect [42, 43] also plays an alternative role in the crystal shape due to the fact
that the consumption of the ions or molecules near the surface of a growing
crystal will form a concentric diffusion field around the crystal [44, 45]. This
makes the apexes of a polyhedral crystal, which protrude further into the re-
gion of higher concentration, grow faster than the central parts of facets, thus
forming branches [46].

As early as 1901, Wulff described a thermodynamic treatment of the crys-
tal shape changes based on an energy minimized total surface area [39]. It
is nowadays well known that this purely thermodynamic treatment cannot
always predict the crystal shape, because crystallization and crystal shape of-
ten also rely on kinetic effects and defect structures like screw dislocations
or kinks etc. The specific adsorption of ions or organic additives to particu-
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lar faces can inhibit the growth of these faces. Generally, the growth rate of
a crystal face is usually related to its surface energy if the same growth mech-
anism acts on each face. The fastest crystal growth will occur in the direction
perpendicular to the face with the highest surface energy in order to eliminate
or reduce higher energy surfaces, while lower energy surfaces will become
more exposed in area. Thus, the fast growing faces usually have high surface
energies and finally they will vanish in the final shape (Fig. 1a).

Crystal growth habit can be modified when the relative order of surface en-
ergies can be changed or when crystal growth along certain crystallographic
directions is selectively hindered by a crystal growth modifier [4]. In the pres-
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Fig.1 Illustration of the crystal growth process. a Normal crystal habit in the absence of
crystal modifiers; b the altered crystal growth habit due to the selective/preferential ad-

sorption of crystal modifiers to a specific crystallographic face; and ¢ the crystal growth
within an confined environment
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ence of crystal growth modifiers, the preferential/selective adsorption of crys-
tal modifiers to a specific crystallographic face becomes stronger than that
of others due to the anisotropy in adsorption stability decreasing the surface
energy of the adsorbed face and inhibiting the crystal growth perpendicu-
lar to this face, thus altering the final shape of the crystal (Fig. 1b) [32,47].
In addition, the crystal shape can be altered if the growth process occurs in
a confined environment (Fig. 1c). The general crystal growth mechanisms in
solution will be discussed in the following section.

2.2
Crystal Growth Mechanisms in Solution

The crystal growth mechanisms in solution are rather complicated and there
are several that dominate the crystal growth process in the solution system.
Recently, the classical and nonclassical crystallization mechanisms of inor-
ganic minerals in solution systems have been described according to the latest
developments in the crystallization field, as illustrated in Fig. 2 [35].

Primary nanoparticles are nucleated from the clusters called “critical crys-
tal nuclei” which are the smallest crystalline units capable of further growth.
Further growth of these primary nanoparticles by ion attachment and unit
cell replication results in the formation of a final macroscopic single crys-
tal, which is more or less an amplification of the initial crystal (Fig. 2a) [35].
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Crystal growth l Nanoparticles
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Fig.2 a Classical and b, ¢ nonclassical crystallization mechanisms via self-assembly. Crys-
tallization starts from nucleation clusters (upper left). d The primary nanoparticles can
also grow by ion attachment, but they then aggregate uncontrollably at a certain stage,
forming undefined polycrystalline aggregates. (Reproduced from [35], © 2005, MRS)
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These primary nanoparticles can also grow further into a single crystal by
so-called oriented attachment of these nanoparticles [48-52] because their
surfaces contain face-specific information (Fig. 2b). In addition, face-specific
interactions between these primary building units can undergo directed self-
assembly, resulting in a so-called mesocrystal [53], which is usually an inter-
mediate on the formation pathway of a single crystal (Fig. 2c). These primary
units can also grow by ion attachment alone, with unit cell replication, but
they then aggregate at a certain stage, forming undefined polycrystalline ag-
gregates (Fig. 2d).

Usually, more complex and emergent superstructures cannot be simply
grown/constructed via a simple unit cell amplification process; instead they
are normally formed via spontaneous self-organization of nanobuilding units
carried with face-specific information in a controlled way and complicated
mesoscale transformation mechanisms. The shape of crystals can be altered
by various additives, i.e., inorganic cations and anions, organic additives,
or even solvents, which has been overviewed recently [54]. In the following
sections, we only focus on the latest developments in the emerging field of
bio-inspired crystal growth of various inorganic crystals under the control of
synthetic templates, including biopolymers, diverse synthetic polymers and
their synergistic effects, and crystallization on artificial interfaces or within
artificial matrices.

3
Synthetic Template Controlled Crystal Growth

Bio-inspired approaches for mimicking the biomineralization process of
biominerals have been intensively studied. Usually, the synthetic templates
used for these approaches include biopolymers and synthetic polymers.
There are a huge number of synthetic polymers used for this purpose, includ-
ing polyelectrolytes, graft copolymers, block copolymers, dendrimers, and
foldamers.

The principle of controlled crystallization and morphosynthesis using
a soluble polymer as crystal growth modifier in a solution which does not
form an assembly is completely different from the templating effects, such as
artificial interfaces and matrices or patterned substrates, which will be dis-
cussed in Sect. 5. The structure setup and evolution certainly does not rely on
transcription or a straightforward template effect, but relies on a synergistic
effect of the mutual interactions between functional groups of the polymers
and inorganic species, and the subsequent reconstruction by a self-assembly
process [4, 10, 55].

In the following sections, we will discuss recent advances in the area of
polymer controlled crystal growth and morphogenesis of various inorganic
minerals by the use of biopolymers, various synthetic polymers, and non-
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classical block copolymers—-so-called double-hydrophilic block copolymers
(DHBCs) [35-37].

3.1
Biopolymers

Biopolymers consist of unique self-assembled structures and thus are often
used as a natural soluble additive for the morphogenesis of complex super-
structures. So far, in vitro experiments have failed to reproduce the complex
biomineral shapes such as CaCO3 by the use of a variety of additives such
as dextran [56], collagen [57], soluble mollusk shell proteins extracted from
nacre [58,59], soluble macromolecules extracted from coralline algae [60],
soluble macromolecules extracted from the respective layers of a mollusk
shell [61, 62], protein secondary structures [63], and peptides for CaCOs3 crys-
tallization [64]. The reason is that the biomineralization process is very com-
plicated and an insoluble matrix can also influence the crystallization location
as a compartment (Sect. 5).

The concept of using biopolymers for crystallization/mineralization
has been widely expanded to synthesize and assemble different kinds of
other functional inorganic nanostructures in recent years, which has been
overviewed recently [35, 38, 54, 65] with specific examples. Directed assembly
and organization through the interaction of biomolecule templates, such as
DNA [66-69], virus [70], tobacco mosaic virus [71], and peptide [72], with
inorgainc species like Au and ZnS make it possible to access organized nanos-
tructures with different shape and dimensionalities. Magnetic crystals such
as tabular single-domain magnetite [73] and a regulated cubic shape [74] can
be grown at room temperature in water with close to neutral pH by biologi-
cal methods. Some kinds of magnetotactic bacteria can synthesize and align
ferromagnetic mineral greigite, as demonstrated by Mann et al. [75]. Sastry
and coworkers have used fungi and actinomycetes, which can produce CO,
during their growth, to form metal carbonate [76-79]. The same group has
used the extracts of the lemongrass plant and of Azadirachta indica leaf to
react with aqueous noble metal ions to produce thin, flat, single-crystalline
gold nanotriangles [80], and silver and bimetallic Au/Ag nanoparticles [81].

The complex morphology of the nanopatterned silica diatom cell walls
has been found to be related to species-specific sets of polycationic pep-
tides, so-called silaffins, which were isolated from diatom cell walls [82]. The
morphologies of precipitated silica can be controlled by changing the chain
lengths of the polyamines as well as by a synergistic action of long-chain
polyamines and silaffins [83, 84]. It has been proposed that the delicate pat-
tern formation in diatom shells can be explained by phase separation of
silica solutions in the presence of these polyamines [85]. Various linear syn-
thetic analogs of the natural active polyamines in biosilica formation can
accelerate the silicic acid condensation even more than the above mentioned
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silaffins [86]. Block copolypeptide poly(L-cysteinesg-b-L-lysinezg) has been
used for biosilification [87]. Similar to the silaffins, silicateins can also cat-
alyze the formation of silica at ambient conditions, but from tetraethoxysilane
(TEOS) rather than silicic acid [88].

3.2
Synthetic Polymers

3.2.1
Polyelectrolytes

Simple low molecular mass polyelectrolytes can electrosterically stabilize in-
organic colloids. Besides this function, low molecular mass polyelectrolytes
have been widely used as additives in the controlled growth of diverse in-
organic materials [35,38]. The addition of polyelectrolytes with strong inhi-
bition ability can stabilize the amorphous nanobuilding blocks in the early
stage, and then stimulate a mesoscale transformation [10] or act as a material
depot in a dissolution-recrystallization process. Time-resolved study of the
scale inhibition efficiency of polycarboxylates has shown that amorphous pre-
cursor particles were formed in the initial stages [89] and were also observed
in other cases.

For example, poly(acrylic acid) or poly(aspartic acid) crystal growth mod-
ifiers or structure directing agents can be used to induce the formation of
various kinds of complex and hierarchical superstructures, such as structured
calcium phosphate [90], helical CaCO3 [91, 92], complex spherical BaCO3 su-
perstructures [93], hollow octacalcium phosphate (CagH,(PO4)s - H20) [94],
BaSO4 [95] and BaCrOy fiber bundles, or superstructures with complex repet-
itive patterns [96] as shown in Fig. 3.

The formation mechanism of the complex structures under control of
a polyelectrolyte has not yet been well understood. Unusual complex struc-
tures of calcite helices or hollow helices can be obtained in the presence of
a chiral polyaspartate, which can produce helical protrusions or occasionally
hollow helices as shown in Fig. 3a [91]. Gower and colleagues have proposed
a so-called polymer-induced liquid precursor (PILP) process to illustrate the
possible mechanism for the formation of the complex morphologies [92].
In this process, it is believed that the addition of small amounts of poly-
mer (g mL~! range) to the crystallizing solution results in the formation of
a liquid-liquid phase separation to precursor droplets, which can adapt com-
plex shapes before they crystallize. Yet, the formation mechanism of such
amazing spherulitic vaterite aggregates with helical structures and with spi-
ral pits is still not clear. CaCO3 mineralization in the presence of collagen via
a PILP process can result in the formation of fibrous aggregates [97]. Recently,
Gower et al. demonstrated that rhombohedral calcite crystals grown in the
absence of polymeric additives can be introduced into the above PILP process
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Fig.3 Complex form of inorganic minerals formed by crystallization under control of
a simple polyelectrolyte. a Helical CaCO3 structures produced by the PILP process.
Occasionally, the helices are partially hollow. The hollow helix fractured by micro-
manipulation. The scale bar represents 10 um. (Reproduced from [91], © 1998, Else-
vier Sciences). b Scanning electron microscopy (SEM) image of octacalcium phosphate
(OCP)-polyelectrolyte architectures synthesized in the presence of polyaspartate, and iso-
lated after different periods of aging, in solution for 3 h. The scale bar represents 100 pum.
(Reproduced from [94], © 2002, Wiley). ¢,d Complex forms of BaSO4 bundles and su-
perstructures produced in the presence of 0.11 mM sodium polyacrylate (M, = 5100),
at room temperature, [BaSO4] = 2 mM, pH = 5.3, 4 days. ¢ The detailed superstructures
with repetitive patterns. (Reproduced from [96], © 2003, American Chemical Society).
d A zoomed SEM image of the well-aligned bundles. (Reproduced from [37], © 2005,
MRS)

to act as seeds, and to induce the growth of crystalline calcite fibers on the
surface by selective deposition of the PILP film on top of the rhombohedra
rather than on the surrounding glass substrate [98] (Fig. 4). A liquid-phase
mineral precursor, the so-called bobble head formed under physiological
conditions (and down to temperatures as low as 4 °C), was observed on the
tips of fibers, suggesting that an analogous solution-precursor-solid (SPS)
mechanism may act in this system, which is quite similar to the vapor-liquid-
solid (VLS) [99] and solution-liquid-solid (SLS) mechanisms [100] proposed
for the growth of one-dimensional fibers under hot conditions.

The observed thin porous membrane of oriented octacalcium phosphate
(OCP, CagH;,(PO4)s - H20) crystals (Fig. 3b) on the outside of hollow OCP
crystals mineralized in the presence of polyaspartate could be similar to
that observed in the case of mineralization of CaCO3 by a typical PILP pro-
cess [92,97].
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Fig.4 SEM micrographs of calcium carbonate deposited onto rhombohedral substrate
crystals in the presence and absence of micromolar amounts of acidic polymer. a Calcite
overgrowth on calcite substrates in the absence of polymeric additives. The scale bar
represents 10 um. b Calcite fibers grown on a solution-grown calcite substrate. In this
case, the fibers appear to exhibit an isoepitaxial relationship with the underlying sub-
strate crystal. The scale bar represents 20 um. (Reproduced from [98], © 2004, American
Chemical Society)

By crystallization of BaSO4 and BaCrO4 minerals using the sodium salt
of poly(acrylic acid) as crystal modifier, elegant nanofiber bundles and their
superstructures with conelike crystals [95] and hierarchical and repetitive
growth patterns can be generated [96] (Fig. 3c,d), possibly based on a self-
limiting growth mechanism. In this mechanism, a dipole crystal may be
favored for a heterogeneous nucleation as one end of the crystal is determined
by the heterogeneous surface instead of homogeneous solution and the other
by the solution/dispersion [101]. A new heterogeneous nucleation event will
occur on the rim of the mother crystal to start a self-limiting growth process,
which is favorable for the formation of repeated patterns and a “cone-in-a-
cone” superstructure (Fig. 3c,d). The low molecular weight polyelectrolytes
poly(allylamine hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate)
(PSS) were also used for the mineralization of complex spherical BaCO3 su-
perstructures made of rodlike crystals [93], spherical CaCOs3 particles [102],
and a hydroxyapatite/PAH-PSS polyelectrolyte composite shell [103]. Re-
cently, unusual CaCO3 superstructures, which transformed from the typical
calcite rhombohedra to rounded edges, to truncated triangles, and finally
to concavely bent lenslike superstructures using PSS as crystal modifier,
were generated by a nonclassical crystallization process [104], where PSS can
bind selectively to the otherwise nonexposed (001) calcite face, resulting in
mesostructures composed of truncated triangular units instead of the typical
rhombohedra.

Poly(L-isocyanoalanyl-D-alanine) with a regular distribution of carboxylic
acid-terminated side chains was taken as a model template to investigate
the relation between the structure of a polymeric template and a develop-
ing calcite phase [105]. A series of carboxylate-containing polyamides were
synthesized [106-108] for the purpose of crystallization of CaCO3. Helical
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calcite superstructures, with the helix turn corresponding to the copoly-
mer enantiomer of chiral copolymers of phosphorylated serine (Ser) and
aspartic acid (Asp) with molar masses 15000-20000 gmol‘l, could be gen-
erated under a limited experimental window [109] when a high degree of
phosphorylated Ser (75 mol%) and 25mol % Asp in the copolymer were
applied.

Recently, CaCO3 microspheres composed of vaterite nanoparticles with
a size of 15-25 nm were mineralized by a simple polypeptide-directed strat-
egy using sodium poly(aspartic acid) (M,, = 14900) as an additive, and
a remarkably soft nature of the nanoparticle assembly was found [110]. In
addition, a family of superstructured vaterite mesocrystals, with hexagonal
symmetry and uniform size and shape, could be mineralized by a vapor dif-
fusion technique in the presence of an N-trimethylammonium derivative of
hydroxyethyl cellulose [111]. Stable amorphous CaCO3 hollow spheres have
been synthesized using phytic acid as an additive [112], which is rich in phos-
phate groups and shows strong inhibiting ability for amorphous CaCOs3. The
diameter of the amorphous CaCO; spheres could be controlled by adjusting
the concentration of phytic acid [112].

Polyacrylamide (PAM) and carboxyl-functionalized polyacrylamide (PAM-
COOH) were used as additives to selectively grow hexagonal ringlike ZnO
structures and very thin discoid-like microstructures under mild condi-
tions [113] (Fig. 5). The preferential and selective adsorption of polyacry-
lamide molecules on the (002) basal plane strongly inhibits the growth along
this direction. In addition, the polymer occluded within the hybrid aggre-
gates formed in the initial stage will undergo adsorption and desorption, and
a polymer concentration gradient will form from the inside to the outside of
the hybrid particle containing multiple chelating units. In this process, the
dissolution of the core part of the crystal will occur to form ringlike struc-

Fig.5 a Transmission electron microscopy (TEM) image of a single ZnO nanoring formed
in the presence of PAM. Modeling the morphology and growth habit of ZnO crystals in
the absence of any external influence (left, simulated with the Cerius2 software), poly-
mer adsorbed on (002) faces of ZnO (middle), and the final ZnO nanoring formation in
the presence of PAM macromolecules (right). (Reproduced from [113], © 2006, American
Chemical Society)
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tures, as recently proposed in a block copolymer controlled crystallization of
hollow CaCO3; microrings (described in Sect. 3.2.3).

Imai et al. reported that poly(acrylic acid) (PAA) molecules with carboxy
groups behave as a suppressant and template for the crystallization of calcium
carbonate [114]. The results demonstrated that high molecular weight PAAs
anchored to a glass surface promoted the oriented nucleation of calcite crys-
tals. The combination of low and high molecular weight PAAs can achieve
a moderate suppression effect, resulting in the formation of lozenge-shaped
films consisting of iso-oriented crystal grains.

3.2.2
Graft Copolymers

Only a few examples have been demonstrated for crystallization control in
aqueous environments using double hydrophilic graft copolymers [115] as re-
viewed previously [35]. Wegner and colleagues prepared poly(ethylene oxide)
graft copolymers with methacrylic acid and/or vinylsulfonic acid by free
radical polymerization [115], which have been applied to controlling the crys-
tallization of ZnO [115]. In addition, poly(ethylene oxide) graft copolymers
with a polyacetal backbone and functional carboxy groups along the main
chain have been prepared [116], which were used as additives in the crystal-
lization of CaCO3 [117].

3.23
Block Copolymers

Block copolymers with hydrophilic and hydrophobic blocks show a similar
behavior to low molecular weight surfactants [118, 119]. In recent years, var-
ious kinds of block copolymers have been used for controlled crystallization
and stabilization of nanoparticles [35]. Among them, a new class of functional
polymers, the so-called double-hydrophilic block copolymers (DHBCs), have
been designed as crystal modifiers for mimicking the biomineralization pro-
cess [35]. Typically, a DHBC consists of one hydrophilic block designed to
interact strongly with the appropriate inorganic minerals and surfaces, and
another hydrophilic block that does not interact (or only weakly interacts) and
mainly promotes solubilization in water. Recently, progress has demonstrated
that the DHBCs are very effective in crystallization control of various miner-
als [35, 36]. These polymers are designed to have typically rather small block
lengths of 10°~10% g mol™!. The solvating block shows good solubility in water
and is in most cases a poly(ethylene oxide) (PEO) block and the binding block
contains variable chemical patterns, which show strong affinity to minerals
and have a strong interaction with inorganic crystals. The functional groups
on the binding block usually include — OH, — COOH, — SO3H, — SO4, — PO3H3,
—PO4H,, — SCN, — NR3, — HNR;, and — H,NR [35].
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Usually, DHBCs are used as excellent stabilizers for the in situ forma-
tion of various metal nanocolloids and semiconductor nanocrystals such as
Pd, Pt [120-122], Au [120-123], Ag [124], CdS [125], and lanthanum hy-
droxide [126]. It has been shown that DHBCs [127, 128] can exert a strong
influence on the morphogenesis of a variey of inorganic particles such as
CaCO3 [129-137], BaCO3, PbCO3, CdCO3, MnCO3 [136], calcium phos-
phate [138], barium sulfate [139-142], barium chromate [101, 143], barium
titanate [144], calcium oxalate dihydrate [145], zinc oxide [132, 146-149],
cadmium tungstate [150], and chiral organic crystals [151], and can act as
a template for silica formation [152] and even control the structure of ice
and water [153]. DHBCs can be used for the stabilization of specific planes
of some crystals for their oriented growth such as Au [123], ZnO [146-148],
calcium oxalate [145], PbCO3 [136], and BaSOy4 [141].

Recent advances have demonstrated that DHBCs can act as an excellent
stabilizer and crystal growth modifier for the formation of various inor-
ganic crystals with interesting shapes, stabilize specific crystal faces, control
crystal polymorphism by polymer adsorption, and mediate the mesoscopic
transformation and higher order assembly of nanoparticles as reviewed re-
cently [36-38]. In the following part, we emphasize the latest progress and
new examples on the controlled growth of unusual superstructures of com-
plex form, and illustrate the extraordinary ability, flexibility, and versatility of
the DHBC:s in the controlled growth of mineral superstructures.

A rigid DHBC-poly(ethylene glycol)-b-poly(1,4,7,10,13,16-hexaazacyclo-
octadecane ethylene imine) has been used as a crystal modifier to mineralize
CaCOs3 crystals called “pancakes” with a shape similar to the layered struc-

Fig.6 a The structure of PEG-b-hexacyclen. b A typical SEM image of a pancake-like self-
stacked CaCOs obtained after 2 weeks gas diffusion reaction in the presence of 1 gL}
PEG-b-hexacyclen, starting pH 4, [Ca?*] = 10 mM. (Reproduced from [154], © 2005,
Wiley)
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ture of nacre in Haliotis rufescens, as shown in Fig. 6 [154]. Layered crystals
with different morphologies and surface structures, even disklike crystals,
can be obtained by altering the mineralization conditions in the system. This
study suggested that the morphologies of the crystal were not influenced by
epitaxial match between the polymer and crystal faces, but that particle sta-
bilization, crystallization time, time for polymer rearrangement, and surface
ion density were of great effect on the resulting morphology [154].

Recently, a hydrophobically modified DHBC, poly(ethylene glycol)-block-
poly(ethylene imine)-poly(acetic acid) (PEG-b-PEIPA), with on average one
hydrophobic moiety at the end of the branched poly(ethylene imine) do-
main (PEG-b-PEIPA-C7; PEG = 5000 g mol™!, PEIPA = 1800 gmol™) [155]
was found to form aggregates in aqueous solution, and showed an amazing
texture and morphology control on the formation of unusual CaCO3 micror-
ings [156] (Fig. 7). It was proposed that the formation of CaCO3 microrings
is driven by the aggregation of polymer-inorganic hybrid nanocrystallites
following crystallization inside unstructured polymer aggregates and the sub-
sequent dissolution of nanocrystals from the inner side of the aggregates
toward the outside. The hybrid core part of the disk is composed of pri-
mary nanocrystals with a large amount of attached polymer, which will have
a great tendency to dissolve the CaCO3 nanocrystals due to the large num-
ber of included multiple chelating ethylenediamine tetraacetic acid (EDTA)
moieties from the block copolymer aggregates. This preferred dissolution
event from the center of hybrid particles is similar to the formation of hol-
low CaCOs3 spheres under the control of a strongly chelating PEO-b-PEIPA
additive, just without the hydrophobic tails [129]. This was also confirmed
by a default experiment which showed that the rhombohedral calcite crys-
tals formed in the absence of polymer were indeed dissolved in this polymer
solution [156]. The formation of a polymer concentration gradient from the
inside to the outside of the hybrid particle contained multiple chelating units,
and the following restructuring within the hybrid structures, could be a rea-
sonable and new explanation for such selective dissolution of the center of

Fig.7 SEM images of CaCO3; microrings; 2.0 gL' PEG-b-PEIPA-Cy7, 15 days, starting
pH 4, [CaCl;] = 20 mM. (Reproduced from [156], © 2006, American Chemical Society)
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Scheme 1 a Aggregation mode of interlayer micelle-occluded nanocrystals. b Graphic pre-
sentation of the formation mechanism of CaCO3 mesorings. Gray, calcium carbonate;
red, hydrophobic block; blue, soluble neutral block; yellow, charged block. The red ar-
row indicates the decreasing gradient of occluded polymer within the disklike structure.
(Reproduced from [156], © 2006, American Chemical Society)

the particles. This concept could also be helpful for the explanation of CaCO3
hollow spheres [129] and amorphous CaCO3 [112], and ZnO rings [113] by
a polymer controlled crystallization process.

