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Here, we describe a biomimetic pathway for the synthesis of hierarchically structured inorganic crystals. In arti-
ficial systems mimicking biomineralization, versatile morphogenesis was achieved with the construction of bridged
nanocrystals through self-organization by controlling growth with polymeric molecules such as a gel matrix and soluble
anionic polymers. The self-organized formation of bridged crystals in hierarchical architectures is a possible new para-
digm for advanced materials processing which could afford new inorganic—organic nanocomposites for use as novel

functional materials.

1. Introduction

Traditionally, crystal growth has involved the fabrication of
homogeneous, large-sized single crystals.! A wide variety of
crystal growth techniques via solid, liquid, and vapor phases
have been developed for the production of high quality crystals
of functional materials utilized in electrical, optical, and me-
chanical applications. Large-sized single crystals are common-
ly processed into small devices using microfabrication tech-
niques. Especially, the miniaturization for electronics became
possible due to the recent development of “top-down” ap-
proaches, such as photolithography. However, the convention-
al top-down fabrication methods are becoming extremely com-
plicated and approaching the physical limits of the miniaturi-
zation processes for nanoscale electronic circuits and mechan-
ical devices.

Hierarchic biomaterials are spontaneously produced through
“bottom-up” processing by life, and in recent years, it has in-
spired bottom-up chemical approaches to various novel nano-
materials and nanostructures. In particular, biominerals, which
are directly produced in an aqueous solution system at ambient
atmosphere, are an excellent example of advanced inorganic
and inorganic—organic composite materials. Very recently, a
hierarchy of biominerals has been reported to be constructed
with nanoscale building blocks.>? Therefore, biomineraliza-
tion and biomimetic routes have attracted much attention in
the research fields of materials chemistry and nanotechnology
as a smart technique for the fabrication of nanoscale functional
materials.

In biomineralization process, the production of inorganic
crystals, including macroscopic morphology, microstructures,
polymorphs, orientation, crystallinity, and nucleation sites, is

known to be strictly controlled by biological organic mole-
cules.* Thus, biomimetic approaches for crystal growth has
been studied using various kinds of organic molecules and
molecular assembly.>~'> Morphogenesis with coexisting mole-
cules has been reported by many research groups as well as
the control of the nucleation sites with specific organic sur-
faces, including polymer films and self-assembled monolayers.
Emergence of complex and hierarchical architectures of inor-
ganic crystals through self-organization has been found in
aqueous solution systems.'®2! However, morphological evolu-
tion has not been systematically investigated although the
self-organized formation of inorganic crystals is essential for
understanding biomineralization and developing biomimetic
materials processing.

In this article, morphogenesis in biomineralization is dis-
cussed on the basis of crystal growth by self-organization as
well as the clarification of the elaborate nanoscale structures
of biominerals. Then, we describe biomimetic pathways for
complex shapes of inorganic crystals through the macroscopic
and microscopic self-organization using gel matrices and/or
capping agents. Self-organized crystal growth was found to
be controllable with organic templates under diffusion-control-
led mass transport. The elucidation and the combination of
these strategies are likely to be a pivotal aspect in designing
hierarchical architectures of inorganic crystals with coopera-
tive organic agents.

2. Self-Assembly or Self-Organization?
Morphogenesis on Crystal Growth

These days, “self-assembly” and “self-organization” are
popularly used for spontaneous ordering, including the forma-
tion of spatial patterns and temporal oscillations.”?> However,
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the definition of these words is obscure to the general public.
In self-assembly, static and stable order forms near equilibrium
and has periodicity and symmetry derived from the compo-
nents of a system. The formation of supramolecules through
hydrogen bonds and molecular aggregates, such as micelles
and Langmuir-Bloddget films, is categorized as self-assembly.
On the other hand, self-organization, which is also called “dis-
sipative structure,” is ordering at far-from-equilibrium, and the
resultant pattern is not associated with the size and symmetry
of the components. A convection pattern in a Rayleigh-Benard
system and an oscillation in a Belousov—Zhabotinski reaction
are typical dissipative structures. Spatiotemporal patterns in
dissipative structures are usually maintained by heat and mass
flow in a non-equilibrium open system.

Crystallization is the spontaneous formation of a microscop-
ic, periodic array of atoms, ions, or molecules and may be
categorized as self-assembly or self-organization. The patterns
formed during crystallization are basically affected by the
distance between the growth conditions and the equilibrium
state,!?? i.e., the driving force for the crystallization, such as
the degree of supersaturation and the supercooling (Fig. 1).
Polyhedral forms are obtained when crystal growth occurs near
the equilibrium state. Since the macroscopic shape of the poly-
hedrons reflects the arrangement and the symmetry of the mi-
croscopic atomic or molecular lattice, which is a component of
the system, crystallization is categorized as self-assembly. As
the driving force increases, the growth rate is governed by
mass diffusion or heat transfer, and then, the growing surface
becomes unstable in a diffusion field. Under these conditions,
dendrite forms with a complicated period structure are pro-
duced by the competition between the promotion and suppres-
sion of the crystal growth. When the driving force greatly in-
creases, random polycrystals, exhibiting spherulite and diffu-
sion-limited aggregate (DLA), are formed with a disappear-
ance of the crystallographic symmetry. The crystallization
process of various morphologies, which depend on the envi-
ronment, including the driving force of the crystallization
and the diffusion rate of the components, should be catego-
rized as self-organization. However, the dissipation of energy
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Self-assembly and self-organization on morphological variation of crystals.

with heat and mass flow is not required for the maintenance of
the organized patterns because the crystal structure as a prod-
uct of self-organization is solidified.

Morphogenesis and pattern formation of life have been stud-
ied as self-organization at far-from-equilibrium. On the other
hand, the formation of supramolecular structures of biological
molecules, such as the double helix of DNA and folding of
proteins, is categorized as self-assembly near equilibrium.
Consequently, the hierarchy in a living body is considered to
be constructed by microscopic self-assembly and macroscopic
self-organization. Furthermore, pattern formation in biominer-
alization can be discussed on the basis of self-assembly and
self-organization. This viewpoint is important for understand-
ing the mineralization process in a living body and reproduc-
tion of the biomimetic architectures in artificial systems. In
general, biomineralization involves four steps:** (I) initiation
of crystallization by supersaturation in a specific space with
mass transport, (II) direction of the nucleation with a specific
organic substrate, (III) modulation of crystal growth with ad-
sorption of specific organic molecules, and (IV) integration
of the resultant crystals into intra- and inter-cellular network
structures (Fig. 2). Because cellular cytoplasm consists of a
gel or a viscous solution, mass transport during the mineraliza-
tion process should be controllable by the organic matrix. The
direction of the nucleation sites for the crystallization is ascrib-
ed to molecular recognition between an inorganic crystal and
an organic substrate as a template. Self-organized formation
of inorganic crystals is known to be modulated by adsorption
of specific organic molecules. The concept of recognition be-
tween an organic molecule and an inorganic crystal surface
has been explored for habit modification with the specific
adsorption on a specified crystal face. Consequently, steps I,
II, and IIT may be achieved by controlling self-assembly and
self-organization during crystal growth. Emergence of self-
organization with a matrix and organic molecules and the con-
trol of the organization with a template are important to the
formation of biomimetic hierarchical architectures in inorganic
crystals similar to real biominerals. On the other hand, the
reproduction of step IV in an artificial system seems to be
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Fig. 3. Classification of intermediate states between single crystal and polycrystal. Oriented attachment and bridged crystal may be
categorized into single crystal. Bridged crystal and mesocrystal are fundamentally covered with molecular species which could

accept organic molecules.

difficult because intra- and inter-cellular network structures are
governed by complex biological activities.