Recently, a racemic phosphonated DHBC, poly(ethylene glycol)-b-[2-(4-
dihydroxyphosphoryl)-2-oxabutyl] acrylate ethyl ester (PEG-b-DHPOBAEE),
was synthesized and applied to the controlled crystallization of BaCO3 min-
eral. The chemical structure and a computer modeling structure of the func-
tional head oligo[2-(4-dihydroxyphosphoryl)-2-oxabutyl] acrylate ethyl ester
were depicted, showing its conformation of minimal energy in the absence
of solvent (upper part in Fig. 8). It shows that this functional block is ster-
ically overcrowded and adopts a stretched conformation, but with a high
density of binding sites with mutual distances of 5-11 A, implying a multi-
plicity of potential binding interactions with the inorganic crystal faces.
Amazing BaCO3 mineral helices have been successfully produced by pro-
grammed self-assembly of the elongated orthorhombic BaCOs units, based
on the selective adsorption of PEG-b-DHPOBAEE onto the (110) faces of
orthorhombic BaCOs3 (Fig. 8) [157]. This tectonic arrangement via coded self-
assembly relies on two processes [157]: (1) the adsorption of the stiff DHBC
onto the favorable (110) sites results in a staggered arrangement of aggregat-
ing nanoparticles that is controlled in direction after the aggregation of the
first three particles, and (2) a particle approaching an aggregate in the per-
pendicular direction is presented with favorable and unfavorable adsorption



94 S.-H. Yu

CH,
]
HO {CHy-CHz-O) CHy-CHy O~ —C —{-CHy—
O CHy

Fig.8 Top (left): Chemical structure of PEG-b-DHPOBAEE where R is either another PEG
block or a hydrogen atom depending on the termination mode during polymerization.
Top (right): Different magnifications of the computer modeling results of the vacuum
energy minimum conformation of the functional block of PEG-b-DHPOBAEE with 640
monomer units in vacuum. Note the stiff structure as a result of steric constraints. The
modeling for the 640-mer was done with the Cerius2 software (Accelrys). Red: O; yel-
low: P; gray: C; white: H. Bottom: a Helical BaCO3; nanoparticle superstructures grown
via a programmed self-assembly of elongated nanoparticles at room temperature using
PEG-b-DHPOBAEE as template; 1 gL}, starting pH 4, [BaCl;] = 10 mM. b Magnified
SEM image showing the helical structure. ¢ The primary nanocrystalline witherite build-
ing block in vacuum not representing observed face areas in solution but just illustrating
the orientation of the relevant faces. d Proposed formation mechanism of the helical
superstructure. (Reproduced from [157], © 2005, Nature Publishing Group)

sites, leading to a twist in the particle aggregate. The overlay of these two
processes leads to helix formation (bottom part in Fig. 8). This successful ac-
cess to inorganic helices demonstrated the possibility of selectively adsorbing
additives onto specific crystal surfaces, and initiating the occurrence of the
most advanced ways of so-called programmed self-assembly of nanoparti-
cles, which can be used for the synthesis of various inorganic structures with
unique structural features.
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Fig.9 a SEM images of the obtained concentric circle pattern of BaCOj3 crystals grown
for 1 day; [polymer] = 1gL™!, [Ba?"] = 10 mM, starting pH = 5.5. b Simulation result
with a modified Briisselator model for the reaction-diffusion equations. (Reproduced
from [158], © 2006, Wiley)

Very recently, the polymer PEG-b-DHPOBAEE has also been used for
mineralization of BaCO3; mineral to spontaneously form a concentric cir-
cle Belousov-Zhabotinsky pattern made of BaCO3; nanorods in solution on
a glass substrate [158]. The experimental evidence indicated that the for-
mation of the Ba-polymer complex precursor played a key role in the au-
tocatalytic precipitation reaction and happened in a reaction-diffusion sys-
tem, resulting in the spontaneous formation of micrometer-sized periodic
rings of nanocrystalline BaCO3 grown on the substrate in an aqueous so-
lution [158]. The distance between adjacent rings is almost constant (ca.
5 wm) (Fig. 9a). The numerical simulations using a Briisselator model for the
reaction-diffusion equations qualitatively fit the observed oscillating precip-
itation reaction well (Fig. 9b). This amazing pattern formation underlies the
fact that it is possible to form a spontaneously self-organized pattern in solu-
tion by a mesoscale transformation process, which is similar to the patterns
observed in a variety of physical, chemical, and natural systems.

3.24
Dendrimers

Previously, dendrimers were used as organic matrices for the synthesis of
a variety of inorganic nanomaterials and inorganic-organic composites [36,
159]. Dendrimers with different generations have been discovered as active
additives for the controlled crystallization of CaCO3 [159,160]. It has been
demonstrated that anionic starburst dendrimers can stabilize spherical va-
terite particles for up to a week with controllable particle size in the range
of 2.3-5.5nm in dependence on the dendrimer generation number [161].
In addition, the combination of poly(propylene imine) dendrimers with oc-
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tadecylamine can stabilize kinetically formed amorphous calcium carbonate
(ACC) for periods exceeding 2 weeks in water [162, 163].

3.2.5
Foldamers

Recently, a simple oligopyridine foldamer was designed to recognize the sur-
face of calcite through three carboxylates, projected from one face of the
molecule [164]. At low concentrations of the trimer, elongated calcite crys-
tals with angular, toothlike growth, identified as {101} faces, were exclusively
formed. The ordered array of carboxylates in the foldamer structure exerts
a strong influence on the shape of growing calcite crystals via a specific in-
teraction between the foldamer and the newly expressed faces of the growing
calcite crystals.

3.2.6
Supramolecular Functional Polymer

Supramolecular directed self-assembly of inorganic and inorganic-organic
hybrid nanostructures has emerged as an active area of recent research. The
recent advance shows a remarkable feasibility to mimic natural mineraliza-
tion systems by a designed artificial organic template, where a supramolecu-
lar functional polymer can be directly employed as mineralization template
for the synthesis of novel inorganic nanoarchitectures [165] such as CdS he-
lices [166] and hydroxyapatite (HAP) nanofibers [167].

4
Synergistic Effects of Crystal Growth Modifiers

4.1
Combination of Mixed Polymer

Usually, mineralization of BaSO4 and BaCrO4 minerals in the presence of
poly(ethylene oxide)-block-poly(methacrylic acid) (PEO-b-PMAA) and a par-
tially monophosphonated derivative, PEO-b-PMAA-PO3H; (1%), can pro-
duce spherical/elongated particles and fiber bundles/cones [139, 140], respec-
tively (Fig. 10a,b). Recently, a mixture of two DHBCs has been used to control
the crystallization and organization of BaSO4 microstructures as a simple
model system for the synergistic action of multiple polymers in biominer-
alization processes [168]. The combinations of the two DHBCs at various
weight ratios produced modified forms of these complex morphologies. Nu-
cleation and outgrowth of fiber bundles/cones from spherical precursor par-
ticles could be controlled by the polymer mixing ratio to produce materials
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Fig. 10 BaSO, particles formed at pH 5 in the presence of a 1 mgmL™ of PEO-b-PMAA,
b ngmL’1 of PEO-b-PMAA-POsH; (1%), and ¢ 7:3 w/w mixtures of PEO-b-PMAA-
POsH; (1%) and PEO-b-PMAA. (Reproduced from [168], © 2004, RSC)

with a shuttlecock-like microstructure (Fig. 10c). Disk-based cones, banded
cones, or interconnecting sheets of coaligned fiber bundles can be produced
at a total polymer concentration of 3 mgmL™' by a cooperative mechanism
involving the combined interaction of both DHBCs with growing BaSOy4 crys-
tals [168]. The results reveal that the use of polymer mixtures as additives
can provide new variables for crystal morphogenesis compared to systems
involving an individual polymer.

4.2
Combination of Polymer with Low Mass Surfactant Molecules

The combination of polymer with low molecular mass surfactant molecules
can achieve new synergistic effects on the controlled growth of inorganic
crystals. Hollow structures of calcite and disklike hollow vaterite particles
can be obtained by the cooperative template effects of the complex micelles
formed by PEO-b-PMAA and sodium dodecyl sulfate (SDS) and remaining
free DHBC as inhibitor in solution [169]. Similarly, the cationic surfactant
cetyltrimethylammonium bromide (CTAB), which can complex the anionic
PMAA groups of the DHBC, is able to induce the formation of unusual
calcite pinecone-shaped particles. This concept can be further extended to
synthesize hollow sub-micrometer sized Ag spheres [170]. Recently, two dif-
ferent soluble polymers (PEG and PMAA) were shown to cooperate with
a traditional surfactant (SDS) for the synthesis of spherical calcium carbon-
ate assemblies (e.g., hollow spheres), for which both the morphology and
polymorph of the produced CaCOs crystals were controlled by varying the
polymer concentration to change the corresponding transformation of the
micelle structure [171].
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The combination of crystallization control by DHBCs and self-organization
of surfactants in an aqueous environment can lead to remarkable new crys-
talline structures, as also reported for similar but more simple polyelec-
trolyte/surfactant additives [172, 173]. Elegant featherlike BaWO, [174] and
BaMoOy [175] nanostructures were prepared under mild conditions in a mul-
tistep growth mechanism by a combination of both catanionic reverse mi-
celles (undecyl acid and decylamine) and the block copolymer PEO-b-PMAA
itself. Numerous, nearly parallel, single crystalline barbs stand perpendicular
on both sides of a polycrystalline central shaft, showing that special template
effects can be achieved in a limited experimental window. These structures
could be varied from starlike structures to a single shaft by simple variation
of the DHBC concentration, although the role of the DHBC in the generation
of these complex structures remained unclear.

4.3
Crystallization in a Mixture of Solvents

Mineralization reactions in alcohol, ethanol, isopropanol, and diethylene gly-
col have rarely been explored [35,176,177], and only CaCOs crystals with
morphology such as elongated spheres or inhomogeneous aggregated struc-
tures can be obtained. In recent years, several research groups have occa-
sionally focused on the use of different solvent media to control the crystal
growth of CaCO3; and other compounds [178-182]. When the crystallization
conditions of CaCOs3 in the presence of a DHBC are modified by applying
water/alcohol solvent mixtures with varying solvent compositions, and thus
solvent quality changes for the block copolymer and CaCO3, CaCO3 nanopar-
ticles aggregate with elongated or spherical morphologies [183].

Vaterite microspheres can be crystallized in water solution using star-
burst dendrimers [184] and poly(ethylene glycol)-b-poly(rL-glutamic acid)
(PEG(m)-b-pGlu(n)) [185] as crystal growth modifier. However, the va-
terite spheres obtained are not of monodisperse feature. Recently, highly
monodisperse vaterite microspheres were produced by taking advantage of
the synergic effects of the block copolymer and a selectively mixed solvent
under control of an artificial DHBC, PEG(m)-b-pGlu(n) in a mixed solvent
made of a suitable volume ratio of N,N-dimethylformamide (DMF)/water
(Fig. 11) [186]. This mineralization reaction in a mixed sovent may open
a new general route for crystallization of minerals with high quality and
structural specialty. Obviously, the property of the mixed solvent plays a key
role in controlling the growth, polymorphism, and shape of the CaCO3 min-
eral [186]. As worsening of the solvent quality for DHBCs is against the
concept of well-soluble polymer additives, the mineralization in a mixed sol-
vent can result in the formation of externally triggered DHBC aggregation,
which will provide new additional experimental variables, as cation-induced
micellization has shown. In addition, the mineral solubility product is sim-
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Fig.11 Top: The structure of PEG (110)-b-pGlu(6), m =110, n = 6. Bottom: Highly
monodisperse vaterite CaCO3 microspheres mineralized in the presence of PEG (110)-
b-pGlu(6). The volume ratio of ethanol/water is 1: 1.4. [PEG-b-pGlu] = 1gL; 0.6 mL
CaCl, solution (0.1 M) was added to 6 mL mixed solution with different volume ratio.
The crystallization reaction proceeded for 7 days at ambient temperature. (Reproduced
from [186], © 2006, Wiley)

ultaneously changed in a mixed solvent system, and interesting cooperative
morphogenesis scenarios may be achieved.

5
Artificial Interfaces and Matrices for Crystallization

5.1
Monolayers as Interfaces

Monolayers provide a two-dimensional matrix to mimic the biomineraliza-
tion process for growing inorganic thin films or crystals [187]. The main
concept behind this approach is the view pioneered by Lowenstam [188] that
protein layers like, for example, the B-sheets in nacre, have an epitaxial ar-
rangement of functional groups to specific crystal faces. The influence of
surfactant headgroups with different functionalities on the crystallization of
CaCOs3 [189-191] and BaSO4 [192-194], under control of monolayers which
are formed from saturated long alkyl chain carboxylates, sulfates, amines, and
alcohols, has been studied.

Growth of semiconductor nanocrystals under arachidic acid (AA) mono-
layers by epitaxial matching of the crystals faces and the headgroups of the
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surfactants leads to the formation of well-shaped nanocrystals exhibiting spe-
cific faces [195]. The PbS thin films contained uniform equilateral triangular
PbS crystals, which were obtained by exposing the solution to an AA mono-
layer in a sealed system (Fig. 12, left). The size of the crystals can be varied by
controlling the reaction time [195]. The perfect orientation growth from the
{111} basal planes can be well explained by matching the AA monolayer and
the cubic PbS structures, as illustrated in Fig. 12 (right). The epitaxial growth
of PbS from the {111} face resulted from the geometrical complementarity
between the monolayer and the {111} face. The Pb—Pb and S - interionic
distances of 4.2 A in the PbS {111} plane geometrically matched the d{111}
spacing of 4.16 A for the AA monolayer, as shown in Fig. 12 (right) [195].
The size and preferential orientation of PbS nanocrystals could be controlled
by doping the AA monolayers with octadecylamine (ODA) [196]. Similarly,
crystallization of CdS under an AA monolayer generated rodlike CdS nanos-
tructures [197].

An interesting result that the monolayer of amphiphilic tricarboxyphenyl-
porphyrin iron(III) p-oxo dimers can produce highly patterned excavations
resulting in “chiral” calcite crystals (Fig. 13) was demonstrated by Lahiri
et al. [198]. The porphyrin presents a complex semirigid surface array
of carboxylate groups intermediate between protein matrices and simple
molecules. The monolayers of the p-oxo iron(III) porphyrin dimer 1 [199]
were formed at the air/water interface using a solution of 1 in 3:1 chlo-
roform/methanol (1 mg/mL) to spread the film. Strikingly, about 20% of
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Fig.12 Left: TEM image of a PbS particulate film. The scale bar represents 200 nm. The
film was obtained by the infusion of H,S into an arachidic acid (AA) monolayer, floating
on an aqueous 5.0 x 10~ M Pb(NO3); solution in a circular trough, for 45 min. The PbS
film was deposited on an amorphous-carbon-coated copper grid. Right: Schematic dia-
gram showing the match of the proposed overlap between Pb?* ions and AA headgroups;
o is AA headgroup and e is Pb?* ions. The dotted line area is a unit cell. (Reproduced
from [195], © 1995, Wiley)
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the three symmetry-related distal {10.4} calcite faces contained impressive
rectangular cavities, and some had two or three cavities on adjoining distal
{10.4} faces within which one can see clearly the layered and terraced gal-
leries, as depicted in Fig. 13. Significantly, the crystals with a layered excava-
tion on one {10.4} face had rectangular projections on the other, suggesting
different views of the same internal structure. The results clearly show that
these excavations produce an intrinsically chiral morphology even though
calcite has a nonenantiomorphic crystal lattice [198]. The observed “enantio-
morphs” of the crystal with chirality could only have originated from the
porphyrin dimer template 1, which must have staggered but asymmetric por-
phyrin planes according to molecular modeling. The molecules were found to

CHjy CHy

Fig. 13 Top: Molecular structure of the |L-oxo iron(III) porphyrin dimer. Bottom: SEM im-
ages of calcite crystals obtained from nucleation under 1 (a,b). a Image of a single calcite
crystal showing the truncated corner and cavity on a distal {10.4} plane, obtained by
the “dipping” method. Inset: An in situ optical micrograph of a calcite crystal nucleated
under 1, viewed from above. b View of the rectangular projections and a terraced gallery
on adjoining {10.4} planes distal to the truncated corner. The scale bar represents 5 pm.
(Reproduced from [198], © 1997, American Chemical Society)
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be incorporated inside the crystal by adsorption of porphyrin from accessible
surfaces, which confirmed that the highly textured laminations could be due
to the anisotropic adsorption of the template 1 on specific planes of calcite
crystals.

Recently, Aizenberg et al. showed an impressive example to realize face-
selective nucleation of calcite on self-assembled monolayers (SAMs) of alka-
nethiols in which only the orientation of the functional group is varied [200].
The odd- (C7, Ci;, and Cys5) and even-length (Cjg, Cy4, and C;¢) carboxylic
acid terminated alkylthiols supported on silver induced the nucleation of
calcite from the (012) face on the basis of computer simulations on the orien-
tation of crystals observed by SEM (Fig. 14a,b). In contrast, SAMs on gold
can induced the highly oriented formation of calcite in two distinct crystal-
lographic directions with, respectively, calcite growth from a range of (01[)
faces (I =2-5) (Fig. 14c) for the odd-length alkylthiols (C7, Cy;, and Cis),
and from the (11]) crystallographic planes for the even chain length thiols
(C10> C14, and Cys) (I = ca. 3, Fig. 14d). The results show that the variation of
the orientation of the terminal groups of the molecular template could also
regulate the oriented growth of crystals besides controlling the functional-
ity and the lattice of the templating surface [200]. The lateral alignment of
{012} habit-modified calcite crystals with respect to a carboxylic acid SAM
of thiols on Au(111) substrate in a Kitano solution (pH 5.6-6.0) has been re-
ported [201], implying that it is possible to precisely control the nucleation
and grow other inorganic crystals with a preferred orientation to a SAM.

Fig.14 SEM micrographs of calcite crystals grown on carboxylate-functionalized self-
assembled monolayers of a C;5 — Ag, b Cig — Ag, ¢ C;5 — Au, and d Cy — Au. The scale bar
represents 20 pm. Insets: Computer simulations of similarly oriented calcite rhombohedra
with the nucleating planes (NP) indicated. (Reproduced from [200], © 2003, Wiley)
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In addition, crystal growth in the presence of an additive (Mg ions) can be
coupled with control over the oriented nucleation achieved by using SAMs as
nucleation templates [202].

5.2
Biopolymer Matrix

In Nature, there exist a few biological structures with sophisticated arrange-
ments, such as bacterial threads [203], echinoid skeletal plates [204], eggshell
membranes [205], insect wings [206], pollen grains [207], plant leaves [208],
wood [209], bacterial cellulose membranes [210], filter paper, cloth, and
cotton [211,212], which were chosen as hard templates to prepare meso-
porous inorganic materials with specific structures. However, heat treat-
ment at high temperature is required to remove organic templates from the
inorganic-organic hybrid materials. From the viewpoint of biomimetics, var-
ious biopolymer matrices can be chosen as templates for the synthesis of
a rich family of functional materials with unusual shapes and structures. The
biopolymer matrices used for material synthesis include viruses and bio-gels.

Tobacco mosaic virus (TMV) is a very stable tubelike structure of a he-
lical RNA composed of ~ 6400 bases and 2130 identical coat proteins [213,
214], which can be used as a template in the synthesis of nickel and cobalt
nanowires [215], cocrystallization of CdS and PbS, iron oxides, and sil-
ica [216]. In addition, TMV particles tend to form nematic liquid crys-
tals at a high concentration, which was used to replicate the meso nematic
structure for producing mesostructured silica with periodicities of about
20 nm [217]. It is well known that peptides have limited ability of control-
ling composition, size, and phase during nanoparticle nucleating. Peptide
of A7 and J140 has been successfully used as a hard template to prepare
CdS and ZnS$ nanowires [218, 219], and selected M13 bacteriophage to obtain
ZnS quantum dot-virus hybrid materials, single-crystal semiconductor (ZnS,
CdS) [220], and magnetic (CoPt and FePt) nanowires [221].

Bio-gels are denatured protein with high molecular weight. Generally, they
are hydrophilic with various functional groups and different physical and
chemical properties from traditional reaction media, for example, water. The
reduction of the apparent diffusion rate of the solutes in gels would decrease
the nucleation and induced crystal growth through a diffusion-limited pro-
cess. Theoretical studies have shown that a decrease of diffusivity can lead
to a transformation process from an anisotropic shape of diffusion-limited
aggregate (DLA) into an irregularly branching pattern [222]. Crystalliza-
tion of fluorapatite aggregates in a gelatine gel results in the formation of
a dumbbell-sphere fractal growth feature, where the intrinsic dipole electric
fields may be answered for such a growth mode [223,224]. It has been re-
cently demonstrated that there is direct correlation between intrinsic fields
caused by a parallel orientation of triple-helical protein fibers of gelatine and
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the self-organized growth of the biocomposite system fluorapatite-gelatine
based on an electron holography imaging technique [225].

It is noted that the surface of the sphere is composed of closely packed
needlelike units; this kind of crystal is called a “mesocrystal” [226]. Mesocrys-
tals often had a higher symmetry than their constituent tectons [226]. The
reactions in gels which are expected to generate mesocrystals need very high
supersaturation, leading to increased nucleation number of small clusters as
building units for assembly to mesocrystals [227]. Porous hexagonal prism
single-crystalline CaCOj3 crystals were obtained via self-oriented attachment
of the nanocrystals from a reaction between urea and calcium nitrate in
a lime-cured gelatine system [228].

Imai and coworkers extended the research of crystal growth in gel media.
Their results [229,230] indicated that in agar, gelatine, and pectin gels, crys-
tals of triclinic systems (H3BO3 and K;Cr,07) tended to form peculiar curved
and helical branches because of the lowest symmetry of subunits in the poly-
crystalline material. In the diffusion field (gel system), the connected joints
of twinned crystals in aggregates deviated from each other. Unique DLA-like
morphologies including twisted branches can be obtained at a band of further
increase in gel density, while cubic crystals (NH4Cl and Ba(NO3),) were never
found in twisted form under any conditions.

Regular surface-relief calcium carbonate structures were prepared by a co-
operated directing agent of soluble poly(acrylic acid) (PAA, M, = 2000) and
a substrate of cholesterol-bearing pullulans (Fig. 15) [231]. At low tempera-
ture, adapted PAA concentration, and with cholesteryl groups, a high quality
periodic calcite structure can be formed by a self-organization process in the
reaction-diffusion system with competition between precipitation and ion
diffusion.

A predesigned, self-assembled organogelator as template, which resembles
the organic matrix in biomineralization used by organic systems to transcribe

Fig.15 SEM images of patterned CaCOjs crystals grown on CHP-3 matrices, 20°, 2 days,
[PAA] = 2.4 x 10~ wt%. a A boundary among patterned films; b a magnified image.
(Reproduced from [231], © 2003, Wiley)
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inorganic nanostructures, has been intensively studied [18]. A recent paper
first reported the synthesis of the nacre morphology by a remineralization
process with the introduction of poly(aspartic acid) on the insoluble organic
matrix of Haliotis laevigata, as for mineralization in Nature [232].

5.3
Synthetic Polymer Matrix

Imai and coworkers [229,230] also investigated the crystal growth of the
triclinic system (H3BO3; and K;Cr;0O7) and cubic crystals (NH4Cl and
Ba(NOs3),) in synthetic gels, for example, poly(vinyl alcohol) (PVA, M,, =
22000) and poly(acrylic acid) (PAA, My = 250000, 35wt % aqueous solu-
tion). They obtained similar results to those that occurred in bio-gels, except
there existed almost the same amounts of left- and right-handed helices in
PAA and PVA matrices, whereas right-handed helices dominated in the bio-
gels such as agar, gelatine, and pectin (Fig. 16). Precise control of the chirality
of K,Cr,07 crystals in PAA gel [233] can be achieved by addition of a spec-
ified amount of chiral molecules (p- and L-glutamic) which can selectively
adsorbed on (010) and (010) faces of K;Cr,07. For a crystal with a relatively
high symmetry, orthorhombic K,SO4 can also form a helical morphology at
a high concentration of PAA under control of a DLA process [234].

Potassium sulfate and potassium hydrogen phthalate both formed a nacre-
like structure when the PAA concentration was adjusted to a suitable
value [235-237] (Fig. 17). Just like the nacre in Nature (Japanese pearl oys-
ter: Pinctada fucata) [235], the nacre-like structure of potassium sulfate-PAA
and potassium hydrogen phthalate-PAA can absorb and store dyes [235-237]
(Fig. 17). With a different concentration of PAA, the K,SO4 crystal exhibited
a different hierarchical architecture by “iso-oriented assembly” or “oriented
attachment” mechanisms [236].

There also existed another use of synthetic polymers besides synthetic gels
as the hard template to influence crystal growth discussed above. In this case,
solid synthetic polymers were used as a “real hard template”. It has been
demonstrated that calcium carbonate favored the formation of the vaterite
phase on the poly(vinyl chloride-co-vinyl acetate-co-maleic acid) substrate in
the supersaturated solution prepared from calcium nitrate and sodium dicar-
bonate solutions at pH 8.50 [238]. Commercial polymer fiber (Nylon 66 and
Kevlar 29) can induce crystallization of calcite in solution, but the vaterite
phase tends to crystallize on the surface of polymers in the presence of sol-
uble polymer (PVA), and aragonite favors forming on the surface of polymers
modified with acid or alkali accompanying PVA [239].

Recently, a new type of synthetic polymer which consists of condensed
particles (hard part) and polymeric functional blocks (soft part) has been
used for the mineralization of calcium carbonate [240,241]. Poly(diethyl-
aminoethyl methacrylate)-b-poly(N-isopropyl acrylamide)-b-poly(metha-
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Fig.16 Typical field-emission SEM (FESEM) images of the K,Cr,O7 helical architec-
tures grown in PAA gel matrix without additives after evaporation of water. a Spherulitic
morphology. b Branches having a helical architecture in the spherulite. ¢,d Right- and left-
handed helical forms, respectively. (Reproduced from [233], © 2004, American Chemical
Society)

—

Fig.17 Typical FESEM images. a K;SO4 in PAA gel, Cpap =8 gdm*3 . (Reproduced with
permission from [236], © 2005, Wiley). b Potassium hydrogen phthalate in PAA gel,
Cpaa = 10-15 gdm‘3. (Reproduced from [237], © 2005, RSC)

crylic acid) (PDEAEMA-b-PNIPAM-b-PMAA; hydrodynamic diameter of
the particle in water is about 1pum), which has both an outer positive
(PDEAEMA) and an inner negative (PMAA) block, while the PNTPAM block
is regarded as mediating sufficient steric stability, is successfully used to pro-
duce stable “sheaf bundle” aragonite with a 1-um hole in the bottom of the
structure (Fig. 18a,b) [240]. A porous single calcite crystal was synthesized
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Fig.18 Typical FESEM images of a,b “sheaf bundle” aragonite (reproduced from [240],
© 2005, Wiley), and ¢,d porous single calcite (reproduced from [241], © 2004, American
Chemical Society)

by poly(styrene(St)-b-methyl methacrylate (MMA)-b-acrylic acid (AA)) with
different diameters (Fig. 18c,d) [241]. Crystal growth in the presence of this
type of polymer showed remarkably different effects from other polymers
and deserves further investigation.

54
Crystallization on Foreign External Templates

From the above examples, it is clear that DHBCs themselves can promote
the formation of complex crystal morphologies, often involving nanoscopic
building units. It is interesting to investigate the influence of an external tem-
plate on a DHBC-controlled crystallization system. These foreign external
templates include CO; or air bubbles, charged particles, and air/water inter-
faces.

In one reported example, the chosen template was as simple as CO;
bubbles, which are generated by CO, evaporation from supersaturated
Ca(HCO3); solutions (Kitano method). The gas bubbles were used to act as
a foreign external template to produce CaCOs particles with complex mor-
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phologies [134,137]. Similarly, a combination of the mineralization under
control of low molecular weight polyelectrolytes and a foreign static tem-
plate such as air bubbles has been explored for the generation of macroporous
BaCO3 spherulites [93], which is similar to that found in the microemulsion
system reported by Mann et al. [242].

Furthermore, charged particles can also be used as templates instead
of gas bubbles to break the previous constraint of bundle formation in
BaSO4/BaCrOy crystallization controlled by a phosphonated DHBC [95, 101].
Separated BaCrOy single crystalline nanofibers with extremely high aspect
ratios of > 5000 can be produced through a combination of crystal growth
control by DHBCs and controlled nucleation provided by cationic colloidal
particles [143].

It has been proved that the basic polymers, which will be positively charged
under acidic conditions, are also useful templates for the growth of calcium
carbonate [243]. Hemispherical vaterite and needlelike aragonite can be selec-
tively synthesized at the air/water interface by the mediation of poly(ethylene
imines)(PEIs) dissolved in supersaturated calcium bicarbonate solution with
different molecular weight of PEI blocks, suggesting that cationic polychains
are also versatile templates for artificial material synthesis.

Recently, the influence of poly(ethylene glycol)-block-poly(ethylene imine)
(PEG-b-PEI-linear), which is a family of cationic DHBCs, on the crystalliza-
tion of calcium carbonate at the air/water interface has been studied [244].
The results demonstrated that the crystal morphology of calcium carbonate
with layered structures formed at the air/water surface can be well controlled
with different PEI block lengths and pH values of the initial solution. The
results demonstrated that either PEI length or the solution acidity has sig-
nificant influence on the morphogenesis of vaterite crystals at the air/water
interface (Fig. 19). A possible mechanism for the stratification of CaCOj3 va-
terite crystals has been proposed. Increasing either PEI length or the initial
pH value of the solution will decrease the density of the PEG block anchored

Fig.19 SEM images of CaCOs3 superstructures formed at an air/water interface in the
presence of PEGsgg9-b-PEI 290; the initial pH value is 4. @ PEGsggg-b-PEI 200, 2 gLﬁl; b,
¢ PEGs000-b-PEl4p; the initial pH values are 4 and 3, respectively. The mineralization time
is 5 days. (Reproduced from [244], © 2006, American Chemical Society)
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on the binding interface and result in exposing more space as binding in-
terface to solution and favoring the subnucleation and stratification growth
on the polymer/CaCOs3 interface. In contrast, a higher density of PEG blocks
will stabilize the growing crystals more efficiently and inhibit subnucleation
on the polymer/CaCOs interface, thus preventing the formation of stratified
structures. This study provides an example which shows that it is possible to
access the morphogenesis of calcium carbonate structures by the combina-
tion of a block copolymer with an air/water interface.

The above results emphasized that the foreign external templates can be
combined with a polymer or polyelectrolyte and provide an additional tool
for controlled morphogenesis of inorganic minerals.

5.5
Crystallization on Patterned Surfaces

Crystallization on the monolayer interface and on external templates has been
intensively explored in the past few decades (Sects. 5.1 and 5.4). Emerging
trends in the field of surface induced crystallization have been focused on
how to precisely control the crystallization events, the density and pattern
of nucleation events, and the sizes and orientations of the growing crystals.
Micropatterned self-assembled monolayers afford control over all these pa-
rameters as demonstrated in the crystallization of inorganic crystals [245]
and organic crystals [246]. Aizenberg reviewed the bio-inspired approaches
to artificial crystallization based on the principles of biomineralization oc-
curring within specific microenvironments [17]. Tailoring of self-assembled
monolayers (SAMs) based on modern soft lithography techniques can pro-
vide well-defined patterned surfaces for the nucleation of calcium carbon-
ate. Crystallization on these patterned surfaces can result in the formation
of large-area, high-resolution inorganic replicas of the underlying organic
patterns with advantages including controlled localization of particles, nucle-
ation density, crystal sizes, crystallographic orientation, morphology, poly-
morphism, stability, and architecture [17, 245, 247].

Biological systems provide numerous examples of micropatterned inor-
ganic materials that directly develop into their intricate architectures, as
illustrated by skeleton formation in echinoderms with component function
of specialized photosensory organs [19,248]. Each skeletal structural unit
(spines, test plates) is composed of a single calcite crystal delicately patterned
on the micrometer scale, which is composed of a close-set array of hemi-
spherical calcitic structures (40-50 um in diameter) with a characteristic
double-lens design (Fig. 20).

In order to mimic such biological structure found in echinoderms, Aizen-
berg et al. developed a bio-inspired approach to growing large micropat-
terned calcitic single crystals with controlled orientation and microstructure
by crystallization on well-designed micropatterned substrates [247], repre-
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Fig.20 a The same individual of the brittlestar Ophiocoma Wendtii, photographed during
the day (top) and during the night (botfom). b SEM image of an array of microlenses on
the surface of the dorsal arm plate in O. Wendtii. (Reproduced from [248], © 2004, RSC)

senting a general strategy for the design of micro- and nanopatterned crys-
talline materials (Fig. 21a). In this approach, micropatterned templates, which
were organically modified to induce the formation of metastable amorph-
ous calcium carbonate, were nicely imprinted with calcite nucleation sites,
resulting in successful template-directed deposition and crystallization of the

Ca® HCOy

Patterned Oriented nucleation
amorphous CaCO; of calcite

Fig.21 a Schematic illustration of the new approach for the formation of “microperfo-
rated” single crystals: deposition of the ACC mesh from the CaCOj3 solution, oriented
nucleation at the imprinted nucleation site, and the amorphous-to-crystalline transition
of the ACC film on the engineered 3D templates. (Reproduced from [247], © 2003, Amer-
ican Association for the Advancement of Science)
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amorphous phase into millimeter-sized single calcite crystals with sub-10-pum
patterns and controlled crystallographic orientation (Fig. 21b), which quite
resembles the natural skeleton in echinoderms (Fig. 20b). The results indi-
cated that the predesigned three-dimensional templates not only stabilize the
ACC and control the oriented crystal nucleation and the micropattern of sin-
gle crystals, but also act as stress release sites and discharge sumps for excess
water and impurities during crystallization [246]. Recently, three-beam inter-
ference lithography was used to create a synthetic, biomimetic analog of the
brittlestar microlens array with integrated lenses and pores [249].

Such biomimetic synthetic microlens arrays could be potentially used as
highly tunable optical elements for a wide variety of applications [246, 247,
249]. The successful fabrication of micropatterned single crystals resembling
the natural echinoderm calcitic structures demonstrated that the inspiration
from Nature’s methods of biological manufacture is proving to be a rich reser-
voir for the fabrication of advanced materials and devices with novel and
superior properties.

6
Summary and Outlook

In summary, recent progress on bio-inspired crystal growth by synthetic
templates has been overviewed. Soluble polymer soft templates such as bio-
polymers and synthetic polymers have shown remarkable effects on the dir-
ected crystal growth and controlled self-assembly of inorganic nanoparticles.
Different morphogenesis mechanisms of crystal growth such as selective ad-
sorption, mesoscopic transformations, and higher order assembly have been
discussed. Recent new developments demonstrated that these soluble poly-
mer soft templates can be combined with other low mass organic molecules
or be used in a mixed solvent system to achieve flexible synergistic effects
on the mineralization and controlled growth of inorganic crystals with com-
plex form. In contrast, insoluble polymers with different functionalities can
be used as a hard template or substrates that offer suitable crystallization
sites for the guided crystallization and self-assembly processes. Crystalliza-
tion on artificial interfaces including monolayers, biopolymer and synthetic
polymer matrices for controlled crystal growth, and emerging crystallization
on patterned surfaces for the creation of patterned crystals provide additional
means to control morphology, microstructure, complexity, and length scales
of various inorganic nanostructured materials with two and three dimension-
alities.

Recent advances have demonstrated that synthetic template directed crys-
tal growth and mediated self-assembly of nanoparticles can provide promis-
ing ways for the rational design of various ordered inorganic and inorganic-
organic hybrid materials with complexity and structural specialty. However,
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there is still a lack of understanding of the nucleation, crystallization, self-
assembly, and growth mechanisms of complex superstructures in solution
systems. Further multidisciplinary efforts are needed to overcome analytical
difficulties which are associated with investigating a multistep and multicom-
ponent morphogenesis mechanism in solution systems. Especially, the de-
tailed interactions on the “soft/hard” interfaces (organic/inorganic interfaces)
have to be studied systematically with the help of multianalytical techniques
to reveal the real mechanism for the formation of complex matter in solution.

Further exploration in these areas should open new avenues for rationally
designing various kinds of inorganic and inorganic-organic hybrid materials
with ideal hierarchy at controllable length scales, and desirable dimension-
ality by bio-inspired approaches. In addition, the study of the relationship
between the structural specialty/complexity (shape, size, phase, dimensional-
ity, hierarchy etc.) of the synthetic materials by bio-inspired approaches and
their properties will shed new light on the potential but important applica-
tions of these materials in various fields in the future.
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Abstract Natural inorganic-organic hybrid materials are formed through mineralization
of inorganic materials on self-assembled organic materials. In these mineralized tissues,
crystal morphology, size, and orientation are determined by local conditions and, in par-
ticular, the presence of “matrix” proteins or other macromolecules. The final crystalline
phase arises through a series of steps initiated by the formation of an amorphous phase
that undergoes subsequent phase transformations. The multi-step crystallization process
on living systems was supported by the detection of different mineral polymorphs in
natural organisms and subsequent phase transformation. This work focuses on a new
concept for controlling crystal polymorphs by delayed action of organic additives dur-
ing nucleation stages. During the formation of continuous thin films of minerals, several
authors have used a phase-transformation process from an initially deposited amorph-
ous phase to crystalline phase. The delay addition method gives a new simple process
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for controlling the CaCOj; crystallization. Three different crystal polymorphs of CaCO3
(aragonite, vaterite, and calcite) were selectively induced by changing the time when the
radical initiator was added to a calcium carbonate solution with sodium acrylate. These
processes may be similar to the secretion of specific proteins or molecules during the
transformation of biomineralization.

Keywords Calcium carbonate - Delay addition - In situ polymerization - Latent inductor -
Transformation

Abbreviations

ACC amorphous calcium carbonate

DMSO dimethyl sulfoxide

FT-IR Fourier transform infrared spectroscopy

h hour(s)
KPS potassium peroxodisulfate
L liter(s)

min  minute(s)

mol  mole(s)

M,,  weight average molecular weight
PAA  poly(acrylic acid)

PAZO polyazobenzen

PVP  poly(N-vinylpyrrolidone)

SEM scanning electron microscopy
TEM transmission electron microscopy
XRD X-ray diffraction

UV ultra violet

1
Introduction

The design of nanomaterials, in other words, hybrid materials, has emerged
as one of the most exciting areas of scientific effort in this decade. Among var-
ious research fields aimed at constructing nanomaterials, organic-inorganic
hybrid materials have opened a new horizon in the field of materials sci-
ence. When different materials are hybridized at the nano-meter scale, the
obtained hybrid materials show unique properties compared with micro-
scale composites [1-3]. Organic-inorganic hybrids have been elaborated with
various inorganic hosts such as inorganic clay compounds [4], metal oxo
clusters [5], oligosilsesquioxanes and their derivatives [6], zeolite [7], and
metal [8] nanoparticles. Among them, sol-gel reaction of metal alkoxides is
a widely used technique for the preparation of the organic-inorganic hybrid
materials [9-11]. One of the most important advantages of the sol-gel process
for preparation of the hybrids is the milder process compared with the nor-
mal glass preparation method. The mild characteristics offered by the sol-gel
reaction allow the introduction of organic components inside the inorganic
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network. Organic-inorganic polymer hybrids can be prepared by mixing
organic polymer into the sol-gel reaction. To obtain homogeneous organic-
inorganic hybrids, in which the organic polymer is dispersed in the inorganic
matrix at the nano or molecular scale, increased compatibility between the
organic polymer and inorganic phases is necessary. The introduction of co-
valent bonds or chemical and physical interactions between the organic poly-
mers and the inorganic units are efficient at increasing compatibility.

Nanomaterials are assembled from simpler components such as molecules,
polymers, and other nanostructures under mild conditions. This approach is
similar to the one nature uses to construct complex biological architecture.
In nature, biological organisms produce polymer-inorganic hybrid materials
such as bone, teeth, diatoms, and shells. These hybrids have superior mechan-
ical properties as compared to synthetic hybrids. For example, the abalone
shell, a composite of calcium carbonate with a few percent of the organic com-
ponent (Fig. 1), is 3000 times more fracture resistant than a single crystal
of the pure mineral [12-14]. The core of the organic template is composed
of a layer of B-chitin layered between “silk-like” glycine- and alanine-rich
proteins. The outer surfaces of the template are coated with hydrophilic
acidic macromolecules (Fig. 1). Natural inorganic-organic hybrid materials
are formed through mineralization of inorganic materials on self-assembled
organic materials. In these mineralized tissues, crystal morphology, size,
and orientation are determined by local conditions and, in particular, the
presence of “matrix” proteins or other macromolecules [15]. Biopolymers
and low-molecular-weight organic molecules are organized into nanostruc-
tures and used as frameworks for specifically oriented and shaped inorganic
crystals such as calcium carbonate, hydroxyapatite, iron oxide, and silica.
These processes use an aqueous solution at temperature below 100 °C. Al-
though many useful and characteristic organic-inorganic hybrids have been
developed, the naturally produced hybrid materials are superior to these arti-
ficial materials.

The interest of most researchers lies in understanding how organized in-
organic materials with complex morphological forms can be produced by

coo-

"QoC, _Ccoo”
hydrophilic acidic proteins -ococ-{_}coo-
organic polymer [ ydrop: P ,oo° )

silk fibroin

Fig.1 Schematic illustration of the nacre of the abalone shell



122 K. Naka

biomineralization processes, and how such complexity can be reproducibly
synthesized in biomimetic systems. In vitro studies of biomineralization
have provided useful information for the design of organic templates. Falini
and co-workers assembled in vitro a complex containing the major ma-
trix components present in a mollusk shell, namely §-chitin, silk-fibroin-like
protein, and water-soluble acidic macromolecules [16]. When this assembly
was placed in a saturated solution of calcium carbonate, multi-crystalline
spherulites formed within the complex. They extracted aspartic acid-rich gly-
coproteins from an aragonitic mollusk shell layer or a calcitic layer. These
were aragonite if the added macromolecules were from the aragonitic shell
layer, or calcite if they were derived from the calcitic shell layer. In the ab-
sence of the acidic glycoproteins, no mineral was formed within the complex.
Because of a lack of information on the structure of the proteins, a detailed
mechanism of the effect of nucleation at the molecular level remains un-
known. However, in spite of this, these in vitro studies motivate us to design
artificial templates for the controlled nucleation of minerals.

Because of the complexity of the natural biomineralization systems, re-
search on mineralization has been carried out on model organic interfaces.
At the beginning, these studies were focused on the main fundamental ques-
tion of how inorganic crystallization can be controlled in an aqueous solution.
Construction of organic-inorganic hybrid materials with controlled miner-
alization is currently of interest to both organic and inorganic chemists to
understand the mechanism of natural biomineralization process as well as
to seek industrial and technological applications. Although many researchers
have realized that the design of organic templates is important for controlled
mineralization of inorganic materials, many of the biomineralization studies
have been approached from the viewpoint of inorganic materials chemistry.
Recently, several organic and polymer research scientists became interested
in the research area of biomineralization. Various types of organic matrices
as a structural template for crystallization of inorganic materials should be
easily designed and synthesized [17, 18].

The majority of these efforts have focused on exploring the characteristic
effects of templates on crystal nucleation and growth. On the specific interac-
tions, various synthetic polymers have been found to be potent inhibitors or
habit modifiers for inorganic crystallization by adsorption onto the surfaces
of the growing crystals, thus controlling their growth rate and habit through
the strength and selectivity of this adsorption [19-21]. The final crystalline
phase arises through a series of steps. By selectively interacting with the min-
erals at different stages during the crystal forming process, the organisms
may choose manipulating both the polymorph and the orientation of the
mineral to meet specific biological requirements. Although the presence of
various synthetic additives has been studied for inorganic crystallization, se-
lective interaction of an organic matrix with the mineral at different stages
has been unexplored. This work will focus on a new concept for control-
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ling crystal polymorphs of calcium carbonate by delayed action of polymeric
additives after starting nucleation of CaCOs.

2
Calcium Carbonate

The main inorganic mineral produced in natural organisms is calcium car-
bonate. Calcium carbonate is an attractive model mineral for studies in the
laboratory, since its crystals are easily characterized and the morphology of
CaCOs3 has been the subject of control in biomineralization processes. There-
fore, this work is focused on calcium carbonate as the inorganic phase. The
precipitation of calcium carbonate in aqueous solution is also of great in-
terest for industrial and technological applications. The effect of pH, foreign
ions, organic additives, and the degree of supersaturation in aqueous systems
have been extensively studied. The particular interest in this system is due
to the polymorphism of calcium carbonate. Crystalline calcium carbonate
can adopt several different structures, differing in detail of the lattice struc-
ture of the crystal. The atomic structure with the lowest lattice energy, and
hence the most stable, is calcite. Less stable, and with a slightly different lat-
tice structure, is aragonite. The most unstable crystalline phase is vaterite.
A very unstable form of calcium carbonate called “amorphous calcium car-
bonate” (ACC) is also found in many instances in nature. Kahmi reported
a relationship between the temperature at which calcium carbonate was pre-
cipitated [22]. At temperatures below 15 °C, calcite with six-fold coordination
of calcium was the predominant phase. Vaterite was found to have calcium
coordinated to eight oxygen atoms between 20 to 60 °C. Above 60 °C arag-
onite was coordinated to nine oxygen atoms. Thermal vibrations probably
allowed for an increase in the effective radii of the calcium atoms, allowing
stabilization of the structure. In the following section, an overview of these
polymorphs is presented.

2.1
Precipitation Experiments

Crystallization of calcium carbonate is highly dependent on precipitation
conditions. In the classical method, much of the scientific investigation of cal-
cium carbonate formation focused on the seed growth of anhydrous calcite
crystals from solutions of low supersaturation [23-26]. A crystal can precip-
itate via epitaxy directly from the liquid solution so that the nuclei bear the
same structure as the final crystal.

Spontaneous precipitation by the mixing of two concentrated solutions
of calcium and carbonate results in a gelatinous matter when ionic activ-
ity product exceeds the solubility product of amorphous calcium carbonate.
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The spontaneous precipitation provides rather high supersaturation. At such
high supersaturations, the local conditions of temperature, concentration,
and impurities can have a profound effect on the qualitative nature of the
phases formed [27]. Under this condition, amorphous calcium carbonate ap-
pears as an intermediate phase. This amorphous precursor is highly unstable
and transforms into crystalline polymorphs within a few minutes if kept in
solution.