3. Single Crystal or Polycrystal? Understanding
Hierarchical Architecture of Biominerals

Very recently, some evidence has been reported that many
crystallization events are not categorized as classical single
crystals and polycrystals (Fig. 3).22° Some intermediates,
called mesocrystals, are an assembly of nanocrystals into
superstructures with an ion or molecule attached to a critical
crystal nucleus. Subsequent crystallographic fusion of meso-
crystals can lead to single crystals with a preserved shape. Di-
rect nanoparticle fusion, based on a mechanism of an oriented
attachment, can directly lead to single crystals. By considering
biominerals with their often complex forms and several levels
of hierarchy, a view of particle-mediated crystallization events
can be developed.

The structure of biominerals has attracted the interest of
researchers in a broad range of chemistry disciplines.?’>
Although the architecture is a large, single crystal of calcium
carbonate with occlusion of biopolymers, much remains un-
known about the single crystal, especially in terms of the
curved morphology surrounded by smooth surfaces, the col-
oration of the architecture, and the high mechanical strength,
which prevents cleavage. Recently, biominerals including
bones,***¢ nacreous layers of seashells,® stereom of sea urchin
spines,57 diatoms,>® and iron-oxidizing bacteria,’® have been
reported to be constructed of nanoscale building blocks. We
have proposed that bridged nanocrystals with incorporation

of organic polymers occur in real biominerals.5*%* Specific
macroscopic morphologies in biominerals of seashells, corals,
echinoderms, and eggshells were found to consist of the orient-
ed architecture of the nanocrystals that are 20-100 nm in size.
Typical SEM (scanning electron microscope) and TEM (trans-
mission electron microscope) images of a nacreous layer of
Japanese pearl oyster (Pinctada fucata) and a spine of the
sea urchin (Echinometra mathaei (Blainville)) on macroscopic
and microscopic scales are shown in Fig. 4. Each biomineral
represented the characteristic morphologies in macroscopic
scales. The magnified SEM images of the fractured surface
reveal the presence of nanoscopic structures. The assembly
of nanocrystals was recognizable on the TEM images, indicat-
ing that the inside consisted of nanocrystal blocks. Each nano-
block was considered a single crystal because lattice images of
the respective units corresponding to aragonite (the nacreous
layer) and calcite (the sea urchin spine) were observed (not
shown). The sizes of aragonite- and calcite-type nanocrystals
were approximately 20—-180 and 10-80 nm, respectively. Inter-
estingly, the nanocrystals had various morphologies and crys-
tal structures beyond the species barrier. These facts indicate
that the integration of nanocrystals could be an important proc-
ess for crystal growth in biomineralization.

Oriented architectures are bridged nanocrystals with incor-
poration of biopolymers because bridging is essential for the
crystallographic connection. A macroscopic mineral bridge re-
portedly forms in the interlayer of mother-of-pearl.>? Since the
daughter aragonite plate is directed on the mother one through
the formation of a mineral bridge, the orientation of the ¢ axis
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Fig. 4. Typical SEM and TEM images of biominerals in
macroscopic and microscopic scales.%%6!

Fig. 5. Typical TEM images indicating nanoscopic mineral
bridges (a) and homogeneous dispersion of dye molecules
(eosin Y) (b, ¢) on nanocrystals in a sea urchin spine.
White dots show the presence of bromine in eosin Y.°! Re-
produced from Ref. 61 with permission of Wiley-VCH.

perpendicular to the plates is inherited in a late stage of
growth. Here, nanoscale mineral bridges between two adjacent
nanocrystals were observed in TEM images (Fig. 5a). Accord-
ing to these facts, the oriented architecture of nanocrystals in
biominerals can be ascribed to a bridged-growth process sim-
ilar to mother-of-pearl.

Anionic dyes (eosin Y, Rhodamine B) and a hydrophobic
dye (pyrene) were successfully introduced into calcite and ara-
gonite blocks by immersion in an ethanol solution of the or-
ganic dyes for one day. Strong emission from the included
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dye molecules was observed with ultraviolet-light excitation,
suggesting that the organic dyes were incorporated in a specif-
ic state surrounded by organic molecules. Homogeneous dis-
persion of the dye molecules was confirmed by the detection
of bromine in eosin Y molecules using energy-filtered map-
ping and an electron energy loss spectrum (Figs. 5b and 5c).
These results indicate the presence of biopolymers, which
were incorporated with the dye molecules, at the interface of
the nanocrystals. Thus, the bridged nanocrystals covered with
biopolymers in biominerals are a nanoscopically intertwined
inorganic—organic composite.

These findings imply that the complex morphologies of bio-
minerals can be designed by bridged nanocrystals (Fig. 3) via
the self-organization in association with biopolymers. A batch
of bridged nanocrystals is fundamentally a single crystal incor-
porating organic molecules. However, nonconformity or twin
formation gradually increases at the nanobridges. Using nano-
crystals as building blocks, versatile morphological design on
macroscopic scales can be performed, especially in terms of
complex or curved shapes with smooth surfaces. Simultane-
ously, the bridged structure led to an oriented architecture that
cannot simply be classified as a single- or polycrystalline ma-
terial. In addition, a nanocomposite of inorganic crystals and
organic polymers provides molecular storage of organic guest
molecules. If the stereom is a perfect single crystal, the dye
molecules would not be included in the architecture. These re-
sults strongly indicate that the molecular storage of organic
molecules, which is associated with the coloration of biomin-
erals, is possible with a nanocomposite constructed from
bridged inorganic bricks and biopolymer mortars. Finally,
we elucidated the hierarchical architecture in biominerals
and identified their ability to host organic molecules, which
we have termed “nanostorage.”