One of the promising techniques to control the precipitation process is the
double-jet method (Fig. 2) [28]. The two reactants (CaCl, and Na,CO3) are
injected via capillaries into a reaction vessel under vigorous stirring to pre-
vent heterogeneous nucleation at the glass wall [29,30]. The two capillary
ends are joined together so that a high local reactant concentration and thus
extreme supersaturation is achieved at the moment when the two reactants
leave the capillaries, which provides an immediate nucleation of CaCOs. The
nuclei are then immediately transported to regions of lower CaCO3 concen-
tration and can grow further. The CaCOj3 crystal formation occurring after
an excess addition of reactants was easily observed as a sudden increase in
the turbidity of the solution. The main idea behind this technique, which was
set up for the controlled precipitation of silver halides in the photographic
industry, is to maintain a rapid nucleation of a constant particle number at
the beginning of the experiment to enable growth of monodispersed par-
ticles [28]. Under this precipitation condition, extreme supersaturation is
achieved at a particular moment and this provides an immediate nucleation
of CaCOs, which is not affected by the organic additives. The nuclei are then
immediately transported to the regions of lower CaCO3 concentration and
can grow further.

A carbonate diffusion method provides slow crystallization of calcium car-
bonate (Fig. 3) [30]. A solution of calcium chloride in distilled water is placed

N2
CaCls solution
(NH4)2CO4 solution l

— Additives

Fig.2 Experimental setup of a double-jet reactor for the precipitation of CaCO3
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“Solid (NH4),CO4

Fig.3 Experimental setup of a diffusion reactor

in a closed desiccator containing crushed ammonium carbonate. Carbon
dioxide is introduced to the solution via vapor diffusion. The crystallization
takes place by the slow diffusion of CO; into the CaCl, bath. The carbonate
diffusion method was usually applied for crystallization on surfaces of sub-
strates such as self-assembled monolayers of alkylthiols on gold [31-33]. The
whole apparatus was placed in an oven or water bath to control the tempera-
ture.

Precipitation of calcium carbonate through electrochemistry was proposed
to obtain stable and compact covering layers on metal surfaces [34, 35]. The
metal surface becomes basic under the influence of the reduction of dis-
solved oxygen. Consequently, an enrichment of CO32* ions, occurs when
the local pH increases. The electrochemical environment provides very con-
trolled CaCO3 deposition conditions that are used to govern deposit thickness
and deposition rate.

2.2
Amorphous Calcium Carbonate (ACC)

ACC does not persist in a test tube without any additives. ACC rapidly
transforms in the presence of water to crystalline polymorphs (Fig. 4). Liv-
ing organisms, however, can stabilize ACC assisted with specialized matrix
molecules and regulate its slow transition to calcite or aragonite. Brecevi¢ and
Nielsen isolated ACC and found the powder to be non-crystalline and con-
sisting of spherical particles with diameters in the order of 50-400 nm [36].
Aizenberg et al. showed that antler spicule from the branchial sac contain only
ACC [37]. Dogbone spicule from the tunic have a core of ACC, surrounded
by a sheath [38]. Macromolecules extracted from the calcite layer sped up
the formation of calcite crystals from a supersaturated solution. On the other
hand, macromolecules extracted from the ACC layer inhibited crystal forma-
tion. The addition of macromolecules from the antler spicules favored for-
mation of stable ACC. This constitutes strong evidence that macromolecules
occluded with the mineral phase play an important role in stabilization of
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Fig.4 Schematic depiction for the precipitation of CaCO3 and the transformations from
ACC to crystalline phases

relatively unstable forms, like ACC and can also play a role in selection of
the polymorph that is formed. The role of ACC in biomineralization has re-
cently been thoughtfully reviewed by Addadi et al. [39]. Organisms use these
amorphous phases as building materials, stabilizing them over their life-time,
or depositing them as transient phases that transform in a controlled manner
into a specific crystalline phase.

2.3
Vaterite

According to the literature, it is difficult to obtain pure vaterite, especially
when the ion activity product of the initial supersaturated solution is higher
than the solubility product of ACC [40]. Relatively high supersaturations in
high pH values favor the precipitation of vaterite [41]. Vaterite is thermody-
namically the most unstable of the three crystal structures. It is well known
that vaterite transforms into calcite—thermodynamically the most stable—
via a solvent-mediated process (Fig. 4) [42]. Even less stable vaterite is present
in spicules of some species [43].

Vaterite is expected to be used for various purposes, because it has some
interesting features such as high specific surface area, high solubility, high
dispersion, and small specific gravity compared with the other two crys-
tal systems. Stable spherical vaterite particles were reported in the pres-
ence of divalent cations [44], a surfactant [bis(2-ethylhexyl)sodium sulfate
(AOT)] [42], poly(styrenesulfonate) [45], poly(vinylalcohol) [46], double-
hydrophilic block copolymers [29], and dendrimers [47-49].
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Vaterite nucleation would be kinetically favored over calcite by increases
in the rate of cation dehydration at the solution interface with the incipient
nuclei [46]. Vaterite particles are usually obtained as a spherically shaped
poly crystal, which is built up of 25-35 nm nano-crystallites (aggregation
process, see Fig. 4) [44]. Thin slices of the particles were prepared by ultra-
microtome for TEM analysis; the size of the individual crystallites should be
around 10 nm [50]. The polycrystalline nature of the vaterite particles was
also evident by XRD line broadening [44]. In the double-jet precipitation
condition, spherical secondary particles of calcium carbonate were formed
by controlled agglomeration of primary particles [51]. Much of these works
concerned the production of a mono-disperse population in the size-range
~0.1-10 um using the double-jet method or by precipitation from a ho-
mogenous solution. Matijevi¢ and co-workers also suggested the aggregation
process mechanism as being responsible for the formation of perfectly spher-
ical particles precipitated directly from solution [52]. Colfen and Antonietti
investigated the precipitation of spherical calcium carbonate microparticles
using double-hydrophilic block copolymers and discussed the role of the
block copolymers in the aggregation mechanism of nano-crystallites to de-
fined macro-crystals [29].

The spherical shape of vaterite led to other explanations for the forma-
tion mechanism. In contrast to the nano-aggregation explanation, spheri-
cal crystalline particles were reported to grow by spherulitic growth and
by non-epitaxial surface nucleation (Fig. 4) [53,54]. In these conceptions,
spherical particles originate from one single nucleation event and grow from
that center by deposition of molecules or ions from the solution. The for-
mation mechanism of vaterite particles in the nucleating environment of
spontaneous precipitation experiments was also studied [50]. The experi-
ments were performed by simultaneously mixing equimolar solutions of cal-
cium nitrate and sodium carbonate. Vaterite spheres grew in seeded batch
experiments at 25°C at a moderate initial relative supersaturation in the
absence of nucleation. The spherical shape is preserved and the polycrys-
talline features can be observed on the surface of the particles. The inte-
rior of cracked vaterite particles displayed the characteristic radiating fea-
ture found in crystals grown by spherulitic growth [53]. Spherulitic growth
of calcium carbonate—both vaterite and calcite—has been reported previ-
ously, by slow crystal growth in gelatin matrices [55], and reaction between
gaseous carbon dioxide from air and calcium in solution [56]. Fluorapatite
grown in a gelatin matrix also grows as spherulites [57]. The initial for-
mation of elongated prismatic seeds proceeds through dumbbell shapes to
spheres. These dumbbell and peanut shapes are also observed in the pre-
cipitation of calcium carbonate, which may indicate that these spherulites of
calcium carbonate are initiated by the branching of an elongated prismatic
nucleus and not by an isotropic nucleus formed by aggregation of smaller
crystals [56]. Dupont reported a method to precipitate mono-crystalline hex-
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agonal platelets of vaterite at 95 °C by suppressing the growth of aragonite
and calcite by adding small amounts of surfactant hydroxyethylidene-1,1-
phosphonic acid [58].

24
Aragonite

Aragonite is metastable under ambient conditions, yet it is found as a natural
component. It is formed under a much narrower range of physico-chemical
conditions and is easily transformed into calcite by changes in the environ-
ment. Specific biological macromolecules are involved in controlling arago-
nite nucleation [16, 59]. The laboratory synthesis of aragonite from supersatu-
rated solutions at room temperature has hardly been achieved without the use
of soluble additives such as Mg?* or small organic molecules [60]. Litvin et al.
demonstrated that the spreading of 5-hexadecyloxyisophthalic acid at the
air-water interface resulted in the specific nucleation of aragonite from super-
saturated calcium bicarbonate solution not doped with additives [61]. They
proposed that the geometric match of the template and Ca — Ca distances and
angles in the ac plane of aragonite is important. While the slow crystalliza-
tion of calcium carbonate at 22 °C on self-assembled w-substituted alkylthiol
surfaces yielded the vaterite and calcite, elevating the temperature to 45°C
allowed the stabilization of aragonite [31]. Additives such as Mg?* favor arag-
onite over calcite by selective kinetic inhibition of the thermodynamically
stable calcite structure [62]. The precipitation of aragonite can be achieved
by aging solutions of calcium salts in the presence of urea at 90 °C [63]. The
typical morphology of aragonite is needle-like crystals with high aspect ra-
tios which are used as fillers for the improvement of mechanical properties
of paper and polymer materials [64]. Aragonite is also a suitable biomedical
material, because it is denser than calcite and can be integrated, resolved, and
replaced by bone [65, 66].

2.5
Calcite

Among the three polymorphs of crystalline calcium carbonate, calcite is the
equilibrium phase, most commonly adopting a rhombohedral morphology.
In biologically produced minerals, however, the rhombohedral morphology
is rarely adopted. Single-crystalline calcite fibers are observed most promi-
nently in sea-urchin teeth and bacterial deposits [67-69]. They do not follow
the crystallographic symmetry of calcite. Such calcite fibers were prepared in
vitro via a solution-precursor-solid mechanism [70].
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3
Multi-Step Nucleation and Growth in the Mineralization Process

3.1
Natural Organism

It is commonly accepted that the protein matrix plays a very important role
in regulating biomineral formation. Morphological control can also be ac-
complished by adsorption of soluble additives onto specific faces of growing
crystals, altering the relative growth rates of the different crystallographic
faces and leading to different crystal habits. These processes take place usu-
ally at an organic-inorganic interface, the organic portion providing the
initial structural information for the inorganic part to nucleate on and grow
outwards in the desired manner. However, there remain many unknowns as
to how the matrix affects the crystallization process, especially the initial nu-
cleation. In a test tube, a crystal precipitates via epitaxy directly from the
liquid solution. This concept leads to the belief that matrix controls the crys-
tallization from the very beginning. An initial crystalline phase bears the
same structure to a final crystal. Alternatively, the final crystalline phase can
arise through a series of steps, initiated by the formation of an amorphous
phase that undergoes subsequent phase transformations. Dissection of the
crystallization process into several stages could make the activation energy
of each step lower than that of the one-step precipitation (Fig. 5). The multi-
step crystallization process is plausible, especially in a biological environment
in which temporal modifications of the crystallization kinetics may be preva-
lent. Colfen and Mann proposed the concept of mesoscale transformations
and matrix-mediated nucleation in biomineralization [71].

Direct epitaxy path  Multi-step phase transformation path

Ions/\

Amorphous

O

Vaterite

Free energy, G

-

Calcite E’

Calcite

Fig.5 Energy diagrams of the direct epitaxy path and the multi-step phase transformation
path
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Important experimental evidence for the multi-step crystallization process
on living systems should include detection of different mineral polymorphs in
natural organisms and subsequent phase transformation. Weiss et al. showed
that both aragonite and ACC were found in the larval shells of two marine
bivalves [72]. In Mercenaria mercenaria, the initially deposited material is
mostly ACC, and this is gradually transformed into aragonite over a period of
hours to days. Another molluscan species, Crassostrea gigas, also has a mix-
ture of ACC and aragonite in a larval shell, but the shell of the adult is almost
all calcite. Hasse et al. examined the mineral in the shell of a developing
fresh water snail [73]. The shell of the adults was composed of aragonite only.
The mineral in 72-h-old embryos was ACC. ACC apparently transformed to
aragonite, which was the first crystalline phase present at 120 h of develop-
ment. Transformations from the amorphous to the crystalline phase have
been discovered and characterized in several cases of biological mineraliza-
tion [74, 75]. These studies show that the ACC is a precursor to the aragonite,
and that the ACC might also be a precursor in the formation of shell in post-
metamorphic animals.

As described above, living organisms, presumably employing specialized
matrix molecules, can stabilize ACC and regulate its slow transition to calcite
or aragonite. Such stabilized ACC may be a precursor for transformation into
crystalline forms in biomineralization. In shells with a prismatic layer of cal-
cite and nacre of aragonite, there is a precise control of the CaCO3 polymorph.
It is believed that this is due to the matrix molecules that are associated with
the forming mineral. Several groups extracted aspartic acid-rich glycopro-
teins from an aragonitic mollusk shell layer or a calcitic layer [33, 59]. These
were aragonite if the added macromolecules were from the aragonitic shell
layer, or calcite if they were derived from a calcitic shell layer. In the ab-
sence of the acidic glycoproteins, no mineral formed within the complex. This
observation leads to the presumption that the cells secreting the matrix are
programmed to change the composition of the matrix at precise times and
places, thereby regulating the change from calcite to aragonite during the
transition from prism to nacre. In nature, stable, crystalline forms of calcium
carbonate are formed from an amorphous precursor. This precursor trans-
forms to a crystal in a slow, regulated way. Specific proteins or molecules may
be secreted during this transformation to control polymorphs and morpholo-
gies of minerals.

3.2
In Vitro Study

Studies seeking evidence for the multi-step in vitro crystallization process
have been carried out. Li and Mann were able to demonstrate that in in-
verse microemulsions, surfactant-vaterite structures with different shapes are
formed by a phase transition from stabilized ACC nanoparticles [76]. The
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addition of water to the ACC nanoparticles caused their self-aggregation
and transformation to vaterite. Spontaneous precipitation by the mixing of
two concentrated solutions of calcium and carbonate results in ACC as de-
scribed above. The ACC transformed within 6 min to produce spherical and
crystalline vaterite at 25 °C with stirring. The vaterite particles nucleated
and grew within the gelatinous ACC [50]. Scanning electron microscopy
(SEM) and electrochemical analyses have revealed that the amorphous CaCO3
formed immediately after directly mixing the two solutions of CaCl, and
Na,COs, and subsequently transformed into vaterite and calcite [40, 77].

Much more attention was paid to the transformation process of vaterite
to calcite. Upon heating at 730 K, vaterite irreversibly transforms into cal-
cite. This transformation in aqueous solution at ambient conditions was
a solution-mediated process [42]. All of the experimental results and the data
analysis indicated that the transformation took place through dissolution of
vaterite, followed by the crystallization of calcite.

Although aragonite is unstable relative to calcite, aragonite is relatively sta-
ble in aqueous solution under moderate conditions. Aragonite transforms
into calcite upon heating and on a laboratory time scale this reaction was rela-
tively rapid above 698 K [78]. While solid-state transformation of aragonite
to calcite is slow, aragonite was converted to calcite in dilute CaCl, fluid at
temperatures ranging from 50 to 100 °C [79].

33
Matrix-Mediated Formation of CaCO3 Thin Films

Groves et al. observed a phase-transformation process from an initially de-
posited amorphous phase to crystalline calcite during the formation of con-
tinuous thin films [80]. They reported the synthesis of macroscopic and con-
tinuous carbonate thin films at a porphyrin template/subphase interface by
employing poly(acrylic acid) as a soluble inhibitor to mimic the cooperative
promotion-inhibition in biogenic thin film production. A semirigid tem-
plate for crystallization was spontaneously formed via the self-organization
of the amphiphilic tricarboxyphenylpophyrin iron(III) u-oxo dimer at an
air-water interface. Calcite crystals that were formed under this porphyrin
template were oriented with the (001) face parallel to the template [81]. Films
formed at 22 °C were found to have a biphasic structure containing both
amorphous and crystalline calcium carbonate. The presence of both the cal-
cite and amorphous calcium carbonate phases in the film is highly suggestive
of a phase transformation from the latter to the former. Films obtained in the
early stage of formation at lower temperature (4 °C) displayed characteristics
of a single amorphous phase. These observations suggested that films formed
through a multi-stage assembly process, during which an initial amorphous
deposition was followed by a phase transformation into calcite. This study
demonstrated that the ACC was a precursor to the calcite films (Fig. 6).
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Fig.6 Schematic of multi-step phase transformation path during formation of CaCO3
films at a template/subphase interface

Zhang et al. employed Langmuir films that formed from amphiphilic
molecules with different headgroups at the air-water interface as templates
for biomimetic calcium phosphate formation [82]. They observed a phase-
transformation process from an initially deposited amorphous phase to
a crystalline phase during the initial stage of calcium phosphate formation.
If critical nuclei are non-crystalline nuclei, a hydrated crystalline phase is
formed first, then a hydrated crystalline phase, and, lastly, an anhydrous crys-
talline phase. In this process, the nucleation and growth energies are very low.
In the initial stage of nucleation of calcium phosphates, non-crystalline nu-
clei were first formed and grew into big particles. First, Langmuir monolayers
with negative charges bound calcium ions, which caused a local concentration
of phosphate, which sequentially attracted more calcium ions, which made
the concentration of the precursor increase to its supersaturated degree for
nucleation. Then, amorphous calcium phosphates were formed. Lastly, phase
transformation from amorphous to crystalline calcium phosphates occurred.
These observations strongly suggest that the final crystalline phase could
arise through a series of steps, initiated by the formation of an amorphous
phase that undergoes subsequent phase transformations. Addadi and Weiner
et al. have suggested that amorphous calcium phosphate may be much more
widespread than the crystalline phase at the beginning of biomineralization
process [74,75].

4
Delayed Action for Nucleation and Growth of CaC0O3

The existence of several phases would enable organisms to control mineral-
ization through intervention with kinetics. During the mineralization pro-
cess in living organisms, specific proteins or molecules may be secreted at
a precise time and place to interact with precursor phases. By selectively
interacting with the mineral at different stages during the crystal forming
process, the organisms could choose to manipulate both the polymorph and
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the orientation of the mineral to meet specific biological requirements. Al-
though crystallization of calcium carbonate in the presence of the various
templates and additives described above has been investigated as a model of
biomineralization, selective interaction of organic matrix with the mineral
at different stages has been limited. By selectively interacting with the min-
eral at different stages during the crystal-forming process. The delay addition
method provides a new, simple process for controlling the calcium carbonate
without synthesizing new additives. In the following sections, examples of the
delayed action method are described.

4.1
Overview of Calcium Carbonate Crystallization by Synthetic Substrates

Before the new concept for controlling crystal polymorphs by interaction
of organic additives is described, the recent progress of calcium carbon-
ate precipitation by synthetic substrates is briefly discussed. Model systems,
in which low molecular-weight organic additives are used to study the ef-
fect of molecular properties such as charge and functionality in inorganic
crystallization, provide insights into the possible mechanisms operating in
biology [46,83-86]. These additives were chosen to mimic the active pro-
tein ligands. Because the proteins that have been found to be associated
with biominerals are usually highly acidic macromolecules, simple water-
soluble polyelectrolytes, such as the sodium salts of poly(aspartic acid) and
poly(glutamic acid), were examined for the model of biomineralization in
aqueous solution [87]. Crystallization of CaCO3 in the presence of various
synthetic non-peptide polymers has been investigated as a model of biomin-
eralization [17, 18]. For such synthetic linear polymers, it has been difficult to
unambiguously assign structure-function relationships in the context of their
activity in crystallization assays, since they mostly occur in a random-coil
conformation. Dendrimers are monodisperse macromolecules with a regu-
lar and highly branched three-dimensional architecture. Because of unique
and well-defined secondary structures of the dendrimers, the starburst den-
drimers should be a good candidate for studying inorganic crystalliza-
tion [47-49, 88, 89]. The use of ordered supramolecules, such as micelles [90],
monolayers [91], vesicles [92], inverted micelles [93], and lyotropic liquid
crystalline systems [94], also allow for controlled mineralization.

4,2
Delay Addition of Poly(acrylic acid)

The influences of the sodium salt of poly(acrylic acid) (PAA) on the crystalliza-
tion of CaCOj3 to act as an inhibitor for crystal formation has been intensively
investigated [80, 95, 96]. In the presence of PAA under a feed ration of a repeat-
ing unit of acrylate to calcium ions of 0.62 using the double-jet method, little
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precipitate was collected after incubation at 25 °C for 4 days [97]. The IR spec-
trum of the CaCO3 obtained with less than 1% yield in the presence of PAA
showed an amorphous character. The aggregation of PAA and CaCOj3 particles
formed in solution was proposed [98]. The samples were taken one hour after
the start of the mineralization process by allowing carbon dioxide to diffuse
into the solution. The sample contained small CaCO3 particles with a size of
about 10 nm by HR-TEM measurements. Samples taken about 20 min after the
start of the mineralization process seemed to be amorphous.

A delay addition of sodium salt of PAA for precipitation of CaCO3 was
carried out by the double-jet method [97]. After addition of the aqueous so-
lutions of 0.1 M CaCl, and 0.1 M (NH4),CO3 into an aqueous solution, an
aqueous solution of sodium salt of PAA (M, = 1200) was added to the reac-
tion mixture after incubation at 30 °C for several minutes. The feed ratio of
a repeating unit of PAA to calcium ions was 0.62. Little crystalline CaCO3 was
collected after incubation at 30 °C under N, for 1 day when the sodium salt
of PAA (M, = 1200) was added to the reaction mixture after incubation at
30 °C for 1 min. When the sodium salt of PAA (M,, = 1200) was added to the
reaction mixture after incubation for 20 min, a small amount of vaterite was
obtained.

High pH promotes the rate of crystallization of calcium carbonate. Before
adding the calcium reactants, the water in a precipitation flask was adjusted
to pH 8.5 with NH4OH. In the initial presence of the sodium salt of PAA
(My, = 5000), no precipitate was collected under a feed ration of a repeating
unit of acrylate to calcium ions of 0.62 using the double-jet method. After
both the aqueous solutions of 0.1 M CaCl, and 0.1 M (NH4),CO3 were in-
jected into the water, an aqueous solution of sodium salt of PAA was added
to the reaction mixture after incubation for several minutes. Although PAA
initially acted as an inhibitor for nucleation and growth of crystallization, sta-
ble vaterite particles were obtained by the delaying addition of PAA after 1 to
60 min (Haung et al., 2006, personal communication). The resulting spheri-
cal vaterite particles were stable in an aqueous solution for more than 1 week.
These results indicate that the final crystalline phases are highly sensitive to
the presence of the active additives at the very initial nucleation stage.

43
In-situ Polymerization

Another new concept for controlling a polymorph of calcium carbonate as
schematically shown in Fig. 7 was proposed by Naka et al. [99]. The key point
of the method is using a “latent inductor” for crystal nucleation. The latent
inductor at the inactive state does not affect the nucleation and growth of
a crystal. After the inactive state is transferred to an active state by a stimu-
lus, the active inductor can control the nucleation and growth of the crystal.
Sodium acrylate was used as a latent inductor for this purpose and potassium
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Fig.7 Schematic depiction for the control of crystal polymorph by a latent inductor

peroxodisulfate was used as a stimulus. Sodium acrylate may not affect the
nucleation and growth of the crystal [100]. On the other hand, poly(acrlylate)
acts as an inhibitor for crystal formation as described in Sect. 4.2. Sodium
acrylate can be transferred to poly(acrylate) by adding the radical initia-
tor. It should be noted that crystallization of calcium carbonate with in-situ
polymerization of anionic monomers in an aqueous solution has not been
reported so far.

The precipitation of CaCO3; was carried out using the double-jet method.
After the addition of the calcium reactants into the aqueous solution of
sodium acrylate was completed, an aqueous solution of potassium perox-
odisulfate (KPS) as a water-soluble radical initiator was added to the reaction
mixture after incubation at 30 °C for several minutes (1, 3, or 20 min). This
solution was then kept at 30 °C and the critical point of the sudden increase
in the turbidity of the solution was observed at 3 to 4 min of stirring after the
addition of the calcium solution. When the radical initiator was added to the
calcium solution with sodium acrylate after incubation for 1 min, no turbidity
of the solution was observed. These solutions were kept at 30 °C under N for
1 day with gentle stirring. Three different crystal polymorphs of CaCO3 (arag-
onite, vaterite, and calcite) were selectively induced by changing the time at
which the radical initiator was added to a calcium carbonate solution with
sodium acrylate (Table 1). Figure 8 shows the scanning electron micrographs
(SEM) of the three crystalline products. Most crystals of run 1 of Table 1 were
efflorescent bundles of needles (Fig. 8a), which is a typical aragonite crystal
morphology. The product of run 2 consisted of two different crystal modifi-
cations: spherical vaterite and rhombs of calcite (Fig. 8b). The crystal of the
product of run 3 was rhombohedral (Fig. 8c). Each shape of CaCOj3 is a typi-
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Table 1 Formation of crystalline CaCOs in the presence of sodium acrylate with a rad-
ical initiator at different feed ratios of sodium acrylate to calcium ions at 30 °C for 1 day.
(Adapted from [97])

Run [acrylate]/[Ca®*] Addition time Yield/% Polymorphism®
of KPS/min
1 0.62 1 33 aragonite + calcite (trace)
0.62 3 35 vaterite (63%) + calcite
3 0.62 20 54 calcite

2 Polymorphism was characterized by FI-IR. The fraction of vaterite in the crystalline
phase was determined by XRD

Fig.8 Scanning electron micrographs of CaCOj3 from the products of run 1 (a), run 2 (b),
and run 3 (c) in Table 1. (Reproduced with permission from [97]. Copyright 2004 The
Chemical Society of Japan)

cal morphology for each polymorph. The thermogravimetric analysis showed
that organic additives were not built into the crystals obtained to any signifi-
cant degree after washing with water.
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The crystalline product obtained with sodium acrylate without addition of
the radical initiator was calcite. The mono-carboxylic acid did not exert any
influence on the nucleation and crystal growth of CaCOs3. The crystal phase of
CaCOs3 obtained without any additives was also calcite. Sodium acrylate was
regarded as an inactive form for induction of metastable CaCOj3 crystalline
phases (vaterite or aragonite).

The crystal polymorph of the product of run 2 did not change when the so-
lution was kept for 2 days. Since the vaterite crystal was transformed to calcite
when the solution was incubated for 3 days, this suggested that the vaterite
surfaces were stabilized by the resulting poly(acrylate) in aqueous solution to
prevent phase transformation (Fig. 9). The formation of aragonite is usually
achieved at a higher temperature than 50 °C using a solution method of prep-
aration. In these results, aragonite can be formed at 30 °C when the radical
initiator was added to the calcium solution with sodium acrylate after incu-
bation for 1 min, in which the CaCOj3 crystal formation had not started. It is
possible that aragonite is rapidly nucleated at the very beginning of the nucle-
ation process, resulting in being kinetically induced by poly(acrylate) (Fig. 9).
The present result provides a new method for aragonite formation at ambi-
ent temperature in a homogeneous nucleation system. In addition, the crystal
phase of the product of run 3 in Table 1 was also thermodynamically stable
calcite. The final crystalline phase was not affected by the polymerization of
sodium acrylate after incubation for 20 min.

A higher temperature of 35 °C was employed for crystallization of calcium
carbonate with radical polymerization of sodium acrylate in aqueous solu-
tion. When the concentration of sodium acrylate was the same as that of
Table 1, the polymorphs of the products obtained when the radical initiators
were added to the reaction mixture after incubation for 1 min (run 1) and
3 min (run 2) were amorphous and aragonite, respectively (Table 2). Arago-
nite formation was also observed when the radical initiators were added to
the reaction mixture after incubation for 20 min. These results suggest that
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Fig.9 Crystallization pathways under the in-situ polymerization of acrylate
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Table2 Formation of crystalline CaCOs3 in the presence of sodium acrylate with a rad-
ical initiator at different feed ratios of sodium acrylate to calcium ions at 35 °C for 1 day.
(Adapted from [97])

Run [acrylate]/[Ca*]  Addition time Yield/% Polymorphism *?
of KPS/min

1 0.62 1 <1 amorphous

2 0.62 3 29 aragonite

3 0.62 20 21 aragonite

# Polymorphism was characterized by FT-IR

higher temperature tends to induce aragonite formation due to reduced acti-
vation energy for aragonite nucleation.

Poly(N-vinylpyrrolidone) (PVP) is a water-soluble and uncharged poly-
mer. The presence of PVP has no influence on the polymorphs of CaCOs
precipitation, but has a morphological effect on vaterite and calcite at high
PVP concentration [101]. The precipitate obtained in the initial presence of
PVA was calcite (run 2 of Table 3). The crystalline products obtained with N-
vinylpyrrolidone without addition of the radical initiator were calcite with
a trace amount of aragonite (run 1 of Table 3). These results indicate that
both the polymer and monomer did not exert any influence on the nucleation
and crystal growth of CaCO3. On the contrary, in-situ polymerization of the
monomer during the precipitation of CaCO3 was carried out by the double-
jet method (Keum et al., 2006, personal communication). After addition of the
calcium reactants into the aqueous solution of the monomer was completed,
an aqueous solution of KPS as a water-soluble radical initiator was added to
the reaction mixture after incubation at 30 °C for several minutes (1, 3, or
20 min). All the products obtained by the in-situ polymerization were pre-

Table3 Formation of crystalline CaCO3 with in-situ radical polymerization of N-vinyl-2-
pyrrolidone at 30 °C

Run [- COONal/[Ca?*] Addition time Polymorphism 2
(min)

1 0.75 monomer Calcite >> Aragonite

2 0.75 polymer Calcite

3 0.75 1 Aragonite > Calcite

4 0.75 3 Aragonite > Calcite

5 0.75 20 Aragonite > Calcite

2 Polymorphism was characterized by FT-IR
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dominantly aragonite. On the basis of the results that both the initial presence
of the monomer and polymer has no specific influence on the polymorphs
of CaCOj3, the final crystalline phases are highly affected by the in-situ poly-
merization at the very initial nucleation stage. It is possible that aragonite is
rapidly nucleated at the very beginning of the nucleation process, resulting in
being kinetically induced by the polymerization.

4.4
Delay Addition of Anionic Polyamidoamine Dendrimers

The anionic polyamidoamine (PAMAM) dendrimers act as effective pro-
tective agents for the most unstable vaterite crystal [47-49]. Delay add-
ition of the anionic PAMAM dendrimers also gave vaterite particles by the
double-jet method [102]. After the calcium reactants (0.1 M CaCl; and 0.1 M
(NH,4),CO3) were injected via syringe into distilled water, an aqueous solu-
tion of the G1.5 PAMAM dendrimer was added to the reaction mixture after
the start of precipitation for several minutes (1, 3, 20, or 60 min). The ex-
perimental conditions and results are summarized in Table 4. At the high
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Table4 Formation of crystalline CaCO3 with the G1.5 PAMAM dendrimer at differ-
ent addition times and different feed ratios of the dendrimer to calcium ions at 30 °C.
(Adapted from [102])

Run

NN U

10

11
12
13
14
15

@ Polymorphism was characterized by FT-IR

[- COONa]
(mM)

0.27

"

1.37

"

"
"

"

2.75

"

"

[- COONa]/ Addition

[Ca®*]

time
(min)

20

60

20

60

3
20
60

b particle size was measured by SEM

¢ Vaterite content was determined by XRD

Polymorphism 2

Vaterite

Vaterite (93%) ©
+ Calcite
Vaterite (90%) ©
+ Calcite
Vaterite + Calcite

+ Aragonite
"

Vaterite

"

Vaterite (92%) ©
+ Calcite
Vaterite (87%) ©
+ Calcite
Vaterite + Calcite
+ Aragonite

Vaterite

Particle Size Yield (%)

of Vaterite b
(pm)

23+1.1
2.8£1.2

2.1£0.6
9.1£0.2

6.7+0.7

2.2£1.6
1.710.6
2.4+1.8

4.610.6

6.9£0.4

1.240.5
1.3£0.3
3.24+0.9
3.8£0.2
4.74+0.7

23
36

28

27

31

26
44
40

25

29

22
48
44
20
47

concentration of the G1.5 PAMAM dendrimer corresponding to 2.75 mM of
—COONa, all five samples were vaterite. As the concentration of - COONa
decreased to 1.37 mM, the obtained crystal phases were vaterite when the
dendrimer was added after incubation for 0 and 1 min. However, calcite co-
existed with vaterite when the dendrimer was added after incubation for
3 min. Although vaterite was predominantly formed even at the lower con-
centration of the G1.5 PAMAM dendrimer corresponding to 0.27 mM of
— COONa, the amounts of calcite and aragonite forms were increased with
an increase in the delay addition time of the dendrimer. On the basis of the
fact that the obtained crystal phase in the absence of the dendrimer was cal-
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cite, the dendrimers effectively stabilized the most unstable vaterite crystal
even delaying the addition time of the dendrimer for 60 min. When the den-
drimer was added after incubation for 120 min, calcite was predominantly
formed.

The most interesting characteristic of the delay addition is the size of the
vaterite particles. As the delay addition time of the G1.5 PAMAM dendrimer
increased from 0 to 60 min, the particle size of the spherical vaterite increased
from 1.2£0.5 to 4.7 £ 0.7 um (Fig. 10). Furthermore, as the concentration of
— COONa decreased, the particle sizes of the spherical vaterite increased. The
mixtures of calcite and aragonite were also increased when the lower concen-
tration of the PAMAM dendrimer was used under the same conditions. These
results indicate that the inhibitor effect of the dendrimer was weakened by
decreasing the concentration of the PAMAM dendrimer.

The precipitations of CaCOs in the presence of the G3.5 PAMAM den-
drimer were also carried out under the same conditions. The results are
summarized in Table 5. No calcite formation was observed in all the con-
centrations. As the generation number of the anionic PAMAM dendrimer
increased from G1.5 to G3.5, the particle sizes of the spherical vaterite de-

Fig.10 Scanning electron micrographs of the products of a run 11, b run 13, and ¢ run 15
in Table 4. (Reproduced with permission from [102]. Copyright 2003 The Chemical Soci-
ety of Japan)
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Table5 Formation of crystalline CaCO3; with G3.5 PAMAM dendrimer at different add-
ition times and different feed ratios of the dendrimer to calcium ions at 30 °C. (Adapted

from [102])

Run [-COONa] [-COONa]/ Addition Polymorphism #  Particle Size Yield (%)

(mM) [Ca%*] time of Vaterite ®
(min) (um)
1 0.27 0.1 0 Vaterite 1.3+0.2 27
2 ” " 1 " 1.440.8 25
3 ” ” 3 " 1.5+0.8 29
4 "’ " 20 Vaterite+Aragonite 6.240.5 24
5 1.37 0.5 0 Vaterite 1.2+0.7 24
6 ” " 1 " 1.4+0.4 36
7 ” ” 3 " 1.6+0.3 28
8 ” " 20 " 5.5+0.8 23
9 2.75 1 0 Vaterite 1.14+0.6 17
10 ” ” 1 " 1.1+0.3 18
11 ” " 3 " 1.240.5 23
12 ” ” 20 ” 3.1+1.7 21

2 Polymorphism was characterized by FT-IR
b Particle size was measured by SEM

creased under the same conditions. These results suggest that the G3.5 den-
drimer effectively stabilized the vaterite particles compared with the earlier
generation of the dendrimer. The surface of the nanosized metastable vaterite
might be modified with the PAMAM dendrimer. The later generation of the
dendrimer effectively protected the vaterite particles compared with the ear-
lier generation [48].

The precipitation of CaCOj3 in the absence of any additives under com-
parable condition was continued. Crystalline products were immediately iso-
lated after incubation for 3 and 20 min by centrifugation. In the case of
the product after an incubation period of 3 min, vaterite and calcite coex-
isted. The size of the vaterite particle was 4.2+ 1.6 um (Fig. 11a). In the
case of the product after 20 min, the size of the vaterite particle was 10+
2.3 um (Fig. 11b). The size of the spherical vaterite increased with an in-
crease in incubation time. These results suggest that the anionic PAMAM
dendrimers effectively modified the vaterite surface and inhibited further
growth of the vaterite particles. The higher concentration of the PAMAM
dendrimer adsorbed on the vaterite particles of CaCO3 more completely and
smaller-sized vaterite was produced compared with that in the lower con-
centration of the PAMAM dendrimer. These results suggest that the PAMAM
dendrimers act as effective stabilizers for the metastable vaterite phase, and
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Fig.11 Scanning electron micrographs of CaCOs3 isolated after incubation for 3 min (a)
and 20 min (b) in the absence of any additives. (Reproduced with permission from [102].
Copyright 2003 The Chemical Society of Japan)

quenched the aggregation of vaterite crystals by changing the addition time
of the dendrimer.

4.5
Polymers Responsive to Stimulation

Functional polymers that possess responsive properties to a certain stimu-
lation have been well developed. Stimulation includes physical and chemical
stimulation such as light, heat, electricity, magnetic field, pH, ions, and bioac-
tive molecules. In the in-situ radical polymerization of acrylate described in
Sect. 4.3, the radical initiator is regarded as a chemical stimulation for trans-
formation from an inactive additive to an active form. After the inactive state
is transferred to an active state by a stimulus, the active inductor can control
the nucleation and growth of the crystal. This concept can apply to other re-
sponsive materials as latent inductors. Materials with reversible conversion of
properties by light are called photochromic materials. Photochromism is de-
fined as a reversible transformation of a single chemical species between two
states having different distinguishable absorption spectra.

Naka et al. reported on the control of vaterite shapes by photo-induced
cis-trans isomerization of an azobenzene-containing polymer in a mixture of
dimethyl sulfoxide (DMSO) and water [103]. Photoisomerization of azoben-
zene derivatives is well known as a configurational switch in photoreac-
tions [104]. In addition, the trans isomer shows an intense absorption around
320 nm by the 7-7* transition, and the cis isomer has a weak absorption of
the n-7* transition around 430 nm. This photoisomerization of the azoben-
zene groups can be used to trigger a change of properties such as polarity,
free volume, and conformation [105-108]. Many studies of polymers con-
taining azobenzene groups have been applied for a variety of smart materi-
als [109, 110].
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Crystallization of CaCO3; was performed by adding (NH4),COs3 via a sy-
ringe into a mixture of water and DMSO solution (20%) containing poly[1-
[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl so-
dium salt] (PAZO) and CaCl, at 30 °C. After this addition, a sudden increase
in the turbidity of the solution was observed after incubation for 3 min. The
experimental conditions and the results are summarized in Table 6. In the

Table 6 Shape control of spherical vaterite particles by photo-induced cis-trans isomer-
ization of the azobenzene-containing polymer in a mixture of DMSO and water. (Adapted
from [103])

Run Additive Weight of Polymorphism 2 Yield
additive [%] P
[mg]

1 PAZO (Trans) 4.0 Vaterite (68%) + Calcite 41.2

2 " (T — C) " Vaterite (84%) + Calcite 35.5

3 " (Cis) ” Vaterite (77%) + Calcite 38.8

4 AYG € (Trans) 3.8 Vaterite (73%) + Calcite 43.6

5 . . Vaterite (72%) + Calcite 45.9

2 Polymorphism was characterized by XRD
b Estimated on the basis that all the calcium carbonate was recovered
¢ Alizarin Yellow GG was used instead of PAZO
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case of run 2, the reaction mixture was irradiated by a UV light after incu-
bation for 1 min. The product of run 3 was obtained by irradiation by UV
light for 1 h before addition of (NH4),COs3 into the solution and the UV light
was continuously irradiated to the solution during crystallization of CaCOs3
for 3 h.

In the presence of the trans isomer of PAZO, the crystals of run 1 were ag-
gregates of disk-shaped vaterite (Fig. 12a). The spherical vaterite was changed
to irregular vaterite having a flatter surface with increased size than that of
run 1 by the in-situ photoisomerization of PAZO after incubation for 1 min
(Fig. 12¢). In the case of run 3, the mixture of oval-shaped vaterite with ir-
regular vaterite (about 30%) was obtained in the presence of the cis isomer of
PAZO (Fig. 12e). Polycrystalline features can be observed on the surface of the
oval-shaped vaterite. The trans isomer of Alizarin Yellow GG (AYG) was used
as a unit model instead of PAZO under the same conditions (run 4), the prod-
uct was a mixture of center hole vaterite spheres with spherical vaterite with
a rough surface (Fig. 12g). In the absence of additives (run 5), in the product
of CaCOj3 the vaterite crystals were not so different in shape to those of run 3
and 4 (Fig. 12h).

Generally, vaterite formation is easily produced in non-aqueous solvents
from the acceleration of spontaneous precipitation rate with the stabilizer
effect for protection of vaterite transformation to calcite. The spherical va-
terite of rough surface was produced in the presence of the trans isomer in
PAZO without UV irradiation (run 1). Interestingly, the shape of the crys-
tals from run 1 was changed to irregular vaterite with a flatter surface by the
in-situ irradiation of the UV light after incubation for 1 min under the same
conditions as shown above (run 2). The product of run 1 was produced by ag-
gregation of limited small particles from the nucleation on the trans isomer in
PAZO. In the case of run 2, however, nucleation of the primary particles might
be inhibited by configurational change of PAZO from the trans isomer to the
cis isomer via irradiation by UV light after incubation for 1 min (Fig. 13). The
rearrangement of unstable amorphous CaCOj3 colloids at the initial stage sim-
ultaneously occurred with isomerization of PAZO at the interface. Thus, the
unstable amorphous colloids of primary particles diffused along the edges for
a second growth of CaCOj crystals by the inhibitor effect of PAZO. In add-
ition, the increased size of run 2 (12.2+0.3 um) shows evidence of a more
retarded nucleation rate than that of run 1 (9.5+0.7 um). It is well known
that fast nucleation compared to growth produces small particle sizes in col-
loid chemistry. The product of run 3 was oval-shaped vaterite with about
30% irregular vaterite similar to run 2. The 30% irregular vaterite should be
produced by generally reversible cis-trans isomerization of the azobenzene
group from the thermodynamically unstable cis isomer to the stable trans
isomer. However, the size and shape of the crystals in the remaining 70% of
vaterite are similar to those of run 5. The result indicates that the inhibitor ef-
fect of the anionic group of the cis isomer for the CaCOj3 crystallization might
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Fig.12 Scanning electron micrographs of the products of arun 1, crun 2, e run 3, g run 4,
and h run 5 with higher magnification images of the products of b run 1, d run 2, and
f run 3 in Table 6. (Reproduced with permission from [103]. Copyright 2004 Elsevier)
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Fig.13 The molecular motion of the azobenzene unit in PAZO for inhibition by in situ
photo-induced isomerization. (Reproduced with permission from [103]. Copyright 2004
Elsevier)

be lower than that of the trans isomer, due to the interior position of the
azobenzene group of the cis isomer as shown in Fig. 13. These results indi-
cated that the reversible isomerization in molecular levels of the azobenzene
groups induced configurational change of the template for modified shapes of
vaterite.

5
Template Mineralization on the Surface of Calcium Carbonate

The anionic PAMAM dendrimers, which are spherical and proposed as mim-
ics of anionic proteins, adsorbed strongly on the surfaces of metastable va-
terite particles [47,48]. The dendrimers are regarded as “spherical linkers”
for surface functionalization of CaCOs. The spherical linkers are rigid and
completely defined, and functional groups are unable to attach to the same in-
organic surfaces due to the steric hindrance of the spherical structures. The
strong bonding to the inorganic surfaces is also expected due to a chelate
or cluster effect. The spherical linkers on the surface of minerals provided
interfacial active sites for nucleation of the second crystalline phase to pro-
duce a hierarchical crystal growth as shown in Fig. 14. Anionic-functionalized
metal nanoparticles are also candidates for such a purpose.

Naka et al. used tiopronin-protected gold nanoparticles (Au-Tiopronin) as
spherical linkers to prepare surface-functionalized particles and provided for
the template mineralization of CaCOs3 to construct sea urchin-shaped struc-
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Fig.14 Template mineralization on the surface of functionalized CaCOs3

Fig.15 SEM images of the time-dependent crystal growth of the product by isolation of
the crystals after incubation for 10 (a), 20 (b), and 90 min (c), respectively. (Reproduced
with permission from [111]. Copyright 2004 The Chemical Society of Japan)
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tures [111]. Time-dependent crystal growth of products in the presence the
anionic gold nanoparticles was monitored under the double-jet precipitation
method. The crystals isolated after 10 min incubation (Fig. 15a) were brown
in color and spherical vaterite was produced from the aggregation of disc va-
terite with about 3 um diameter. These vaterite particles did not transform
into thermodynamically more stable forms in contact with water for more
than 1 week. The results indicate that these vaterite particles were stabilized
by Au-Tiopronin to prevent phase transformation to calcite. After isolation at
20 min incubation, tiny crystals were grown on the surface of the spherical
vaterite (Fig. 15b). Finally, the sea urchin-shaped CaCO3 was formed after in-
cubation for 90 min (Fig. 15c). The brown color of the sample faded out in the
case of the crystalline products isolated after further incubation.
Au-Tiopronin on the surface of the vaterite particles provided interfa-
cial active sites for nucleation of the second crystalline phase to produce
a hierarchical crystal growth with crystal phase switching and the remaining
Au-Tiopronin controlled the second crystal growth with selective interaction.

C

Fig.16 SEM images of a the surface-functionalized vaterite particles and b,c the prod-
ucts from template mineralization on the surface-functionalized vaterite particles. The
amounts of calcium ions were 0.49 mM (b) and 0.78 mM (c), respectively. (Reproduced
with permission from [111]. Copyright 2004 The Chemical Society of Japan)
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The presence of Au-Tiopronin also played an important role for promoting
crystal growth of the needle-shaped aragonite on the surface of the func-
tionalized vaterite particles. The presence of Au-Tiopronin in the solution
induced the second nucleation and growth of CaCO;3 crystals on the surface
of the gold nanoparticle-functionalized vaterite particles.

Surface-functionalized vaterite particles with Au-Tiopronin were formed
by increasing the concentration of Au-Tiopronin compared to the product de-
scribed above. The template mineralization was carried out in the presence
of the surface-functionalized vaterite particles. The calcium reactants were
injected via syringe into an aqueous solution in the presence of the surface-
functionalized vaterite particles with the additional Au-Tiopronin. The prod-
uct was isolated after incubation for 1 day. The sea urchin-shaped CaCO3 with
a little rhombohedral calcite was observed by SEM (Fig. 16). From the SEM
images, needle-shaped crystals on the surface of the vaterite particles were
elongated which increasing the amount of the calcium reactants. This process
helps with understanding how to develop the new biomimetic materials and
with the template mineralization mechanism.