4. Emergence of Self-Organization in a Gel Matrix

4.1 Morphological Variation Depending on Gel Density.
The oriented architectures occur because of the connection
between crystals, and formation of the hierarchical crystals is
attributed to the sequential growth through mineral bridges.
Here, we describe morphological control of self-organization
of macroscopic bridged structures in a gel. A gel matrix has
been used for the control of nucleation and morphology on
aqueous solution-based crystal growth.%*-%8 In the initial stage,
various inorganic crystals were produced in various gels be-
cause the media provide appropriate conditions for the growth
of large defect-free single crystals.* The advantage of gel me-
dia is believed to be the reduction of the nucleation rate and
suppression of convection. Recently, we experimentally dem-
onstrated the systematic variation of crystal morphology by
varying the density of the gel matrix (Fig. 6).% The morpho-
logical evolution of the inorganic crystals (Ba(NOs3),, NH4Cl,
H;BO3, and K,Cr,0O7) was demonstrated in various kinds of
organic gel media (agar, gelatin, pectin, and poly(vinyl alco-
hol)). As the gel density increased, the morphology grown in
the gel matrix changed remarkably from polyhedral single
crystals exhibiting specific habits into dendritic forms consist-
ing of irregularly branched polycrystalline aggregates, regard-
less of the sorts of inorganic compounds and gelling agents.
The change from polyhedrons into dendrites via skeletal forms
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Fig. 6. Experimental changes in crystal morphology by
varying the density of gel matrix.® Optical microscope
(OM) and SEM images show morphological evolution of
Ba(NO3);: (a) regular octahedron at Cp, = 15/Cyg = 0.4,
(b) skeletal form at Cg, = 15/C, = 1.0, (c) regular den-
drite at Cg, = 15/Cye = 2.0, and (d) Cp, = 15/Cy¢ = 8.0.
Cg. and C,, indicate the initial concentrations (g/100 g of
water) of Ba(NOs), and agar, respectively. Reproduced
from Ref. 69 with permission of the American Chemical
Society.

Fig. 7. OM images show for two-dimensional dendrites of
NH,4C1 grown in agar gel. Oriented dendrites were periodi-
cally produced in the gel matrix (a). The dendrites were
crystallographically connected through a bridge (b).

is ascribed to an increase in the influence of diffusion of the
solutes on the crystal growth. Since gel media generally sup-
press the mobility of ions, densification of the media decreased
the apparent diffusion rate of the solutes and finally promoted
the formation of diffusion-controlled morphologies including
skeletal, dendritic, and branched forms (matrix effect).

As shown in Fig. 7, we found a periodic production of den-
drites of NH4Cl in a thin layer of agar gel. Interestingly, the
crystallographic orientation of these dendrites was almost the
same although a slight deviation of the direction was occasion-
ally observed. Due to the presence of a bridge between the
dendrites having the same orientation, the crystal growth oc-
curred sequentially through the macroscopic bridges. Conse-
quently, the self-organized formation of periodic dendritic
morphologies is associated with bridged crystals which can
be macroscopically identified.

If the degree of supersaturation or the gel density is low,
polyhedral shapes are formed through self-assembly (Fig. 1).
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The morphogenesis of the geometric shapes is restricted be-
cause they are thermodynamically stable. On the other hand,
the orderliness and controllability of random aggregates are
quite low if there is a high degree of supersaturation or if
the gel matrix is very dense. Self-organization that is induced
under an intermediate condition would produce various com-
plex structures by integration of unit crystals because the com-
bination of appropriate order and flexibility is achieved
through crystallographic connections. The emergence of self-
organization based on a balance between the crystal growth
and the mass transport controlled with the gel matrix is an
essential factor for the control of the morphogenesis.

4.2 Helical Morphologies Grown in Gel. Here, a model
case for versatile morphogenesis in macroscopic scales using
gel matrix is described. Helical and spiral architectures, which
are fundamental shapes exhibiting chirality, were observed on
various scales in nature. Their unique morphology is fascinat-
ing, and the formation mechanisms for many kinds of helical
forms are still in a mystery. Biological polymers and designed
macromolecules produce helical molecular assemblies from
the nanometer to the submicron scale with a specific interac-
tion through hydrogen bonding.”® Macroscopic helical mor-
phologies have also been observed with organic molecules,”!
polymers,’?> and inorganic materials’>~7® without microscopic
chirality.

We found that the formation of peculiar curved and helical
branches in dendrites occurs in triclinic crystals (H3BOs,
K,Cr,07, and CuSOy4-5H,0) grown in a gel (Fig. 8).”° The
formation of the chiral architecture from achiral components
occurs due to rotated accumulation of tilted units under condi-
tions of diffusion-limited growth. Thus, the formation model
proposed here would be applicable to various helical architec-
tures and complex morphologies, including twisted ribbons in
polymer spherulites. The results, described herein, provide
novel guidelines for the morphogenesis of various helical
and twisted forms. This is an excellent example for the varia-
tion from self-assembly into self-organization on the crystal
growth in a gel matrix (Fig. 9). The helical structures would
be formed by sequential growth of the tilted units through a
bridge under diffusion-controlled mass transport in a gel. In
this case, however, the crystallographic orientation deviated
at a constant angle, like twinning.

The concept of stereochemical recognition between a chiral
molecule and an inorganic crystal surface has been explored
over the past decade.%-84 Habit modification with stereochem-
ical adsorption of a chiral molecule on a specified crystal plane
has also been experimentally demonstrated.?>%3 We found a
new type of morphological chiral tuning for inorganic helical
crystals through stereochemical recognition of organic mole-
cules.®® The proportion of the right- and left-handed helices
was precisely tuned with the addition of a specified amount
of chiral molecules such as D- and L-glutamic acids (Figs. 8e
and 8f). The chiral molecules were recognized by the enantio-
meric surface of the triclinic crystal and then changed the
growth behavior of the right- and left-handed helical morphol-
ogy. Consequently, microscopic chiral information at a molec-
ular level was amplified into the macroscopic helices consist-
ing of inorganic achiral components. This phenomenon is the
control of the self-organization on the crystal growth with spe-
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cific adsorption of organic molecules (Fig. 9). In the following
section, a capping effect by polymeric molecules on self-
organization during crystal growth is described.

Fig. 8. Helical branches in dendrites with crystals
(K2Cr,07 and H3BO3) grown in gel.79’85 SEM images
of (a, ¢) K;Cr;07 in pectin (Cxc = 3.0, Cpe = 0.3) and
(b, d) H3BO3 in agar (CHB = 20, Cag = 02) CKC, CBH,
Cpe, and C,, indicate the initial concentrations (g/100g
of water) of K,Cr,07, H3BO3, pectin, and agar, respec-
tively. Typical right-handed (e) and left-handed (f) helices
in gel obtained by evaporation of water. Reproduced from
Refs. 79 and 85 with permission of Wiley-VCH and the
American Chemical Society.
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5. Emergence of Self-Organization
with Soluble Polymeric Agents

5.1 Growth of Calcium Carbonate in Cooperation with
Poly(acrylic acid). 5.1.1 Formation of Bridged Nano-
crystals and Development on Films with a Microscopic
Template: As mentioned above, the control of crystal growth
using soluble agents is an essential factor for biomineraliza-
tion. Since calcium carbonate (CaCOs;) is one of the most
well-known biominerals, the growth of the carbonate crystals
has been widely demonstrated using various organic molecules
and templates. The typical approach is habit modification lead-
ing to morphological evolution of precipitates using polyelec-
trolytes.!” Rigid templates and patterned molds are used for the
production of porous, carbonate mimicking biogenic struc-
tures.8¢-88 Microemulsions and gelatin molecules also induce
porous vaterite architectures.?°° Poly(acrylic acid) (PAA),
which is a simple linear polymer having carboxy groups, is
commonly utilized as a soluble agent to modify the crystal
structure. The formation of CaCO; films on an insoluble or-
ganic substrate in the presence of PAA has been investigated
by many researchers.’~!'91-%3 However, the influence of the
polyelectrolyte on the morphology of CaCOj crystals has not
been sufficiently clarified because morphological evolution re-
quired the coexistence of the organic substrates in most of the
previous studies. We systematically investigated the influence
of the concentration and the molecular weight of PAA on the
morphological evolution of CaCO; grown on a simple glass
substrate in order to clarify the performance of the polymeric
molecules.”