6
Conclusions and Outlook

Over the past decade, a considerable amount of work has been carried out
on the mineralization of calcium carbonate in the presence of various or-
ganic templates and additives. This interesting research effort has led to
fundamental developments in areas relating to the biomineralization pro-
cess. Natural inorganic-organic hybrid materials are manufactured through
very complexed multi-step-processes. First, the extracellular macromolecu-
lar substrates are pre-organized for regiospecific nucleation and the subse-
quent development of biominerals with controlled micro-architecture. Sec-
ond, inorganic ions are selectively transported to produce localized high-
concentrations within discrete organized compartments. Third, crystalliza-
tion of inorganic materials is selectively induced at the site of biomineral-
ization. The induction of crystallization occurs by specific matrix. Crystal
morphology, size, polymorph, and orientation are controlled by local condi-
tions and, in particular, the presence of “matrix” proteins or other macro-
molecules. Finally, the crystal growth is determined by the pre-organized
cellular compartments. Most biomineralization studies were focused on the
third stage.

The protein matrix plays a very important role in regulating biomineral
formation. Morphological control can also be accomplished by adsorption of
soluble additives onto specific faces of growing crystals, altering the relative
growth rates of the different crystallographic faces and leading to different
crystal habits. The final crystalline phase arises through a series of steps ini-
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tiated by the formation of an amorphous phase that undergoes subsequent
phase transformations. The multi-step crystallization process on living sys-
tems was supported by the detection of different mineral polymorphs in
natural organisms and subsequent phase transformation. During this trans-
formation, specific proteins or molecules may be secreted at a precise time
and place to control polymorphs and morphologies of minerals. By selectively
interacting with the minerals at different stages during the crystal forming
process, the organisms may choose to manipulate both the polymorph and
the orientation of the mineral to meet specific biological requirements.

These observations of nature have inspired us to find a new mineral-
ization method to develop inorganic-organic hybrid materials. During the
formation of continuous thin films of minerals, several authors have used
a phase-transformation process from an initially deposited amorphous phase
to a crystalline phase. The delay addition method gives a new simple process
for controlling the CaCOs3 crystallization. Three different crystal polymorphs
of CaCOs3 (aragonite, vaterite, and calcite) were selectively induced by chang-
ing the time when the radical initiator was added to a calcium carbonate so-
lution with sodium acrylate. These processes may be similar to the secretion
of specific proteins or molecules during the transformation of biomineraliza-
tion.

Although many exciting and excellent works have been produced on min-
eralization in the presence of various synthetic additives and matrix, the
naturally produced minerals are superior to these artificial products. While
there can be no doubt that these crystal structures are determined by local
conditions in natural systems, the specific biological requirements of the
organisms to manipulate both the polymorph and the orientation of the min-
eral are open to question. These questions are related to the genetic basis
for the diversity and evolution of biominerals. In my opinion, this point may
be clarified during ongoing and continuous efforts in the study of the fun-
damentals of biomineralization. The continuous cooperation of organic and
polymer chemists with inorganic and biochemists is desirable to seek new
concepts and methods for constructing composite materials and crystalline
forms analogous to those produced by nature. I expect that these continuing
and fundamental efforts directed at clarifying the biomineralization process
in nature will lead to the next industrial revolution.
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Abstract Amide NH prelocating in the vicinity of a carboxylic acid group shifts the pK,
of carboxylic acid to a lower value. A carboxylate anion is stabilized by NH---O hy-
drogen bond under hydrophobic conditions. In the case of Ca carboxylate complex, the
decrease of the pK, value increases a formation constant involving the protonation pro-
cess of carboxylic acid. In addition, the NH- - - O hydrogen bond controls the covalent
character of the Ca—O bond for a totally neutral complex that possesses a shortening
Ca -0 bond distance. Both factors contribute to a strong binding of polycarboxylate on
the surface of CaCOj; crystals. The polycarboxylate ligands with a NH---O hydrogen
bond give nanosized vaterite crystals and are located on the surface of the vaterite ag-
glomerate. The deprotonation of some carboxylic acids leads to conformational change in
Asp-X-Gly tripeptides, partially amidated Kemp’s acid and monoamidated maleate. Con-
formational switching between stabilized and activated forms for carboxylate affords an
unusual crystal growth of calcite even if one of the conformers has a strong NH---O
hydrogen bond.

Keywords Ca complexes - Calcium carbonate - NH - - - O hydrogen bond - pK, shift -
Polycarboxylates - Prelocated amide NH

1
Introduction

Biomineralization of inorganic-organic materials is often found in biological
systems [1-9]. Minerals comprise a large, diverse group, of which over 60 are
known including Mg, Si, Ca, Mn, and Fe ions [10]. For example, bone and
teeth, or shell and pearl are composed of Ca(PO4)2(OH), or CaCOs3 crystals,
respectively, in the combination of organic polymer ligands such as proteins,
polysaccharides and lipids. The biomineral structure and the morphology of
CaCO3 minerals have been found to be remarkably diverse. The nacreous
layer of Pinctada fucata pearl oyster is composed of aragonite crystals and
a small amount of proteins; however, other biological CaCO;3 crystals have
been observed to exhibit four morphologies (i.e., calcite, vaterite, aragonite,
and amorphous). The c-axes of aragonite crystals in pearl are aligned in the
same direction [11]. A highly acidic polypeptide having a repeated Gly-Xaa-
Asn fragment (Xaa = Glu, Asp, or Asn), was isolated from the nacreous layer
of Pinctada fucata. This protein is thought to be involved in the controlled
crystallization of the aragonite phase, as schematically shown in Fig. 1 [12].
Coccolithophores cover their cell surface with coccoliths that are composed
of three-dimensionally ordered calcite crystals [13]. An extensively acidic
polysaccharide, the molecular weight of which is about ten thousand, was
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Fig.1 Schematic drawings of a CaCOs/protein composite in nacreous layer of pearl and
b hydroxyapatite/protein composite in bone. CaCO3 and apatite composites are pro-
posed to contain -Gly-Xaa-Asn- (Xaa = Asp, Asn, Glu) and -Asp-Ser(PO3H;)-Ser(PO3H,)-
fragments, respectively

isolated from the coccolith of both Emiliania huxleye [14] and Pleurochrysis
carterae [15].

Bone and teeth are composed of hydroxyapatite crystals [16,17] and the
crystal axis of both is controlled by organic matrices, such as collagens, acidic
peptides and peptide-glucans [18-20]. The acidic peptide is called phosphoryn
and contains repeated Asp-Ser-Ser sequences, of which the Ser residues are to-
tally phosphorylated (Fig. 1) [21]. Similarly, large numbers of Glu, Asp and Ser
residues are found in peptide-glucan and dentin sialoprotein. These proteins
are known to be essential for the calcification of hydroxyapatite crystals [18].

These Ca composites are attractive synthetic targets as an ecological archi-
tecture. The control of biomineralization involves compositional, structural,
morphological, and organizational specificities in the organic phase [22, 23].
For example, a composition containing divalent metal ions affects the poly-
morph [24]. The structural specificity is often observed depending on the
kind of organisms that utilize CaCOj to restrict the crystal polymorph. Mor-
phological specificity is demonstrated in the specific habits of particles of in-
organic materials in many organisms, e.g. pearl oyster. The extracted biopoly-
mer causes the nucleation and growth of aragonite on calcite seed crys-
tals [25]. Organization specificity is realized by the remarkable macrostruc-
tures produced by biomineralization, such as bone and shell. The organic
macromolecular matrix is packed into the mineralization space. The or-
ganization and surface chemical properties of the macromolecular matrix
contribute to the site-directed nucleation and mineral growth. Biopolymer
ligands involved in the biominerals have been thought to bind strongly to the
edge of inorganic crystals, although some organic matrices control both the
mineralization and the Ca-dissociation of the crystals [5].

In general, the crystallization process removes the small amount of impu-
rity in the system from the pure inorganic crystals. However, the biopolymer
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ligands are tightly ligated to the crystals to form organic-inorganic compos-
ites. Thus, the property characteristics of the strongly binding polycarboxy-
late to the surface of CaCO3 seem to be crucial for biomineralization, accom-
panied by a carboxylate-orientated polymer matrix fixed to the crystal lattice.
Many reviews have discussed how matrices control polymorphs during min-
eralization [26-31]. In addition, coordination information on synthetic Ca
carboxylate complexes is important for the elucidation of the Ca — O bond on
the surface of Ca biominerals.

These polymer ligands also play a significant role in the dissociation of
the Ca(II) ion from CaCOs3 crystals in some biological systems. For example,
crayfish store calcium ions in the stomach as amorphous CaCO3, called gas-
troliths, just before their ecdysis. After ecdysis the stored CaCOs is trans-
ferred to the exoskeletons for reinforcement. Gastroliths contain chitins and
proteins, which have Glu-rich [32,33] and Gly-Ser-X-X-Phe peptide frag-
ments [34]. The extended X-ray absorption fine structure analysis of lobster
carapaces and cystolith-bearing plants indicates that the Ca site of amorph-
ous CaCOj3 is unsymmetrically surrounded by six oxygen atoms [35]. The
organic matrix seems to be involved in the regulation of Ca ion transport.
The special polymer matrix and Mg(II) in the ascidian ion contribute to the
stabilization of the intrinsically unstable amorphous CaCOj3 [36]. Similar phe-
nomena are also observed in bone and were reported in the presence of an
inhibitor protein during the mineralization of hydroxyapatite [18]. Biopoly-
mer ligands play a crucial role in both mineralization and demineralization,
albeit with opposite functions.

Although intensive efforts have been devoted to elucidating the correla-
tion between the function and the structure of natural protein ligands, only
a few studies have been conducted in this area because of the difficulty asso-
ciated with analyzing biopolymer ligands in insoluble biominerals. Statherin
is a multifunctional protein composed of 43 amino acid residues, inhibits the
primary and secondary precipitation of hydroxyapatite in saliva and serves
as a boundary lubricant [37]. The acidic N-terminal region of statherin is es-
sential for its binding to hydroxyapatite [38]. A T1, measurement has been
performed to analyze the main chain carbonyl groups in the 15-amino acid
peptide of the N-terminus on binding to hydroxyapatite [39-41]. The binding
region in the N-terminus gives a rigid dynamic and the following «-helical
domain displays increased dynamics, indicating that the acidic region is in-
volved in the binding of statherin to the hydroxyapatite. The regulation of
mineralization is presumably associated with the conformational changes oc-
curring in the biopolymer; however, there is a lack of detailed information
about the structure of the biomineralizing protein.

To investigate the role of the polymer ligand and CaCOj3 for biominer-
alization, studies have examined several important areas, including calcina-
tions by biopolymers, the construction of an organic-inorganic composite
as a nanomaterial, the restriction of morphology upon CaCOj3 crystalliza-
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tion, and the binding properties of polymer ligand on the surface of CaCOs
crystals. In this review, we focus on the strong Ca-binding on the surface
of CaCOs/polycarboxylate composite by emphasizing the function of the in-
tramolecular NH - - - O hydrogen bond between the neighboring amide NH
and the carboxylate oxyanion in the synthetic polymer ligands. In addition,
a relationship between the restriction of the morphology of CaCO3 crys-
tallization and its strong binding has been studied using various types of
synthetic polymer ligands containing carboxylate groups.

The chemical functions of the intramolecular NH - - - S hydrogen bonds
between thiolate and neighboring amide NH have been elucidated using
simple thiolate and Cys-containing peptide complexes. The hydrogen bond
has several clear functions because the thiolate sulfur pm orbital lobe is re-
markably large compared with that of carboxylate oxygen. The presence of
the NH - - - S hydrogen bond in mononuclear thiolate-metal complexes in-
cluding Cu(I) [42], Mo(IV) [43], Cd(II), Fe(II) [44], and Co(II) ions [45],
decreases the M — S bond distances when compared with those of the corres-
ponding thiophenolate complexes without the hydrogen bond. For example,
a Co(II)-thiolate complex has a tetrahedral structure with strong intramolec-
ular NH---S hydrogen bonds (Fig.2a). The Cd—-S bond distance exhib-
ited in [CdY(S-t-BuCONHCgH4)4]? exhibits a short Cd—S bond distance,
compared with that of [Cd(S— C¢Hs)4]>. The NH---S hydrogen bond de-
creases the sulfur pm electron density in the highest occupied molecular
orbital (HOMO) to weaken the related Cd — S antibonding pm-dr interac-
tion (Fig. 2b). Because of similarities in their electronegativities, the cova-
lency in Mo — Se of [Mo!VO(Se-2-t-BuCONHCgH4)4]* was found to have the
same Mo — X distance as that of [Mo!YO(S-2-t-BuCONHCgH4)4]%". A clear
COSY cross-peak is observed in the 77Se - 'H COSY spectrum with 5.4 Hz for
J(”’Se - 'H). The covalency is approximately 10% of the Se — H single bond in
CH3SeH (J(7’Se - 'H), 41.7 Hz) (Okamura et al., personal communication).

a) b)
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o) H H. \ o
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7( antibonding

(M =Co, Fe, Cd)

Fig.2 Molecular structure of a [MI(S---BuCONHCgH4)4]*>~ (M = Co, Fe, Cd) with in-
tramolecular NH - - - S hydrogen bond and b antibonding interaction of Cd-S in HOMO
of [CdY(S-t-BuCONHCgH4)4]%" affected by amide NH
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In contrast, the Fe— S bond distance in P450 model porphyrin complexes
elongates in the presence of the NH - - - S hydrogen bond as well as that ob-
served in a similar Ga(III) complex [46,47]. Thus, the NH---S hydrogen
bond controls the properties of the M —S bond, which affects the reactivity
of a trans-coordinating substrate through trans-influence [48]. This type of
regulation is important in terms of its effect on the stabilization and activa-
tion of the metal center in metalloproteins, metalloenzymes, and their model
complexes. In the transition-metal complexes, the NH - - - S hydrogen bond
shifts the redox potential toward the positive side [43, 46,49, 50]. The pres-
ence of the hydrogen bond leads to the easy reduction of these electron-rich
metal-thiolate complexes by a mild reductant.

Furthermore, P450 porphinate model complexes with cysteine-containing
o-helical peptide have shown that properties of Fe — S bonds can be regulated
by the NH - - - S bonds supported by the hairpin turn conformation and the
following NH - - - O = C hydrogen bond networks in the helix [51].

Hydrogen bonds affect metal-oxygen bonds as well as the metal-thiolate
complexes [52]. The NH - - - O hydrogen bond, which is similar to the above-
mentioned NH - - - S hydrogen bond, has been found in metal complexes of
phenolate with neighboring amide groups. An X-ray crystallographic analy-
sis of beef liver catalase indicates that the axial ligand of heme is a tyro-
sine phenolate and that the axially ligated oxygen of the tyrosine residue
has double NH - - - O hydrogen bonds with a neighboring arginine residue
fixed by hydrogen bonding networks [53, 54], although the function is not
clear. The crystal structures of [Fem(TPP){O—2,6—(CF3CONH)2C6H3}] (TPP
= teraphenylporphinato) and [Fel'l(TPP)(0-2-CF3CONHCgH,)], which were
synthesized as models of catalase, predict the presence of NH- - - O hydrogen
that contribute to the positive shift of the redox potential in Fe(III)/Fe(II).
In this case, the Fe — O bond distance of [Fe!'(TPP)(0-2-CF3CONHCgH,)] is
similar to that of [Fe!!!(TPP)(OPh)] [52]. OEP-Fe(IIl) complexes (OEP = oc-
taethylporphinato) with these ligands at the axial position, [Fe!'!'(OEP)(0-2-
CF3CONHCgH,)], [Fe(OEP)(0-2,6-(CF3CONH),CgH3)], [Fe'(OEP)(OPh)]
and [Fe'(OEP)(0-2,6-(i-Pr),CsHs3)], were synthesized, as compared with
the corresponding TPP-Fe(III) complexes [55]. The NH - - - O hydrogen bond
elongates the Fe — O bond distances and widens the Fe — O — C bond angles
when compared with those in [Fe'''(OEP)(OPh)] without the hydrogen bond.
The perturbation caused by the hydrogen bond towards the sulfur atom,
which is presumably associated with a bonding Fe — O HOMO, weakens the
Fe — O bond with the decrease of dr-pm overlap.

The formation and the dissociation of calcium-oxygen bonds are known
to be precisely controlled by calcium-binding proteins participating in the
regulation of Ca concentrations in the biological system. For example, tro-
ponin C is involved in muscle contraction and the calcium-binding site is
located in the loop region of the EF-hand structure [56]. Aspartate and glu-
tamate residues are observed to bind to calcium ion and the oxygen atoms of
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Fig.3 Structures of a Ca-binding site in troponin C and b Ca center of mammalian
phosphoinositide

these residues almost form hydrogen bonds with the main chain amide NHs
(Fig. 3a). Similarly, NH - - - O hydrogen bonds are often found in phosphate
or sulfate groups coordinating to metal ions in metalloproteins. In the active
site of mammalian phosphoinositide-specific phospholipase C, the phosphate
groups coordinating to Ca ion have several NH - - - O hydrogen bonds with
surrounding peptide NHs (Fig. 3b) [57]. The phosphate group coordinating
to adjacent Ca ions in deoxyribonuclease I also forms hydrogen bonds with
His NHs [58, 59].

Sulfonate anion interacts with metal ions in biological proteins, and the
sulfonate oxygen often forms NH - - - O hydrogen bonds [60]. In arylsulfatase
B proteins, the sulfate anion is tightly bound, primarily by seven hydrogen
bonds; five of which are donated by the main chain NH groups [61, 62]. The
results obtained from various mutations of these proteins suggest that the
NH - - - O hydrogen bonds to the coordinating oxo acid groups are function-
ally essential, especially as a hydrogen bond network. The hydrogen bond
network contributes to the rigid folding of the protein chain.

2
pKa Shift by Neighboring Amide NH Through a Hydrogen Bond

Thiol, phenol, phosphate monoanion and carboxylate exist as acids under
hydrophobic and neutral conditions. Their deprotonated anion states coordi-
nate to metal ions. The extent of this deprotonation depends on the pK, value
of these acids, because their deprotonation competes with that of coexisting
water.

The functional role of the NH - - - O hydrogen bonds on the pK, shift was
examined in an aqueous micellar solution using bulky thiol, phenol [63], and
carboxylic acid derivatives [64]. In general, pK, values are obtained in an
aqueous solution. However, using an aqueous micellar solution allows us to



162 N. Ueyama et al.

measure pK, values even under the hydrophobic conditions, which can main-
tain intramolecular NH - - - O hydrogen bonds accompanied by an adequate
rapid rate of proton transfer. Intramolecularly prelocated amide NH shifts the
pKa values of these acids. Singly and doubly hydrogen-bonded benzenethiol,
phenol and benzoic acid derivatives show a clear pK; shift. The difference
in pK, values between 2-acylamino benzoic acid and 2,4,6-trimethyl benzoic
acid is caused by the presence of neighboring amide NH rather than the sta-
bilization of the anion state with hydrogen bonds.

3
Increase of Formation Constant by pK, Shift

The pK, value reflects the formation and dissociation constants of metal-
carboxylate bonds. The dissociation is prevented by the presence of NH - - - O
hydrogen bonds of coordinating carboxylate because the NH - - - O hydrogen
bonds lower the pK, value of the corresponding carboxylic acid [65-67]. The
hydrogen bonds toward the coordinating oxygen or sulfur atom of pheno-
late [63] or thiolate have a similar function with each other [43, 68].

The conventional formation constant K, as shown in Eq. 1, is the most
widely accepted one for the scale determining the strength of Ca-ligand bind-
ing as shown in Fig. 4a. This equilibrium is true only under the assumption
that a carboxylate anion interacts with one Ca** ion. The strength of Ca—O
bonds in Ca complexes was examined using a competitive ligand exchange
reaction between Ca-carboxylate and carboxylic acid [69]. During the synthe-
sis of hydrogen-bonded Ca complexes, an NH - - - O hydrogen-bonded benzoic
acid extracts Ca ion from a Ca complex of nonsubstituted benzoate. As shown
in Fig. 4b, the most appropriate index for measuring the strength of the weak
acid-metal interaction involving a deprotonation process is the formation
constant, Ky, (defined in Egs. 2 and 3).

_ [Ca(OCOAr)*]

~ [Ca]* [ArCOO] )

[Ca(OCOAT)*] [H]

Kip =
"7 [Ca?*] [ArCOOH]

| [ca(ocoar)*] | [ [H*][ArcOO7]
| [ca?*] [ArCOOT] { [ArCOOH] }

=K x K, (2)

log Ky =logK - pK, . (3)
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Fig.4 a Conventional complex formation constant (K) between deprotonated carboxylate
and Ca ion and b the alternative complex formation constant (Kg1,) including a high en-
ergy barrier in deprotonation process

The stabilization of the metal-oxygen bond by the NH - - - O hydrogen bond
was established for a Tb(III) complex, the ionic radius of which is simi-
lar to that of Ca(II) [70]. A Tb(III) complex of 2,6-bis(acetylamino)benzoate
exhibits a higher emission intensity than that of nonsubstituted benzoate
in aqueous solution. Generally, the Tb>" ion exists as an aqua complex,
[Tb(OH,)9]%", in the absence of anion ligands [71,72]. These coordinated
water molecules serve as efficient quenchers of the intrinsic Tb(III) lumines-
cence; the emission intensity of an aqueous terbium solution is normally very
weak under these conditions. In the presence of 2,6-bis(acetylamino)benzoate
ligand, the carboxylate ligand forms the stable Tb(III) complex assisted
by a NH---O hydrogen bond and displaces water molecules. The forma-
tion of the NH - - - O hydrogen bond stabilizes the metal-oxygen bond that
is protected from dissociation by hydrolysis. Thus, the NH---O hydro-
gen bond contributes to the strong binding of an anion ligand to the
Ca ion.

Various metal complexes of carboxylate with intramolecular NH - - - O hy-
drogen bonds can be readily synthesized [65, 67]. The carboxylate ligand with
the hydrogen bond promotes a ligand exchange reaction as shown in Eq. 4,
which proceeds quantitatively because of the difference in pK; value between
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the two carboxylic acids.
M(OCO - 2,4,6 - "Pr;Ph,(OH;)4_, + ArCOOH —
MI(OCOAr),(OH3)sp + 2,4, 6 - 'PrPhCOOH

(M = Ca, Zn, Cd; Ar = 2,6-(¢+-BuCONH),CsH3CO0"7) . (4)

Thus, Ca— O bonds between biominerals and biopolymers can also be con-
trolled by the hydrogen bond networks that are formed with polypeptides.
Regulation of Ca — O bonds in biomineral systems is assumed to be achieved
by transforming the peptide structure that is correlated with rearrangement
of the hydrogen bond network. A series of Ca complexes with oxo acids,
such as phosphate, sulfonate, and carboxylate ligands, that possess strategi-
cally oriented bulky amide groups have been studied to elucidate the roles of
NH - - - O hydrogen bonds as models of the networks (Onoda et al., personal
communication) [73]. Novel analogues with the hydrogen bonding networks
in calcium clusters with designed bulky amide ligands were synthesized to
investigate the transformation of the calcium clusters cooperating with the
reorganization of the hydrogen bonding networks [74].

4
Partially Covalent Ca - 0 Bond in Carboxylate
and Phosphate Ca(ll) Complexes

Various Ca(II) complexes with carboxylates have been synthesized and crys-
tallographically characterized [75]. Three modes are most commonly ob-
served for these complexes; the unidentate mode, the bidentate mode, and the
anti-mode. In the unidentate mode, the Ca ion interacts with only one of the
two O atoms of the carboxylate group. The coordinating atom is a carboxy-
late oxyanion rather than the carbonyl O atom. In the bidentate mode, the two
O atoms of the carboxylate chelates to one Ca ion. In the anti-mode, the Ca
complex is chelated between one of the carboxylate O atoms and a neighbor-
ing atom. Furthermore, the anti-mode is involved in a polynuclear mode with
the O atom of the carboxylate forming a bridge between two Ca ions.