As shown in Fig. 10a, calcite generally exhibits rhombohe-
dral facets surrounded with {10-14} in the absence of any
additives. Round crystals were obtained by the addition of
low-molecular-weight PAA (PAA2k, Mw: 2000) (Fig. 10b).
Small triangular calcite grains of less than 1 wm, which were
arranged in the same orientation, were found on the round
crystals (Fig. 10c). Based on thermogravimetry, the content
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Fig. 9. Self-assembly and self-organization of crystals with a helical morphology.
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Fig. 10. Calcite crystals grown in the presence of PAA.%
SEM images of calcite obtained in the absence (a) and
in the presence of PAA: (b, ¢) Cc, = 20mM, Cpapxk =
72x1072wt% (10mM) for 3 days and (d, e)
Cpanssok = 7.2 x 1072wt % (10mM) for 3 days. Repro-
duced from Ref. 93 with permission of the American
Chemical Society.

of PAA in/on the calcite crystals grown in the solutions in-
creased with an increase in the PAA concentration. These facts
suggest that the presence of PAA2k molecules suppressed the
regular crystal growth through adsorption on specific surfaces
of calcite and then induced the formation of small, bridged
grains on the basal crystal (capping effect). The small triangu-
lar grains were inferred to be surrounded with the {10-14}
faces covered with the polymers.

Planar films were formed on a glass substrate with a large
amount of high-molecular-weight PAAs (PAA90k, Mw:
90000 and PAA250k, Mw: 250000) (Fig. 10d). Extremely
small grains were found in the films by SEM observation
(Fig. 10e), and crystallites of calcite with a size of 5-10nm
were seen by TEM. Planar films consisting of nanoscale grains
were found to contain 3-4wt% of the organic compound.
These facts suggest that the specific adsorption of PAA chains
highly suppressed the regular growth of calcite crystals, and
then the morphology changed from polyhedral to a bridged
architecture of miniaturized crystal units. An increase in the
capping effect of PAA is ascribed to a higher adsorbability
of molecules having a higher molecular weight. In the previous
reports, the formation of PAA-mediated films required the
presence of specific surfaces, such as a porphyrin monolayer,'*
chitin derivatives,>® and PVA,'! as templates. Thus, planar
morphology could be achieved by the combination of the cap-
ping effect of the soluble agent and the template effect of the
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Fig. 11. Lozenge films of calcite grown in the presence of
PAA.? Electron micrographs of calcite obtained in the
presence of 7.2 x 1072wt % PAA250k and 2.4 x 1073
wt% PAA2k (a—c). TEM image of the lozenge-shaped
films (d). The lattice equidistances were assigned to the
calcite {11-20} planes (d = 2.495 10\). Arrows and broken
lines indicate the (11-20) direction and the grain boun-
dary, respectively. Reproduced from Ref. 93 with permis-
sion of the American Chemical Society.

insoluble substrate promoting macroscopic two-dimensional
growth. On the other hand, the presence of PAA90k and
250k induced the formation of CaCOj; films even on a glass
substrate without a coating of an insoluble species. Moreover,
the specific combination of low- and high-molecular-weight
PAAs (10mM PAA250k and 0.33mM PAA2k for 20 mM
CaCl,) produced lozenge-shaped calcite films with definite
edges in a solution (Figs. 11a and 11b). Most of the parallelo-
grams showed angles of 104 and 120°, corresponding to the
shape of the {10-14} and {0001} faces, respectively. The
XRD peaks due to the (10-14) and (0006) planes of calcite
were distinct for these samples. Although the lozenge-shaped
films exhibited regular crystallographic habits, small grains
less than 100nm were observed on the surface (Fig. 11c).
These facts indicate that the crystal grains in the lozenge-
shaped films were arranged two-dimensionally with a specific
crystallographic orientation in which the (10-14) or [0001] di-
rection was perpendicular to the substrate. As shown in a TEM
photograph (Fig. 11d), there are lattice images of the {11-20}
planes in the nanocrystals in the films. The (11-20) directions
of the lattice (arrows) were slightly shifted at the grain boun-
daries (white broken lines).

Low-molecular-weight PAA (Mw: 2000) weakly sup-
pressed the regular crystal growth and miniaturized calcite
grains as a capping agent. The specific interaction is ascribed
to the similarity of the distance of carboxy groups of a PAA
molecule to that of calcium anions on the {10-14} plane of
CaCOs; (Figs. 12a and 12b). The oriented architectures are
composed of bridged crystals. High-molecular-weight PAAs
(Mw: 90000 and 250000) drastically decreased the grain size
as a strong capping agent and promoted the formation of thin
films. The array of PAA on the solid surface induced two-
dimensional growth of CaCOj crystals. In this case, the solid
surface covered with PAA acted as a template for control
of the macroscopic forms. However, low-molecular-weight
PAA could not adsorb on a negatively charged glass surface
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Fig. 12. Schematic illustration of PAA (a) and atomic ar-
rangement of two kinds of calcite planes (b). Reproduced
from Ref. 93 with permission of the American Chemical
Society.

under neutral and basic conditions, in which CaCOj; crystals
are grown. The presence of nonionic hydroxy groups of chito-
san and PVA is effective for the adsorption of low-molecular-
weight PAA. On the other hand, high-molecular-weight PAA
would be anchored to the surface of a glass substrate due to
its high adsorbability. The nucleation of CaCOj3 was initiated,
and then two-dimensional growth of nanograins was guided by
the array of low-molecular-weight PAA on chitosan and PVA
or high-molecular-weight PAAs on a glass substrate (macro-
scopic template effect). The difference in the performance of
the PAAs was ascribed to the adsorbability and conformation
derived from the polymer chain length. In a binary polymer
system (PAA2k and PAA250k), lozenge-shaped films consist-
ing of bridged nanoscale grains were fabricated by a moderate
capping effect of a mixture of low- and high-molecular-weight
PAAs on a macroscopic template of a glass surface covered
with the high-molecular-weight PAA. The distinct habits of
crystals consisting of nanograins strongly suggested the pres-
ence of bridged crystals incorporated with PAA.