The difference between the unidentate and bidentate modes is based on the
type of Ca — O — C angle. The bidentate complexes display an acute Ca— O —C
angle in the range of 80° ~ 100° whereas the unidentate complexes exhibit
a relatively obtuse angle in the range of 110° ~ 180°. A relationship between
the Ca—O bond distances and the Ca — O - C angles has been reported for
various carboxylate Ca complexes as illustrated in Fig. 5a [75]. The average
Ca - O bond distance is 2.38 A, within 2.3 ~ 2.5 A. We reported a similar re-
lationship between Ca — O bond distances and Ca — O — P angles in various Ca
complexes with O,POR, O,P(OH)R, O3PR, O,P(OH)R ligands (Fig. 5b) (On-
oda et al., personal communication). Both scatter plots indicate a tendency
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Fig.5 Scatter plots of Ca—O bond distances against Ca— O — P bond angles in various
a Ca(II)-carboxylate [138] and b Ca(II)-phosphate complexes [85,95,110-113, 139]. The
circles and squares refer to unidentate and bidentate modes, respectively

for the Ca — O distance to be shorter when the Ca—O—-C and Ca— O—P an-
gles become larger, thus showing a roughly collinear relationship. It is likely
that the shortness of Ca — O bond distance, accompanied by an increase in the
Ca—0-Cor Ca—O-P angle, is attributed to the -interaction between the
dr or prm-orbitals of Ca(II) and the pm-orbitals of the oxygen atoms in the
Ca — O bond. Therefore, the Ca — O bond in the carboxylate and phosphate Ca
complexes is believed to have a somewhat covalent character.

A tetrakis carboxylate anion Ca complex, [Ca{OCO-2,6-(-BuCONH),
C6H3}4]2‘, exhibits a regular Ca—O bond distance of 2.4 A and an acute
Ca—-0-C angle with a bidentate mode (Fig. 6a). Thus, a totally anionic
Ca complex has a relatively long Ca—O bond distance, presumably with
a weak Ca— O bond due to a typical cationic bond character. On the other
hand, a neutral Ca(II) complex, Ca{OCO-2,6-(CH3CONH),C¢H3 },(H,0),
exhibits a relatively shorter Ca — O bond distance of 2.278(2) A with an ob-
tuse Ca— O —C angle of 164.4(2)° in a unidentate mode (Fig. 6b). A the-
oretical analysis of the relationship between Ca— O bond distance and the
Ca—0-C angle was carried out using ab initio molecular orbital calcula-
tions that took into consideration the d orbital (RHF/6-311+G** base set for
Ca, RHF/6-311++G™* for C, H, N, and O). The results indicate that an ob-
tuse Ca — O — C angle increases the d-orbital occupation number in Ca(II) to
form a bonding prr-dm interaction with oxygen pm (Onoda et al.,, personal
communication). Figure 6c,d illustrates the HOMO calculated for a neu-
tral model complex, [Ca(O,CCH = CHNHCOCHj3),(CH3CONH;),(0OH3);].
A clear bonding interaction of pr-dr in the Ca— O bond is observed; how-
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Fig.6 Molecular structures of a [Ca'{0,C- CsH3-2,6-(NHCO-t-Bu), }4]*>~ and
b Ca'{0C0-2,6-(CH; CONH),CsHj },(H,0),. Effect of the hydrogen bonds on ¢ HOMO
in [Ca'{0,C-CsH3-2,6-(NHCO-t-Bu), }4]*~ and d HOMO in Ca’{0CO-2,6-(CH3CONH),
CeHs}2(H20),

ever, an anion complex, [Ca(O,CCH = CHNHCOCH3)4], does not have any
pr—drm interaction in the HOMO. The NH - - - O hydrogen bond increases the
bonding orbital in the Ca— O bond. It is emphasized that a neutral Ca com-
plex has a shorter Ca — O bond distance, which corresponds to a strong Ca — O
bond. A carboxylate ligand adopts two types of NH - - - O hydrogen bonds,
which compete with each other depending on the strength of the oxyanion
charge. The covalent character of the Ca— O bond in the neutral complex,
Ca{0CO0-2,6-(CH3CONH),CsHj3 }2(H,0),, also supports the strong binding
of the carboxylate ligand to the Ca ion.

5
Weak NH - - - 0 Hydrogen Bond in Sulfonate Ca(ll) Complexes

Sulfonate Ca(II) complexes demonstrate a common ionic Ca — O bond charac-
ter but do not display a correlation between Ca — O bond strength and oxyan-
ion basicity. Intermolecular NH - - - O hydrogen bonds to the sulfonate oxygen
has been studied in the solid state and in solution [76-80]. The crystal struc-
ture of benzene sulfonate derivatives containing an amino group indicated the
presence of intermolecular NH - - - O hydrogen bonds from the ammonium
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Fig.7 Molecular structures of a (PPhy)(SO3-2-t-BuCONHCgH,) and b [Ca,(SO3-2-t-
BuCONHC¢Hy), (H20)4]Z_

NH to the sulfonate oxygen. This kind of intermolecular NH - - - O hydrogen
bond from the ammonium NH has often been used in crystal engineering.
The molecular recognition between the sulfonate derivatives and the amide-
containing acceptors has been discussed in terms of their binding constants
during the formation of intermolecular NH - - - O hydrogen bonds [81, 82]. In-
tramolecular NH - - - O hydrogen bonds to the sulfonate oxygen, which have
a low pK, value, were studied using 2-acylaminobenzene sulfonic acid with
the amide NH near the SOsH group.

As supported by IR and 'H NMR analyses, the molecular structures of
the novel intramolecular NH - - - O hydrogen-bonded Ca arylsulfonate com-
plex, [Cay(SO3-2-t-BuCONHCgH4),(H0)4],(2-t-BuCONHCgH4SO3),,; the
sulfonate anion, (HNEt3)(SO3-2-t-BuCONHCgH,), (PPh4)(SO3-2-t-BuCONH
CeHy), (n-BugN)(SO3-2-t-BuCONHCgH,); and sulfonic acid, 2-t-BuCONHCg
H4SO3H, depict the presence of the formation of intramolecular NH - - - O hy-
drogen bonds between the amide NH and S — O, both in the solid state and
in solution [73]. Sulfonic acid and the sulfonate anion and its Ca complex
have a substantially weak (electrostatic) intramolecular NH - - - O hydrogen
bond between the sulfonate oxygen and the amide NH. Compared with
the structure of the sulfonate anion, (PPh4)(SO3-2-t-BuCONHC¢Hy,) (Fig. 7),
the amide NH in [Ca;(SO3-2-t-BuCONHCgH4),(H20)4],,(2-t-BuCONHCgH4
S0O3)2y, is not directed to one of the two sulfonate oxygen atoms but is located
in the middle of two oxygen atoms (Fig. 7). It is likely that a weak NH - - - O
hydrogen bond between the amide NH and the sulfonate oxygen is formed
due to the strong conjugation of the sulfonate group, which results in lowering
the basicity of the oxyanion. In this case, the Ca — O bond possesses an ionic
character.

6
Strong NH - - - 0 Hydrogen Bond in Carboxylate Ca(ll) Complexes

The amide NH 'H NMR signals of an amide-derived benzoic acid ligand,
2,6-(t-BuCONH),C¢H3COOH, its anion form, (NEts){2,6-(¢-BuCONH),Cs
H3COO0}, and its Ca complex, (NEt)4[Ca'{ 0CO-CsHj3-2,-6-(NHCO-t-Bu); }4]



168 N. Ueyama et al.

monitor the strength of their NH - - - O hydrogen bonds in acetonitrile-ds so-
lution. The amide NH 'H signals of the carboxylate anion show a large shift
of 2.25 ppm from that of the carboxylic acid, whereas the Ca complex exhibits
a relatively large shift of 1.88 ppm. These findings indicate that the NH---O
hydrogen bond between the amide NH and the carboxylate oxygen in the Ca
complex is strong but that of the carboxylate anion form is weaker.

The behavior of the amide NH signals in acid and in anion states are abso-
lutely different between sulfonic acid and benzoic acid, which have different
pKa values. The ability to form a hydrogen bond has been thought to be cor-
related with the basicity of the oxyanion which can be evaluated by using
a 'H NMR shift of the amide NH group as a diagnostic tool. The downfield
shifts related to the deprotonation of sulfonic acid and carboxylic acid are
0.61 and 2.25 ppm, respectively. The large shift in the carboxylate anion form
indicates that it has a significant ability to form a strong hydrogen bond,
whereas the sulfonate anion is a weak hydrogen-bond acceptor due to the
stronger conjugation in the sulfate anion. Carboxylic acid groups have rela-
tively high pK, values compared to those of sulfonic acid groups, and the
charge is more localized in RCO;~ than in RSO3~, thus making the carboxy-
late anion the stronger hydrogen-bond acceptor. The strength of each hydro-
gen bond in carboxylate, phosphate and sulfonate is represented in Fig. 8.

The ability of a hydrogen-bond acceptor of the oxyanion changes with Ca(II)
coordination. The shift of the amide NH signals in the free anion and in the
Ca complex results in a difference between the RSO3~ and RCO,". The down-
field shift corresponds to the coordination of the Ca ion in RSO3~ and is
0.07 ppm, whereas that in RCO,~ is 1.45 ppm. The NH - - - O hydrogen bonds
in the carboxylate anion in (NEts){2,6-(t-BuCONH),C¢H3COO} are much
stronger than those in the Ca carboxylate complex, (NEt)4[CaH{OCO—C6H3—
2,-6-(NHCO-#-Bu); }4]. The strengths of the NH - - - O hydrogen bond in the
sulfonate anion and in the Ca sulfonate complex are not substantially differ-
ent. The decrease in the oxyanion basicity of the NH - - - O hydrogen bond in
the Ca carboxylate complex is presumably caused by a charge transfer from the
coordinated oxygen atom to the Ca ions. In contrast, RSO3, which is a stable
anion with strong conjugation, has fewer charge transfers occurring from the
O(O - S) atoms to the Ca ions. The charge transfer from the oxyanion ligand to
Ca(II) is associated with the pr-dx interaction in the Ca — O bond.

The difference in the Ca— O bond between the carboxylate and the sul-
fonate Ca complexes is related to the regulatory properties of the NH---O
hydrogen bonds. It has been proposed that the NH - - - O hydrogen bonds to
the coordinated oxygen atoms can regulate the Ca— O bond by preventing
the Ca— O bonds from dissociating as a result of a ligand exchange reaction
caused by the lowering pK, value of the ligands [52, 65]. The 'H NMR results
for the carboxylate Ca complexes indicate that the NH - - - O hydrogen bonds
can decrease the basicity of the oxyanion which is correlated with the charge
transfer from RCOO" to Ca ions.
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The NH - - - O hydrogen bonds are weakly formed not only in the sul-
fonic acid state but also in the Ca sulfonate complex as described above.
When comparing these two states, the difference in the strength of ionic
Ca — O(sulfonate) bond character with the NH - - - O hydrogen bonds is con-
sidered minimal. Therefore, regulating the Ca— O bond character with the
NH - - - O hydrogen bond is not available in the case of the highly ionic Ca— O
bonds with sulfonate because of the strong delocalization occurring in RSO3™.

Thus, carboxylate and phosphate monoanion, which have a higher degree
of basicity, possess hydrogen bonds with properties that differ from those
found in sulfonate. A systematic investigation of the properties of the hydro-
gen bonds reveals that strong NH - - - O hydrogen bonds are formed only with
O atoms of high basicity that coordinate to the metal ions.

7
Structural Transformation by Rearrangement of Hydrogen Bond Networks

All of the reported homoleptic Ca-carboxylate [83-93], phosphate [94-102]
and sulfonate complexes [103-106] have polymeric structures. A correlation
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between the Ca — O bond and the NH - - - O hydrogen bonds can be discussed
only in terms of the mononuclear structure of Ca complexes, because the
Ca — O bond properties, including a bridging O atom, cannot be evaluated for
the oxyanion basicity. Bulky carboxylate ligands enforcing the formation of
a mononuclear core have been designed. The bulky amide group in the ligand
works as a neutral hydrogen bond donor to regulate the strength of hydrogen
bonding as precisely detected by 'H NMR and IR spectroscopy.

Various polynuclear phosphate metal complexes with mainly intermole-
cular hydrogen bonds have provided a fascinating insight into the design of
solid-state materials [100, 107, 108]. These Ca(II) phosphate complexes have
been studied in terms of their biological relevance, especially understand-
ing the biomineralization of Ca(II) phosphate materials, such as bone and
teeth [18-20]. Many synthetic metal phosphate complexes with small ligands
are known to have an open-framework structure, and then intermolecular
hydrogen bonding networks contribute to the development of a variety of
metal phosphate complexes as applied for ion exchange and catalyst [100,
107,109]. For example, Ca(II) complexes with phosphate, ROPO;2~, and
phosphonate ligands, RPO3%, such as Ca(O3POCH,CH,;NH3), have a one-
dimensional structure [110,111] and the others, such as Ca(O3;PMe), have
layered structures [112, 113]. These small ligands predominantly form poly-
meric structures.

Extremely bulky and less bulky amide ligands can control the coordination
geometry. Actually, a phosphate monoanion complex, (NMey) [Call {O,P(OH)
OCgHj3-2,6-(NHCOCPh3); }3(N = CMe)s], and a phosphate dianion complex,
[Ca'{03POCsH;3-2,6-(NHCOCPh;);, } (H,0)3(MeOH),], which have an ex-
tremely bulky triphenylacylamino group, are forced to form a mononuclear
Ca(II) core because of steric congestion (Fig. 9). NH---O hydrogen bonds
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Fig.9 Molecular structures of a (NMey)[Ca'{0,P(OH)OCsH;-2,6-(NHCOCPh;),}3
(N=CMe);] and b a phosphate dianion, [Ca"{03POCsH3-2,6-(NHCOCPh;),}(H,0)s
(MeOH)z]



Intramolecularly Hydrogen-Bonded Polycarboxylate 171

are not formed in the phosphoric acid state, whereas the hydrogen bond is
formed strongly in the monoanion state, and becomes very strong in the
phosphate dianion state.

Less bulky ligands are able to restrict the coordination mode to the side of
the Ca cluster. A less-bulky phosphoric acid, 2,6-(PhCONH),C¢H30PO3Hj;,
gives three novel polynuclear Ca(II)- and Na(I)-phosphate complexes [74].
One is a zigzag-chain Ca cluster, [Ca'l{03POCgH;-2,6-(NHCOPh), } (H,0)4
(EtOH)],, another a cyclic octanuclear form, [Cag{O3POC6H3-2,6-
(NHCOPh), }3(0O = CHNMe;,)s(H,0)12], and the last a hexanuclear com-
plex, (NHEt3)[Na3{O3POC6H3-2,6-(NHCOPh)2}2(HzO)(MeOH)7]. The Ccrys-
tallographic structures reveal that all have an unsymmetric ligand position
because of the presence of the less bulky amide groups. The dynamic trans-
formation of the zigzag chain Ca structure to the cyclic octanuclear Ca
complex is induced by the addition of N,N-dimethylformamide (DMF) due
to the coordination of DMF molecules (Fig. 10) [74]. This transformation
is accompanied by a reorganization of the intermolecularly and intramolec-
ularly hydrogen bonded networks. The DMF coordination breaks one of
the hydrogen bonds, which results in the rearrangement of the network
(Fig. 10).

The zigzag chain Ca cluster, the cyclic octanuclear Ca(II) complex and the
hexanuclear Na(I) phosphate complex have unusual coordination geometry
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Fig.11 A schematic representation of a a one-dimensional structure of reported sim-
ple phosphate Ca complexes, b a zigzag structure of less bulky phosphate Ca complex,
¢ a cyclic octanuclear structure of the same less bulky phosphate Ca complex, d a hex-
anuclear structure of the less bulky phosphate Na(I) complex, and e a mononuclear
structure of an extremely bulky phosphate Ca complex with unsymmetric ligand coordi-
nation. White and black boxes represent organic phosphate and other ligands (water and
methanol), respectively. Circle refers to metal ion

with the hydrogen bond networks. Simple phosphate ligands also produce
a polymeric Na cluster. Fig. 11 shows the schematic representation of various
phosphate complexes.

Similarly, biopolymer and synthetic polymer ligands successively con-
nected as the less-bulky phosphate and carboxylate ligands can precisely
coordinate to the surface of Ca clusters, calcium carbonate or hydroxyapatite.
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8
Ca Cluster with Synthetic Chelating Ligand

Orientation in the coordination of polycarboxylate and polyphosphate lig-
ands to the one side of Ca clusters is important for biomineralization. The
complexation advance by two less bulky ligands connected with a spacer was
examined as models of Ca-cluster binding proteins. A dinuclear calcium-
binding site was observed in thermolysin, as confirmed by crystallographic
analysis [114], which also revealed the binding sites of two other calcium ions
and one zinc ion. A similar dinuclear Ca site was proposed for the C2 domain
of protein kinase C [115]. Three carboxylate ligands bridge between the two
calcium ions in the dinuclear calcium site, which consists of 8-coordinated
and 6-coordinated Ca ions. This dinuclear calcium-binding site has been dis-
cussed as a cooperative coordination of the two metal ions [116].

In calcium-binding proteins, hydrogen bond networks have often been
found between the carboxylate oxygen atom and the main chain amide NH.
Hydrogen bonding networks are believed to play a role in enabling the fixa-
tion of the carboxylate ligand orientation and in maintaining a suitable main
chain conformation in the calcium-binding loop. Synthetic Ca carboxylate
complexes revealed that the NH---O hydrogen bond protects the metal-
carboxylate bond from dissociation with water due to the shift of pK; of the
conjugated carboxylic acid.

A synthetic dinuclear calcium model complex, [Ca,{(2-OCO-3-CH3C¢H3
NHCO),C(CH3); }2(CH30H)s], was synthesized as a structural model of 8-
coordinated Ca ions in the double calcium-binding site of thermolysin [65].
The complex has four NH---O hydrogen bonds between the amide NH
and the carboxylate oxyanion (Fig. 12). Two types of bridging coordination
of the carboxylate ligand to Ca(II) were found in the Ca(II) dimer com-
plex. Of the two carboxylate oxygen atoms, the amide NH forms a strong
NH - --O hydrogen bond with the anionic one. The ligand exchange reac-
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HaC N c/(c"h CH, MeOHECa \ //HOMe
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o 0
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Fig.12 Molecular structure of a dicarboxylate ligand and b dinuclear Ca complex,
[Cay{(2-0CO-3-CH;3CsH3NHCO),C(CH3); }»(CH3 OH)s]
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tion between the dinuclear calcium complex and eight equimolar amounts of
2,4,6-trimethylbenzoic acid or 2-CH3-6-t-BuCONHCgH3COOH indicates that
the NH - - - O hydrogen bond prevents the dissociation of the Ca — O bond. Al-
though the COO plane is twisted from the benzene ring, the amide NH is
directed toward one of the carboxylate oxygen atoms to form an NH - - - O hy-
drogen bond. The combined data indicate that a strong NH - --O hydrogen
bond is formed between the amide NH and the C— O~ anion oxygen. The
coordination of six methanol molecules outside the dinuclear site suggests
a convergence of these water molecules in this type of Ca-binding complex
by these bulky ligands. The chelating dicarboxylate ligand predominantly
forms a neutral or anionic Ca complex in the presence of an anionic ligand
by the extraction of the Ca ion from the surface of the CaCO3 crystals in
methanol/water. This reaction proceeds as follows (Eq. 5).

2CaCO3 + 2 [2-COOH-3-CH3C6H3NHCO]2 C(CH3)2]2] + 6CH30H
— [Cay{(2-0CO-3-CH3CsH3NHCO),C(CH3), },(CH30H)g]
+ CO, +2H,0 (5)

9
CaC03/Polycarboxylate Composites as Models of Biominerals

The environments around the Ca ion on the surface of CaCO3; and hydrox-
yapatite crystals are quite unusual; however, pure crystals are still thought to
contain some coordinated water molecules to compensate the charge. When
one carboxylate coordinates to a Ca ion at the edge of a crystal, the neu-
tral charge is still maintained because the twitter cation cannot exist on the
surface.

A strategy for the synthesis of inorganic-organic materials has been
adopted for the construction of micro crystals connected with a polymer
ligand (e.g., a pearl brick). Various kinds of synthetic polymers and bio-
polymers possessing acidic substituents have also been examined as models
of biominerals. Biopolymers with repeating oriented acidic groups seem to
regulate the nucleation and growth of hierarchical nano-structures of the in-
organic crystals of CaCO3 and of the Ca(PO4);(OH); biominerals [3-7, 9].

Various artificial complexations consisting of synthetic polycarboxylates
and peptides have been investigated as models of biomineralization. Exam-
ples of these synthetic polycarboxylates and peptides include the following
ligands: poly(acrylate), poly(Glu) or poly(Asp) [117]; a stearic acid mono-
layer [9]; glycoproteins [118]; chitin fibers [119]; a porphyrin-template mono-
layer [120]; mercaptophenol-protected gold colloids [121]; dendrimer [28];
and chiral poly(isocyanide) [122]. These ligands have been thought to con-
trol the polymorph identified, as analyzed by IR or microscopy. The oriented
crystallization of calcite, aragonite and vaterite has been demonstrated using
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a cross-linked collagenous matrix that includes poly(Asp) or poly(Glu) [123].
A matrix consisting of poly(acrylate) and cellulose has been used to form
a CaCO;3 film in simulating the construction of a large pearl brick [124].

A similar control of the polymorph was performed by adding a radical
initiator to a CaCOs3 solution containing sodium acrylate [125]. A thin film
of calcite was produced using the monolayer assembly of porphyrin with
carboxvylate in the presence of poly(acrylate) at room temperature [120]. Fur-
thermore, thin-films of aragonite were obtained in the presence of chitosan,
resulting from the cooperation of poly(Asp) and MgCl, [119]. It is likely that
poly(acrylate) and poly(Asp), which inhibit crystal growth, played a role in
the successful formation of both films. A synthetic oligopeptide that was de-
signed as a model of calcium-binding proteins, binds to the {110} faces of
calcite. It has been proposed that the growth of calcite crystals is controlled
by the o-helical conformation of the peptide ligand [126]. However, the loca-
tion of these synthetic polymers, and even native biopolymers, on the crystal
surface is still unclear because the large contents of solvent-insoluble crys-
talline CaCO3 disturb the analysis of these polymer ligands by spectroscopic
methods.

The 3C solid-state NMR spectroscopy of the nacreous layer of Pictada
fucata indicates a short T relaxation time compared with synthetic Ca com-
posites [127]. The nacreous layer also showed anomalous high efficiency
of cross-polarization to the carbonate carbon in the aragonite during the
cross-polarization/magic angle spinning (CP/MAS) experiments. These re-
sults indicate that the aragonite brick in the nacreous layer is not a simple
single crystal, as previously predicted in the literature. The aragonite brick
consists of nanoparticles of CaCOs as described below. Each nanoparticle has
a similar crystal axis orientation in the aragonite brick; the orientation differs
among the neighboring aragonite bricks.