5.1.2 Polymorph Control with Anhydrous Chitosan as a
Microscopic Template: The crystal structures or polymorphs
of CaCOs, such as calcite, aragonite, and vaterite, are influ-
enced by the conditions for precipitation and the coexistence
of impurities in an aqueous solution. While calcite is a thermo-
dynamically stable form in the ambient condition, an increase
in the degree of supersaturation in an aquatic system promotes
the formation of metastable vaterite. The substitution of Ca’*
with Mg+ or Co®* in the carbonate structure has been report-
ed to be effective in the preferential formation of arago-
nite.*** Thus, aragonite films were selectively produced by
the addition of Mg?* to the chitosan—PAA system.® In recent
years, the selective formation of the metastable polymorphs
using organic agents has been studied in order to develop arti-
ficial biomimetic systems. Although calcite was grown on a
porphyrin monolayer in a system containing PAA as a soluble
agent,'* aragonite and vaterite were obtained on a poly(vinyl
alcohol) (PVA) substrate with PAA and poly(glutamic acid)
(PGlu), respectively.!! An eggshell membrane, which is a nat-
ural template, was also reported to induce the formation of ara-
gonite and vaterite films in the presence of PGlu and poly(as-
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Table 1. Dependence of the Crystal Structures of Calcium
Carbonate Films® on the Substrate, Molecular Weight of
PAA, and Temperature

Temperature/°C
PAA /substrate 10 15 25 35
2k/chitosan C V(C) V(C) AV
90k /chitosan v v AV Aw)
250k/chitosan v v — Aw)
90k /glass — — cY —
a) A: aragonite, C: calcite, V: vaterite, —: no data, ( ): a minor

component. b) Cpaagox = 7.2 X 1072wt %. c¢) The tempera-
ture of the solutions was not strictly controlled.

partic acid) (PAsp), respectively.”® In these cases, arrays of or-
ganic molecules on a substrate influenced the arrangement of
the microscopic atomic lattice as a template (microscopic tem-
plate effect). However, the selectivity of the polymorphism has
been insufficient because the crystal structure was reported to
be highly sensitive to environmental conditions such as tem-
perature.”” Nevertheless, the essence of the comprehensive
control of the polymorphism of CaCOs by regulation with or-
ganic molecules has not been clarified.

As described above, pure calcite was grown on a glass sub-
strate in the presence of PAA. In contrast, the existence of var-
ious organic substrates as a template frequently produced a
mixture of calcite, aragonite, and vaterite. Here, we successful-
ly controlled the crystal structure of CaCOs; films grown on
260°C-baked chitosan using PAA.%® Selective production of
a particular crystal structure was achieved by variation of the
molecular weight of PAA and the temperature of the solution,
as listed in Table 1. Although calcite films were basically pro-
duced on a glass substrate in the presence of high-molecular-
weight PAA, the preferential production of metastable phases,
such as aragonite and vaterite, was achieved by the arrange-
ment of PAA anchored to the annealed chitosan surface. A
long chain of high-molecular-weight PAAs was arranged on
the lattice of the chitosan crystal and promoted the nucleation
of specific CaCOj; crystals. It was reported that anhydrous chi-
tosan was formed by baking at temperatures above 240 °C.%
The distinct rectangular lattice of chitosan or anhydrous chito-
san would be suitable for the nucleation of orthorhombic ara-
gonite rather than trigonal calcite. The arrangement of high-
molecular-weight PAAs on a 260 °C-baked chitosan at a rela-
tively high temperature promoted the nucleation of aragonite
with a strict control of the rectangular structure as a micro-
scopic template. The array of low-molecular-weight PAA or
high-molecular-weight PAA arranged at a relatively low tem-
perature resulted in the lateral growth of vaterite. Intense X-ray
signals of the (110) and (300) planes indicated that the ¢ axis
of vaterite in the films laid on the surface of chitosan. The rec-
tangular lattice of the bc plane of vaterite (b: 8.56 A) is close to
the array of hydroxy groups of anhydrous chitosan (a: 8.50 and
b: 8.62 108). Thus, weak guidance by chitosan initiated the nu-
cleation of vaterite in which the c axis was parallel to the sur-
face. The polymorph of the whole bridged crystal is governed
by the structure of the initial grain at the nucleation site on the
chitosan surface.

5.1.3 Subsequent Overgrowth with Inherited Crystallo-
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Fig. 13. Subsequent growth of CaCOj; in the absence of
PAA. Calcite on the lozenge-shaped films in the absence
of any additives.”>!% Calcite crystals grew either with the
{10-14} faces parallel to the film (a) or with the [0001]
direction perpendicular to the film (b). Aragonite hexago-
nal rods on an aragonite film obtained for 1 day with
2.4 x 1073 wt % of PAA9OK (c, d, e) Vaterite high-aspect
walls on a vaterite film obtained for 9h with 2.4 x 1073
wt % of PAA2k. (f, g, h). Reproduced from Ref. 93 with
permission of the American Chemical Society.

graphic Properties: Subsequent growth of PAA-mediated
CaCOs; films was performed in a freshly prepared calcium
chloride aqueous solution without PAA.!% The planar mor-
phology of the films evolved into three-dimensional forms
by the subsequent growth. The evolution of the morphology
was clearly dependent on the polymorphs and crystallographic
orientation of the base films as shown in Fig. 13. We observed
two types of calcite grains in the directions of (10-14) and
[0001] on the surface of the films (Figs. 13a and 13b). The
different forms indicate the lozenge-shaped films were grown
along the {10-14} or (0001) plane. A forest of hexagonal nee-
dles appeared on the aragonite films prepared on an anhydrous
chitosan substrate (Figs. 13c—13e). A pseudo-hexagonal mor-
phology was generally observed through the elongation of ara-
gonite along the ¢ axis. High-aspect thin walls of ca. 200 nm in
thickness and ca. 5 um in height were aligned along the diam-
eter line of the vaterite films (Figs. 13f~13h). The arrangement
of the walls perpendicular to the surface is in agreement with
the fact that the ¢ axis of the basal vaterite crystals was parallel
to the surface. Fundamentally, the crystal structure of the
daughter crystals was inherited from the basal films regardless
of the condition of the precursor solution.

It is well known that the capping effect of the soluble agents
resulted in the formation of films through the suppression
of upward crystal growth from the substrate. Here, upward
growth was permitted by the subsequent immersion in a super-
saturated solution without PAA. The polymorphs and the ori-
entation of the daughter crystals were basically inherited from
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the base films. The coverage of PAA molecules was unlocked,
and the morphology subsequently evolved through epitaxial
growth on the surface of the base crystals. Thus, the poly-
morphs and the orientation are not changed during the subse-
quent growth process regardless of the presence of PAA.
Moreover, the subsequent overgrowth showed that the crystal-
lographic orientation of the nanocrystals composing the mac-
roscopic films was fundamentally the same. These facts indi-
cate that the daughter crystals and nanograins in the basal films
were crystallographically bridged like the nanocrystals in bio-
minerals. Since the grain growth freely occurred in the absence
of PAA, the habits depending on the polymorphs were clearly
exhibited on the daughter crystals.

5.1.4 Development of Nanocrystals into Acute Spines and
Hollow Horns: We obtained structural analogues of biomin-
erals, such as calcite spines and cones, composed of small
PAA-mediated grains with a preferred crystallographic orien-
tation in a binary system of PAA2k and PAA250k.'%! As men-
tioned in the previous section, lozenge-shaped calcite films
were observed in the binary system with a specific ratio of
PAA2k and PAA250k. When the amount of PAA250k was rel-
atively low, calcite mainly formed round rhombohedra on a
glass substrate in the initial stage (in a couple of days). Then,
spines grew on the previously deposited pedestals in the latter
stage (>6 days) (Figs. 14a—14d). The direction of most of
the spines was also perpendicular to the face assigned to the
{10-14}. According to SEM and TEM observations, the spines
were found to consist of small, bridged grains 10-20nm in
diameter. A spot pattern of electron diffraction assignable to
{10-14} and (0006) suggested that the small units were ar-
ranged with a specific crystallographic orientation (Fig. 14d).
Under similar conditions, we found various types of tapering
morphologies, such as cones and hollow horns (Figs. 14e—
14h). These tapering structures also consisted of small oriented
nanocrystals. Although similar morphologies have reportedly
been produced by self-assembly of BaCrO4 and BaSO, nano-
fibers,'820 the formation mechanism is still unclear.

Acute spines and hollow cones consisting of bridged nano-
crystals were formed after a long-term reaction. A parabolic
shape at the top of the cones was frequently observed in the
initial stage. The curvature is ideally produced through crystal
growth in a diffusion field. Thus, the formation of the tapering
morphology is tentatively ascribed to the presence of a diffu-
sion field. As illustrated in Fig. 15, the consumption of the
solutes near the crystal surface with the crystal growth produc-
es a concentration gradient. In the diffusion field, a relatively
convex part of the surface can grow faster than the other parts
because of the greater concentration gradient at the top of the
convex part. Then, tapering morphologies are induced by am-
plification of fluctuation of the surface. The oriented architec-
ture is achieved by the sequential growth through mineral
bridges along specific directions in the diffusion field.

5.2 Growth of Carbonate Crystals in Cooperation with
Silicate. 5.2.1 Hierarchical Structures Covered with
Silicate: Soluble inorganic anions exhibited capping effects
similar to the organic anions in the morphogenesis of carbon-
ate crystals. Garcia-Ruiz et al. published the first reports on
the morphological evolution of CaCOs in the presence of sili-
cate anions.”3%73%102.103 We modified their reaction system and
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Fig. 14. Development of spines, cones, and hollow horns of
CaCO03.'%! SEM images of typical spines grown on round
rhombohedral pedestals in the binary system of 2.4 x
107324 x 102wt % (0.33-3.3mM) PAA2k and 7.2-
8.6 x 1072wt % (10-12mM) PAA250k for 8 days (a, b).
An enlarged SEM image (c) of the top and a TEM image
(d) of the fracture of a spine. SEM images of typical cones
obtained in a binary system of 2.4 x 1073-2.4 x 1072
wt% (0.33-3.3mM) PAA2k and 7.2-8.6 x 1072 wt%
(10-12mM) PAA250k for 8 days (e, f). A SEM image
(g) and a TEM image (h) of a hollow horn of vateraite. Re-
produced from Ref. 98 with permission of the American
Chemical Society.

contour line
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found several fascinating morphologies.'®1%7 As shown in
Figs. 16a and 16b, we obtained many small, three-pointed
stars 1 to 5pum wide attached to the primary star of calcite
grown in silica gel at pH 10.5. The secondary star-like units
consisted of smaller three-pointed stars 100 to 500 nm wide.
The SEM observation indicates that this calcite had a hierarch-
ical structure composed of star-like units arranged with the
same crystallographic orientation.

Silicate anions exist in solutions under a highly basic condi-
tion. The results of FT-IR suggested that polymerized silicate
was adsorbed on the calcite surface. Then bridged, miniatur-
ized three-pointed stars were produced with the polymeric sil-
icate anions. The influence of the silicate anions on the crystal
growth might increase because the concentrations of calcium
cations and carbonate anions decreased due to the formation
of CaCO;. A gradual increase in the influence of silicate
anions resulted in the formation of a hierarchical self-similar
morphology consisting of three-pointed stars with sizes rang-
ing from 100nm to ~100um. The formation of the small,
bridged crystalline units with silicate anions was fundamental-
ly similar to those formed with PAA, although the morphology
depended on the specificity of the adsorption of the polymeric
anions.

Aragonite occasionally precipitated in silica gel whereas
calcite was dominantly produced under this condition. Al-
though hexagonal rods, which are a regular form of aragonite,
were obtained in the absence of silicate, coral-like porous
morphologies with nanoscale cellular framework (Figs. 16¢
and 16d) were found in the presence of silicate anions at
pH 10.5. Platy units of aragonite in the porous structures were
individually covered with silicate envelopes. When aragonite
needle crystals were previously added into the silica gel as
seeds, we obtained mainly the cellular aragonite. Spherical
clusters of the cellular structures were produced around the
seed, and then coral-like projections were formed through
outgrowth, inheriting the crystallographic properties from the
seed. Polymeric silicate was suggested to cover specific sur-
faces along the ¢ axis of aragonite to promote the formation
of miniaturized platy units. Sheets and helical forms were
produced with aragonite-type StCO3z and BaCOs in silica gel
under a basic condition (Figs. 16e and 16f). These units were
found to be composed of bridged nanocrystals enveloped with
silicate (Figs. 16g and 16h). These results suggest that various
morphologies were constructed by sequential, bridged growth
of carbonate crystals in cooperation with inorganic polymeric
anions, as well as organic polymers. The presence of silica gel
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Fig. 15. Schematic illustration of preferential crystal growth under a diffusion-limited condition. The consumption of solutes near
the surface with crystal growth produces a concentration gradient in the latter stage (1, 2). Fluctuation of the surface increases with
a high concentration gradient at the tip (3, 4). Then, a convex shape is formed on the surface.
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Fig. 16. CaCO; and SrCOj crystals grown in the presence
of silicate.'®-197 A calcite crystal showing three-fold rota-
tion symmetry (a, b), coral-like morphology of aragonite
(c, d) and petal-like SrCOs (e, f) produced with silica
gel at pH 10.5. TEM images of a bundle of fibrous sub-
units (g) and a fibril (h) in a petal of SrCO;3. Reproduced
from Refs. 105-107 with permission of the Royal Society
of Chemistry and Elsevier.

simultaneously causes a matrix effect for diffusion-controlled
mass transport.