10
CaC03; Composites with NH - - - 0 Hydrogen Bonds
in the Polymer Main Chain

Three rigid polyamides containing carboxylic acid, {NHC¢H3;(COOH)NH
COC(CH3);C0},,  {NHC4H3(COOH)NHCO-m-CsH4CO},, and{NHC¢H;
(COOH)NHCOCH = CHCO},, are utilized as models of biomineralizing
proteins (Fig. 13) [66]. All of the polymer ligands have an intramolecular 6-
membered ring of NH - - - O hydrogen-bonded carboxylate groups that bind
strongly to the Ca ion. Calcium carbonates/polymer ligand composites show
that the former two ligands bind to the CaCO3 cluster but that the latter
polymer ligand is not involved in the CaCOs3 cluster. This finding indicates
that the relative position of the carboxylate group in the polymer ligands
primarily influences their ability to bind to the CaCOj3 cluster. The former
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Fig.13 Synthetic rigid polycarboxylates with intramolecular NH - - - O hydrogen bonds.
a {NHCgH3(COO™)NHCOC(CH3),CO},), b {NHC¢H; (COO™)NHCO-m-C¢H4CO}, and
¢ {NHC¢H;3(COO —-)NHCOCH = CHCO},,

two ligands have carboxylate-parallel oriented moieties in the molecular
dynamics minimized structures. In the moieties, the distances between adja-
cent carboxylates are almost 10 A for {NHCH3(COOH)NHCOC(CH3),CO},
and 9 A for {NHCgH3 (COOH)NHCO-m-C¢H4CO},,, which are almost twice
the distances of calcium ion separation in calcium carbonate. In contrast,
{NHCsH3(COOH)NHCOCH = CHCO}, cannot possess a parallel-oriented
carboxylate group because of the trans geometry of the fumaryl spacer. These
results demonstrate the difficulty involved for {NHCsH3(COOH)NHCOCH =
CHCO}, to interact with calcium carbonate at more than two points. Thus,
the parallel-oriented carboxylate groups are crucial for making inorganic-
organic composite.

1
Location of Strongly Binding Polycarboxylate
on the Surface of a CaC03 Crystal

The CaCOs/poly(1-carboxylate-3-N-t-BuNHCOC4Hg) composite (Fig. 14a)
was compared with that of poly(acrylate) (Fig.14b). The intramolecu-
larly hydrogen-bonded polymer gives a carboxylate CO 1*C-NMR signal at
186 ppm and an amide CO signal at 178 ppm, accompanied by a relatively
weak CO32~ signal at 169 ppm (Fig. 15). The remarkable loss of intensity
of the CO3%>~ 13C signal is ascribed to sufficient cross-polarization [128].
The *C CP/MAS spectra of crystalline CaCOs/poly(1-carboxylate-3-N-n-
BuNHCOC,Hg) were similar to the 1>C spectra of poly(1-carboxylate-3-N-
n-BuNHCOC4Hg sodium salt) and poly(1-carboxyl-3-N-t-BuNHCOC,Hs) in
the solid state at 303 K. The composite shows a carboxylate CO signal at
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Fig. 14 a Amidated poly(acrylate)/CaCO3; composite with 8-membered ring NH - - - O hy-
drogen bonds and b poly(acrylate)/CaCO3 composite with the hydrogen bonds

CONH CO, COOH
177 171 CH, CH, d) 182

)
Teeor| |/ \

\ ,u'; \'WMWJ'NM

b) Jﬁ\wﬂm"wwn*MM&// w
’ Ccoo h
185
f)

COOH
c) CONH C%g“

CH, CH,

C,f"

_C;_-;—
=

| ] | ] 1 I 1 1 1 1
200 100 0 200 100 0

ppm ppm

Fig. 15 Solid-state '>C CP/MAS spectra of a CaCOs/poly(1-carboxylate-3-N-n-BuNHCO
C4Hs) composite, b poly(1-carboxylate-3-N-n-BuNHCOC4H¢ Na salt), ¢ poly(1-carboxyl-
3-N-t-BuNHCOC,Hg), d CaCOs/poly(acrylate) composite, e poly(acrylate Na salt), and
f poly(acrylic acid) at 303 K

185 ppm and an amide CO signal at 178 ppm, indicating that the polymer
ligand is bound to the crystals.

In comparison, the 3C CP/MAS spectra of crystalline CaCO3 containing
poly(acrylate) do not show a clear carboxylate CO signal but rather a broad
signal at 182 ~ 184 ppm. A clear carboxylate COO"~ signal for poly(acrylate
sodium salt) is observed at 186 ppm and a carboxylic acid signal appears
at 182 ppm in poly(acrylic acid) in the solid state at 303 K. The broad sig-
nal indicates the presence of a mixture of COO~ and COOH in the polymer
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chain. Thus, in the case of poly(acrylate), a part of the polymer ligand sep-
arates from the crystalline CaCO3 to give a partially free poly(acid). These
data are consistent with the reported finding that poly(acrylate) is involved in
the nucleation of CaCOj3 crystallization but is then dislodged from the crys-
tals [117]. The surface of crystalline CaCO; is thought to be covered with
coordinated water molecules. The presence of their hydrogen atoms on the
surface provides a hydrophobic environment around the Ca(II) ion [129].
Figure 16a shows a reported structure of the surface of a CaCOjs/stearate
monolayer. When the pK, of the carboxylic acid increases, the carboxylate
readily converts to carboxylic acid and becomes dislodged from the crys-
tals. This dislodgement is caused by hydrolysis of the Ca — O bond with water
molecules and/or protons (Fig. 16b).
Poly[1-carboxylate-2-(N-¢-butylcarbamoyl)ethylene- alt - ethylene] has
a strong intramolecular 7-membered NH - - - O hydrogen bond in threo form
(Fig. 17a) which is derived by the cis-opening of the maleic anhydride part
in the precursor polymer [130]. A model compound, threo-(R,S)-2-(N-t-
butylcarbamoyl)cyclohexanecarboxylic acid in trans-zigzag form similarly
possesses a strong NH---O hydrogen bond (Fig. 17b). The polymer lig-
and provides vaterite crystals, and is not dislodged from the crystals even
by washing with distilled water and methanol. The location of the Au-
conjugated polymer ligand on the surface of, or inside the crystals of, novel
gold colloid-containing poly(p-MeSCsH4NHCO-malate-alt-ethylene) having
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Fig. 16 a Reported structure for the surface of CaCO3/stearate monolayer composite [129].
b Dislodgement of the polymer ligand from the surface of CaCO3/poly(acrylate) compos-
ite with water washing under neutral conditions
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Fig.18 a Proposed structure of Au colloid-conjugated polymer ligand and b the FE/SEM
image of novel Au colloid-containing poly(p-MeSCsH4NHCOmalate-alt-ethylene)/CaCO3
composite and its backscattering image (30 kV acceleration voltage, x500000). Au col-
loids are observed inside of white circles

an intramolecular 7-membered NH - - - O hydrogen bond was examined and
a schematic structure of this composite is proposed in Fig. 18a. The compos-
ite consists of an agglomerate of nanosized vaterite crystals giving a FE/SEM
and its backscatter (Fig. 18b,c). The data on the location of the Au-colloids in-
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Fig.19 Polycarboxylate/CaCO3 composite with 7-membered ring NH---O hydrogen
bonds including a succinate and b phthalate in side chains

dicate that the polymer ligand exists at the surface of fine vaterite crystals and
oriented carboxylate ligands control the CaCO3 polymorph (Takahashi et al.,
personal communication).

Poly(carboxylate) ligands using a poly(allylamine) skeleton, { CH,CH(CH,
NHCO-R-COO7)}, (R = CH,CH,, 2-Ph), have a strong 7-membered in-
tramolecular NH - - - O hydrogen bond that also helps to stabilize the binding
of the polymer ligand to vaterite CaCOj3 crystals (Fig. 19a,b) [131]. In compar-
ison, the malonate polymer (R = CH = CH) produces calcite, which readily
dislodges the polymer ligand from the edge of the calcite crystal with wa-
ter/methanol washing. A structural change between the amide and phenyl
planes converts from the NH - - - O hydrogen-bonded form into a higher ba-
sicity form that is readily hydrolyzed with water because of its high pK,. The
reason will be discussed in detail later.

12
Dependence of the CaC03; Composite on Polymer Ligand Tacticity

Various hydrogen-bond ring sizes were tested with 5-, 6- and 7-membered
hydrogen-bonded polymer ligands that are derived from poly(methylmeth-
acrylate). The poly[3-(2,2,2-triphenylacetylamino)propionate], poly[(Val-
07)-MA], ligand with a weak intramolecular 5-membered hydrogen bond in
the polymer side chain produces a calcite.

The syndiotactic-rich polymer, poly[3-(2,2,2-triphenylacetylamino)prop-
ionic acid] (syndio-poly[(B8-Ala-OH)-MA]), and the isotactic-rich poly-
mer, (iso-poly[(8-Ala-OH)-MA]), were examined to investigate the effect
of polymer tacticity involving the side chain of the ligand upon CaCO;
crystallization (Fig. 20). The diad contents for syndio-poly[(S-Ala-OH)-MA
and iso-poly[(B-Ala-OH)-MA] were determined as 77% and 70%, respec-
tively, determined by the *C NMR spectra in solution of the ester-formed
polymers. An extremely broad amide NH 'H-NMR signal for deproto-
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nated syndio-poly[(8-Ala-O~)-MA] indicates the existence of intermolecular
NH---O hydrogen bonds (Fig.20a), whereas the large 'H NMR shift of
amide NH for deprotonated iso-poly[(B-Ala-O7)-MA] predicts the con-
tent of the stereoregular intramolecular NH - - - O hydrogen bonds without

syndiotactic isotactic

Fig.20 Proposed solution structures of a syndio-poly[3-(methacryloylamino)propionate]
anion with intermolecular NH--- O hydrogen bonds and b iso-poly[3-(methacryloyl-
amino)propionate] anion with intramolecular NH - - - O hydrogen bonds

a)
Y ¥1@.8kK S.E‘.ﬁ' 5-5888 20.8kV X18.dK 3.08sm
c) d)
C: calcite v C: calcite
V. vaterite \: vaterite
2 ¥ 2 v
2 v
3 g
z = v
CC cc v v
c ¢ c c
I (L A | it i
1 L 1 ’ I ¥ 1 . L ' 1 T ' 1 J 1
10 20 30 40 50 6D 0 20 3 40 50 60
26 / degree 26 / degree
Fig.21 SEM images of a CaCOs/syndio-poly[3-(methacryloylamino)propionate] com-

posite (calcite) and b CaCOs/iso-poly[3-(methacryloylamino)propionate] composite (va-
terite). The XRD patterns of ¢ CaCOs/syndio-poly[3-(methacryloylamino)propionate]
composite (calcite) and d CaCOj3/iso-poly[3-(methacryloylamino)propionate] composite
(vaterite)
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charge repulsion, when it is assumed that the MA main chain predom-
inantly adopts a trans zigzag structure (Fig.20b). A bulky model ligand,
3-(2,2,2-triphenylacetylamino)propionic acid, exhibits an amide NH signal
at 6.31 ppm in chloroform-d at room temperature. Because of the forma-
tion of a strong NH - - - O hydrogen bond, the deprotonated anion form gives
a shifted NH signal at 7.07 ppm. That is established by the observation
of the hydrogen bond in the X-ray crystal structure of [NMe4][3-(2,2,2-
triphenylacetylamino)propionate]. In contrast, syndio-poly[(8-Ala-O7)-MA]
produces calcite and iso-poly[(8-Ala-O~)-MA] serves vaterite as deter-
mined by the SEM images and X-ray diffraction (XRD) analysis (Fig. 21).
Therefore, the isotactic-rich polymer is able to produce nanosized va-
terite crystals because it possesses strong intramolecular NH - - - O hydrogen
bonds.

Thus, the intramolecular NH---O hydrogen bond protects the Ca—0O
bond by shifting the polymer ligand pK, and the partially covalent charac-
ter against water. In addition to its strong Ca — O bonding, the orientation of
the carboxylate groups along the edge of the CaCO;3 crystal determines the
polymorph.

13
Biological Relevance of Synthetic Polymer Ligands

The binding properties of the synthetic polycarboxylate ligand have been
demonstrated for Ca(II) complexes and biomineral model composites in
terms of the intramolecular NH - - - O hydrogen bond. This hydrogen bond
contributes not only to the increase of the formation constant by the lower
shift of pK, but also to the increase of Ca— O covalency upon neutral
complexation. Both factors are supported in hydrophobic environments
and even in the solid state, as analytical data have demonstrated for the
CaCOs/polymer composite in a low dielectric constant solvent. In nature,
the dislodgement of a polymer ligand from the surface of biominerals often
occurs with the coexistence of water. Therefore, both factors are crucial for
preventing the Ca — O bond from hydrolysis with water.

In biominerals, there are many amide groups around the Ca-binding Glu
or Asp carboxylate in biopolymer ligands. The biopolymer ligands presum-
ably form intramolecular NH - - - O hydrogen bonds between the carboxylate
oxyanion and the neighboring amide NH to lower the pK,. As described
above, lowering of the pK, value increases the formation constant of the
Ca -0 bond in simple Ca complexes and on the surface of Ca biominerals.
Fig. 22 illustrates a proposed structure around a Ca — O bond in the carboxy-
late ligand of a CaCO3 biomineral.

In proteins, the hydrogen bond, e.g. NH--- O = C, is one of the most im-
portant parameters for controlling the shape of the proteins through the
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Fig.22 Proposed structure on coordination of peptide ligand on the surface of CaCOs
biomineral

hydrogen bond networks. The peptide conformation of Ca-binding fragments
containing either Glu- or Asp produces a hairpin-like form that can readily
convert to other structures to break the intramolecular NH - - - O hydrogen
bond. The release and capture of the Ca ion are presumably associated with
this regulation in peptide conformation as will be mentioned later.

14
Nanocomposite of the Nacreous Layer in Pinctada Fucata

Our data, which are based on simple Ca complexes and CaCOs/synthetic
polymer composites, indicate that nanosized vaterite crystals are formed
mainly by strong Ca-binding of polymer ligands in addition to the matrix
of ligand groups. In pearl, the nacreous layer consists of bricks. One large
brick is believed to be an aragonite crystal because of its translucent appear-
ance and diffraction analyses. Using high-resolution transmission electron
microscopy (TEM), aragonite crystals from the nacreous layer in Pinctada
fucata were examined [132]. Data for a thinly sliced nacreous layer con-
taining a small brick (10 x 6 x 0.5 wm) were collected without force dam-
age. The FE/TEM image of the pearl nacreous layer shows a clear boundary
layer between two bricks (Fig.23a). This boundary layer is known to be
composed of biopolymers. However, most bricks contain many nanosized
aragonite crystals, although large aragonite crystals have also been observed.
Fig. 23b,c show elemental mapping images for Ca and N obtained [127] by
electron energy loss spectroscopy (EELS). Ca spots that are 10 to 15nm in
size are caused by CaCOj3 crystals, whereas N spots that are about the same
size probably come from amino acid residues of biopolymers in the range
of 10 to 15nm. Thus, the brick is not a single crystal but contains many
nanosized aragonite crystals, similar to nanosized vaterite produced from
synthetic polycarboxylate with intramolecular NH - - - O hydrogen bonds. In
addition, the solid-state *C NMR spectrum of the nacreous layer suggests the
presence of amino acid residues as a biopolymer. These biopolymers are lo-
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Fig.23 a High resolution TEM image of nacreous layer and b Ca core-loss image and
¢ N core-loss image for the elemental mapping of nacreous layer by EELS

cated in the boundary layer between two bricks and even inside the bricks
as a nanosized ligand.

15
Variation of Metal-0 Bonding by Conformational Change
of Carboxylate Ligands

To elucidate the regulatory mechanism for mineralization involving biopoly-
mers, the correlation between the function and the conformation of the
peptide chains was studied. The formation and dissociation of Ca— O bonds
seem to be controlled by the EF-hand conformation of Ca-binding pro-
teins [56]. For example, a part of these structures has already been described
in terms of the intramolecular NH - - - O hydrogen bond (Fig. 3).

In comparison, statherin is a multi-functional protein, which inhibits the
primary and secondary precipitation of hydroxyapatite in saliva, as well as
serving as a boundary lubricant [37]. On the basis of the NMR T;p meas-
urements of the N-terminal 15-amino acid peptide in statherin, Drobny et al.
proposed that the binding region in the N-terminus has rigid dynamics,
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which is associated with the dynamics of the following «-helix region [41].
However, such a conformational change of biopolymers to regulate min-
eralization is still unclear because there is no detailed information on the
Ca-mineralizing protein.

16
Proton-Driven Conformation Switch in Asp-Oligopeptide
and Model Compounds

The carboxylate anion functions not only as a coordinating ligand but also
as a nucleophile in the active center of proteases (e.g., pepsin, which con-
tains a Phe-Asp-Thr-Gly-Ser-Ser fragment, as well as an invariant amino acid
fragment, Asp-Thr-Gly in HIV-1 proteases) [133, 134]. A crystallographic an-
alysis of these proteins indicates that the invariant Asp-containing peptide
fragments of Asp-X-Gly (X = Thr, Ser) form a hairpin turn with NH---0
hydrogen bonds. A model Asp-containing peptide, benzyloxycarbonyl-Phe-
Asp(COO™)-Thr-Gly-Ser-Ala-NHCy (Cy = cyclohexyl) anion, gives a hair-
pin turn structure in acetonitrile (Fig.24). An Asp-containing tripeptide,
AdCO-Asp(COOH)-Val-Gly-NHCH;,Ph (Ad = adamantly), has an inverse
y-turn structure in the aspartic acid state, whereas the tripeptide con-
verts to a f-turn-like conformer with intramolecular NH---O hydrogen
bonds in chloroform or aqueous micellar solution (Fig. 24) [135]. This type
of conformational change is not detected between AdCO-Asp(COOH)-Val-
NHAd and its anion state, AdCO-Asp(COO™)-Val-NHAd. The model peptide
study suggests that the hydrogen bond stabilizes the anion state to decrease
the basicity of the carboxylate anion, presumably resulting in a decrease
of nucleophilicity.

It is difficult to elucidate the energy barrier in a proton-driven confor-
mational change from the carboxylic acid structure to the carboxylate an-
ion form in proteins and even in oligopeptides. As a simple model com-
pound, the doubly amidated Kemp’s acid derivative, r-1,c-3,c-5-(CH3)3-3,5-
(Ph,CHNHCO),CH-1-COOH, was synthesized [136]. A chair form of the
protonated compound converts to a twist-boat form with deprotonation as
shown in Fig. 25. The energy barrier for the conformational transformation
after deprotonation is approximately 40 ~ 80 kJ/mol in acetonitrile at room
temperature. Another proton-driven conformational change is observed be-
tween a monoamidated maleic acid and its maleate. After deprotonation,
conformer A is energetically unstable because the carboxylate has a higher
basicity of oxyanion with the negative charge of the neighboring carbonyl
oxygen. Then, as shown in Fig. 25, the change occurs by the rotation between
the amide plane and the C = C plane over a relatively large energy barrier.
Conformer A has a long lifetime when compared with that of monoamidated
succinate.
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Fig.24 Proton-driven conformational changes of AdCO-Asp(COOH)-Val-Gly-NHCH,Ph
and its anion form a in chloroform and b in aqueous micellar solution
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Fig.25 Proton-driven conformational changes a between amidated Kemp’s acid, r-1,c-3,c-
5-(CH3)3-3,5-(Ph, CHNHCO),CgHg-1-COOH, and its anion form, and b between (Z)-4-(¢-
butylamino)-4-oxo-2-butenoic acid and its anion form
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17
Binding Regulation of Polycarboxylate on CaCO3 Crystals
by Conformational Change

Maleic acid containing polycarboxylate, poly[(Z)-3-allylcarbamoyl-2-prop-
ionic acid], produces the CaCOs/polycarboxylate composite (calcite) at pH
3.8 ~ 4.0 [137]. The composite readily dislodges the polymer ligand with
water-washing, although the maleate part of the polycarboxylate has a strong
intramolecular NH - - - O hydrogen bond. The SEM images in Fig. 26a and b
show that a large calcite crystal having many swells on the edge and surface
before washed with water. A 1>°C NMR spectrum shows that the compos-
ite contains the polymer ligand before washing, whereas the polymer ligand
is dislodged from the surface creating a hollow after washing is complete
(Fig. 26b). The hollow has a 50 nm diameter and contains 20 polymer chains
when it is assumed that one polymer chain adopts a trans-zigzag structure
with a 3.5-nm diameter sphere. Crystal nucleation starts from an agglomer-
ate of polycarboxylate, and the crystal growth proceeds on the opposite side
from the polycarboxylate-binding site. However, weak interaction between
the polymer ligand and the crystal surface leads to the formation of calcite
and easily dislodges the polymer ligand from the surface.

a)

600 nm X A 1 ' 1.00 um
S-3000 20.0V NIBR WY PG LU T
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—— & /(CaCOS)n OH
/O-.._.H/ - I
(CaCOy), , hydrolysis &
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Fig.26 FE/SEM images of CaCOs/poly[(Z)-3-allylcarbamoyl-2-propenate] composite
a before washing with MeOH/water and b after the washing. ¢ The schematic con-
formational change of poly[(Z)-3-allylcarbamoyl-2-propenate] on the surface of CaCO;
composite
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As described previously, the maleate anion produces a strong intramolec-
ular NH - - - O hydrogen bond between the carboxylate anion and the amide
NH. The hydrogen bond supports a lower pK, shift to prevent the Ca—0O
bond from dissociating. Actually, the succinate-containing polycarboxylate/
CaCO3 composite does not dislodge the ligand even with washing under
neutral conditions. The easy dislodgement of the ligand is caused by a confor-
mational change from a stable form having a strong intramolecular NH- - - O
hydrogen bond. The maleate ligand possesses an equilibrium between con-
former A and conformer B (Fig. 26¢). The ligand of conformer B has a higher
basicity, which leads to easy hydrolysis of the Ca— O bond. The lifetime
of conformer B is considered to be long enough for hydrolysis to occur.
The weak interaction caused by coexistence of conformer B affects crystal
growth to form calcite and the easy dislodgement of the polymer ligand
with washing. These results support that a strong Ca composite requires
a strong intramolecular NH - - - O hydrogen bond, especially in the presence
of prelocated amide NH for lowering pK,. In addition, it is required that no
conformer containing carboxylate with a high basicity is present.

In contrast, when the polymer ligand has a conformer with high basicity
and a long lifetime as well as a hydrogen-bonded stable conformer, the CaCO3
composite is unstable. This instability is associated with the fact that native
Ca biominerals often dissociate Ca ions by a conformational change of pro-
teins in a biological system. Presumably, the strong intramolecular NH - - - O
hydrogen bond plays an important role in Ca regulation.

18
Conclusions

A carboxylate anion without any intramolecular NH - -- O hydrogen bond
has a high basicity under hydrophobic conditions when the corresponding
carboxylic acid has a high pK; value. The residual negative charge on the
carboxylate oxyanion of the Ca— O bond leads to the formation of a poly-
meric cluster. The high basicity is readily decreased by the intramolecular
NH - - - O hydrogen bonds. The prelocated amide NH decreases the pK, value
of acid. The decrease of the pK, value results in an increase of the formation
constant in a Ca-carboxylate complexation. Then the hydrogen bond con-
trols coordination/dissociation of metal-oxygen bonds. In the case of neutral
complexation for the Ca-carboxylate complexes, the NH - - - O hydrogen bond
supports the covalent character of the Ca— O bond. Both effects contribute
to the strong Ca — O binding on the surface of CaCO3/polycarboxylate with
intramolecular NH - - - O hydrogen bonds.

Ca - O bonds can be regulated by the NH - - - O hydrogen bonds and the
successive hydrogen bonding networks in peptide chains. The combined re-
sults in carboxylate, sulfonate and phosphate Ca complexes suggest the pres-
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ence of a communication between the basicity of the oxyanion in carboxylate
and hydrogen bonds cooperating with the peptide conformation. In add-
ition, the controlled binding of metal ions by the NH - - - O hydrogen bonds
contributes to the crystallization of inorganic composites. Therefore, the hy-
drogen bonds organized by peptide conformations seem to be an essential
factor for the regulatory formation of nano-architecture and these obser-
vations help in elucidating the interface structure of inorganic and organic
phases in biominerals.
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