5.2.2 Planar Films of Carbonate Crystals with Silicate on
Chitosan: We obtained CaCOj films on a chitosan surface in
an aqueous solution system containing silicate anions at
pH 10.5.19% As shown in Figs. 17a and 17b, a planar film was
found to be composed of small, bridged units 50-100nm in
diameter. Since silicate was suggested to cover the small crys-
tal grains, the presence of silicate anions in the solution mini-
aturized the carbonate crystals. The formation of planar films
was induced through a 2D arrangement of the small, bridged
units on the surface of a chitosan substrate as a macroscopic
template. As described in the previous section, subsequent
epitaxial growth was achieved on planar films of CaCOs in a
supersaturated solution without any additives. As a concentric
array of thin vaterite walls was formed by subsequent growth,
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2.0 um &‘ -

Fig. 17. SEM images of CaCO;3 (a, b) and BaCO;3; (c—f)
planar crystals observed on a chitosan substrate in the
presence of silica gel at pH 10.5.1%81% The edge of barium
carbonate planar crystal on a chitosan substrate before (e)
and after (f) EDTA treatment. The residue was confirmed
to be silica by EDX. Reproduced from Ref. 109 with per-
mission of the American Chemical Society.

the combination of chitosan and silicate anions promoted the
nucleation of vaterite in which the ¢ axis was parallel to the
surface (Fig. 13f).

Aragonite-type carbonates, such as SrCO3 and BaCOj3, were
also deposited as planar crystals in the presence of silicate
anions on a chitosan substrate.'%!1° Planar crystals exhibiting
a hexagonal habit were produced through two-dimensional
dendritic growth with bridged hexagonal units, in which the
¢ axis was arranged perpendicular to the surface (Figs. 17¢
and 17d). Silicate anions initiated the nucleation of aragonite-
type crystals as a template on the insoluble polyalcohol sub-
strate and induced crystal growth of the bridged units as a cap-
ping agent. A laminated architecture was constructed through
stacking of the platy units with a silica skin, which was con-
firmed by dissolution of BaCO3 cores with an EDTA solution
(Figs. 17e and 17f). These c-axis-arranged aragonite layers are
similar to nacre in shells, although the thickness of the plates
was smaller than that of the bioproducts.

5.3 Overview of the Morphogenesis with Self-Organiza-
tion with Soluble Polymeric Agents. In the presence of solu-
ble agents, such as PAA and silicate, bridged nanocrystals in
cooperation with the cooperative agents were grown. Since
the scale of the nanocrystals was not correlated with the size
of the components, such as atoms, ions, and molecules, the for-
mation process of the bridged nanocrystals is in the category of
self-organization. This fact suggests that the specific adsorp-
tion of soluble agents induces the self-organized formation of
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Fig. 19. Overview of morphological evolution with self-assembly and self-organization on crystals growth of calcium carbonate.

hierarchical architectures consisting of small units. Although
the specific adsorption of organic molecules having carboxy
groups on the surface of CaCOj crystals has been reported,
only crystal habits were changed by monomeric molecules.
On the other hand, crystal growth was inhibited by a strong
adsorption of polymeric agents, such as PAA and silicate.
However, growth resumes when polymeric agents provide a
covering because the degree of the supersaturation increases
around the surface. The repetition of the inhibition and the
resumption of the crystal growth would produce the bridged
units. Finally, sequential growth of bridged units is achieved
by the cooperation of the crystal growth and the adsorption
as shown in Fig. 18. The morphological variation would be
easily achieved with a lowering of the surface energy due to
adsorption of the cooperative agents. The size of the units were
determined by the balance between the crystal growth and the
adsorbability. In most biominerals and the mimetic architec-
tures of CaCOs3, the size of the units was within 100 nm. Since
the specific adsorption occurs on specific faces of the unit crys-
tals, the minimum size of the units may be associated with the
formation of the facets exhibiting a habit of the crystal.
Figure 19 illustrates an overview of the morphological evo-
lution of CaCO; through the self-organization in the presence
of polymeric molecules. A thombohedral form of calcite is the
most stable state grown through self-assembly. The crystal

structure was varied by the control of the nucleation with a
microscopic template effect of the array of PAA or silicate
on a substrate (modulation of self-assembly). The coexistence
of polymeric anions induced the self-organized formation of
small, bridged crystal units with the oriented architecture.
The development of the morphology through self-organization
was controlled by a macroscopic template effect. Planar struc-
tures are produced through two-dimensional growth, guided by
a substrate covered with PAA or silicate. Three-dimensional
evolution of the bridged crystals is promoted under diffu-
sion-controlled mass transport. The morphological evolution
is fundamentally ascribed to the variation of self-assembly into
self-organization with capping effects.

Amorphous calcium carbonate (ACC) containing a great
amount of organic molecules and inorganic ions has been re-
ported to play an important role in the formation of complex
morphologies of crystalline calcium carbonate.'!!-115 Actually,
the presence of ACC was shown growing at the top of sea ur-
chin spines.*® The bridged nanocrystals of CaCOj in biominer-
als and its mimetic materials may be formed from ACC
through the solid—solid transformation. However, the forma-
tion of bridged nanocrystals was observed for various crystals
other than CaCO;. Consequently, the presence of the amor-
phous phase is not essential for the nanoscale engineering of
the morphogenesis via self-organization on the crystal growth.
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Fig. 20. Hierarchical superstructure consisting of K,SO, and PAA organized on five levels from nanoscopic to macroscopic.!!

8

Overview of the hierarchical architecture and its schematic illustration in six different scales (Cpaa = 10gdm™>). a and b)
SEM image and the schematic representation of the macroscopic lattice architecture consisting of large thin plates and columns
(tier 1), c and d) columnar assembly between plates (tier 2), e and f) units in the columns (tier 3), g and h) subunits inside of a unit
(tier 4), 1 and j) TEM image and schematic representation of the crystallites with the same orientation in a subunit (inset: corre-
sponding SAED patterns taken along the [010] direction, tier 5). Reproduced from Ref. 118 with permission of Wiley-VCH.

6. Hierarchical Crystal Growth

6.1 Formation of Hierarchical Architectures with a Solu-
ble Polymer. We show a novel type of hierarchically organ-
ized superstructures emerging from an exquisite association of
inorganic crystals and organic polymers through simple biomi-
metic crystallization. Potassium sulfate (K,SO,4) was prepared
in an aqueous solution containing PAA with evaporation of
water.! 16118 The resultant superstructure consisting of K,SOy4
and PAA was hierarchically organized on five levels from
nanoscopic to macroscopic. Figure 20 shows SEM images
and the schematic representation of the macroscopic lattice
architecture (tier 1), columns between plates (tier 2), platy
units in the columns (tier 3), granular subunits inside of a unit
(tier 4), and crystallites (TEM image) with the same orientation
in a subunit (inset: corresponding SAED (selected area electron
diffraction) patterns taken along the [010] direction, tier 5). A
hierarchically organized architecture on multiple scales was
also generated from potassium hydrogen phthalate crystals
and PAA with an exquisite association of polymers on crystal-
lization.!'® In accordance with these two model cases, the con-
cept for crystal growth can be applied to the generation of a
hierarchically organized architecture regardless of whether
organic or inorganic materials are used. Our findings shed light
on the nature of hierarchical crystal growth in various biomin-
erals, such as bone and mother of pearl. Furthermore, tailoring
the combination of crystals and polymers could bring about
various hierarchically organized materials with emergent prop-
erties that are unattainable with the individual components.

6.2 Formation of Macroscopic Structures. The resulting
material was totally mineralized and was integrated on a mac-
roscopic scale (tier 1) regardless of PAA concentration. Thin
plates were observed at a relatively low PAA concentration.
A habit modification of PAA fundamentally led to the thin
plate of K;SO4, mainly exhibiting the (010) faces. As the
PAA concentration increased, columnar assemblies in tier 2

were produced between the primary plates by sequential
growth perpendicular to the (010) faces (Figs. 21a-21c). Con-
sequently, a macroscopic lattice architecture was obtained by
alternative growth of the plates and the columns. While the
number of thin plates was reduced, the morphological evolu-
tion of the columnar growth proceeded with a further increase
in the PAA concentration. The columnar growth with the
platy units changed to a zigzag architecture via turning and/
or branching in a specified direction. Finally, curved, twisted,
and helical morphologies emerged under diffusion-controlled
mass transport in a similar manner to helical forms in a gel
matrix described in the previous section.!'® The modulation
of the bridged growth of the platy units in tier 3 made up var-
ious morphologies in tier 2.

6.3 Formation of Microscopic Structures. The inside of a
platy unit had a two-tiered structure with the same orientation
(tiers 4 and 5) (Figs. 21d-21f). A platy unit in tier 3 consisted
of the layered subunits (tier 4). Detailed observation using
SEM and TEM images indicated that the subunits were also
composed of crystallites with a diameter of 10-20nm (tier 5),
regardless of the PAA concentration. Since TEM observations
and the subsequent SAED patterns showed a spot pattern, the
crystallites were highly aligned in the (010) plane with the same
orientation. Therefore, a platy unit in tier 3 was composed of
the two-tiered bridged subunits (tier 4) and crystallites (tier 5).
The bridged architecture was determined to be due to self-
organized formation with the capping effect of PAA.

6.4 The Dual Role (Matrix and Capping Effects) of a
Soluble Polymer. We found that PAA molecules were incor-
porated with K,SO4 in two different ways. About 20 wt % of
PAA molecules served as the “strongly incorporated PAA,”
which resulted in habit modification through specific adsorp-
tion on the crystal faces. The large thin plate (tier 1) and
the platy unit of columnar assembly (tier 3) were eventually
formed by habit modification. The excess amount of polymer
acted as a growth medium leading to a diffusion-controlled
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erals through self-organized crystal growth in several scales.

mass transport and then was simply attached to the K,SOy4
crystal surface after the evaporation of water (“simply attached
PAA,” about 80 wt %). As mentioned above, diffusion-control-
led growth has a great potential for designing the crystal mor-
phology. An increase in the PAA concentration mainly con-
tributed to an increase in the amount of attached PAA and pro-
duced diffusion-controlled conditions leading to helical and
twisted morphologies consisting of the bridged units (tier 2).

The incorporated PAA played important roles in the struc-
ture of tiers 4 and 5. An increase in the initial concentration
of PAA resulted in a slight increase in the incorporated
PAA. Since the thickness and the arrangement of subunits
were controlled by the PAA concentration, the bridged growth
of the subunits (tier 4) and the crystallites (tier 5) was ascribed
to self-organization in cooperation with PAA. Viewed from
the nanoscopic scale, the selective adsorption leading to habit
modification results from the electrostatic interaction between
the carboxy groups of PAA and the potassium ions on the
(010) face of K;SO4. An increase in the incorporated PAA
segmentalizes the bridged units on the tier 5 scale. Coupling
of strong crystal-polymer interactions and diffusion-controlled
conditions that are mediated by the dual roles of PAA is
required for construction of the hierarchical architectures.

As mentioned in the previous section, nanostorage for
organic molecules is generated by electrostatic interactions
between nanocrystal bricks and biopolymer mortars in real
biominerals. An anionic dye molecule actually occupied the
space in a hierarchically organized composite of K;SO4/
PAA. Thus, we identified the ability of the hierarchical archi-
tecture to host organic molecules. Consequently, a biomimetic
architecture in terms of hierarchy, oriented structure, and
nanostorage has been generated through self-organized growth
of K»,SO,4 and PAA. These results imply that a versatile nano-
engineering strategy using bridged bricks and mortars can be
adopted for the construction of bioinorganic architectures.

Schematic illustration of the formation of hierarchical architectures of inorganic—organic composites mimicking biomin-

7. Conclusion

Understanding the biomineralization processes as self-or-
ganization is important to reproduce the biomimetic architec-
tures. In an artificial system mimicking biomineralization, the
morphologenesis of inorganic crystals on several scales is fun-
damentally achieved by self-assembly at the atomic level and
self-organization at the microscopic and macroscopic levels.
Figure 22 illustrates that the multi-scale structures would be
precisely controlled by the combination of the matrix, capping,
and template effects with organic and/or polymeric species. If
strong interactions mainly occur in the system, the incorporated
polymer induces habit modification for zero- and two-dimen-
sional architectures, such as nanoparticles and nanowires.
The absence of strong interaction only results in the diffu-
sion-controlled morphogenesis as shown in Fig. 1. When the
versatile effects of the organic and/or polymeric species are
coupled during the crystal growth, hierarchically organized
architecture is formed. A similar strategy can be employed in
bioinorganic superstructures that are directed by controlled
crystallization with the assistance of biological molecules and
polymers. The emergence of macroscopic and microscopic se-
quential growth modes with bridged units and guidance for the
construction of the units with a template is an essential strategy
for the biomimetic approach through self-organization.

In recent years, functional oxides, such as titanium(I'V) di-
oxide, tin oxide, and zinc oxide, were prepared in an aqueous
system mimicking biomineralization.'?*-122 The general con-
cept of bridged nanocrystals would be applicable as a novel
type of inorganic crystals and inorganic—organic nanocompo-
site materials. Thus, the strategy of the bridged nanocrystals
in cooperation with organic agents would be utilized to fabri-
cate a wide variety of functional materials. The formation
process through self-organization is a possible new paradigm
for advanced material processing.
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Fig. 22. Schematic illustration of the formation of various architectures of inorganic crystals through self-organization with molecu-
lar species. The specific adsorption of soluble agents induces the self-organized formation of hierarchical architectures consisting of
small units (I). The control of the nucleation determining the polymorph of the whole crystal is ascribed to a microscopic template
effect derived from the lattice matching between an inorganic crystal and organic molecules on the surface of a substrate (I). A flat
surface of a substrate promoted the formation of a film through two-dimensional growth of the bridged nanocrystals (III). The ori-
ented architecture would be achieved by the sequential growth through mineral bridges along specific directions in the diffusion
field (IV). Convection-free matrices of gel and viscous liquid easily suppress mass transport and promote the self-organized growth
with a diffusion-controlled growth mode through the suppression (V). The emergence of macroscopic and microscopic sequential
growth modes with bridged units and guidance for the construction of the units with a template is inferred to be the essential strategy
for the biomimetic approach through self-organization (VI). The control of the self-organization, such as macroscopic chiral tuning,
is achieved by a specific adsorption of a soluble agent on the crystal surface through molecular recognition (VII).
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