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Recent Materials Science

Development of Highly Functional Materials
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What can materials scientists do?

m» Learning from Nature



What i1s biomimetic in materials science?
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Development of Advanced Functional Materials
In Harmony with Environment



What is biomimetic crystal design?
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What is biomimetic crystal design?
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Principles and Concepts
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Agueous Solution Routes /H

Insoluble Organic Molecules
Control of Macroscopic Morphologies

Soluble Organic Molecules
Control of Crystal Growth

Nanocrystals
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Development of Biomimetic Crystal Design
Biomineralization (1900~)

K. M. Towe,
Science 1967
Echinoderm Calcite: Single Crystal

or Polycrystalline Aggregate

Abstract. Electron microscopy of
natural and broken surfaces of echinoid

skeletal plates reveals that the interior

portions have the morphology of a sin-

gle crystal, whereas the exrerior is a
polycrystalline aggregate with preferred

orientation, These data help to resolve
earlier contradictory x-ray and optical
evidence,

J. D. Currey et al.
Nature 1967
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Abzerce of Organic Fhase in Echinocerm
Celoite
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Crystal Struc.tu res

P. L. O'Neill,
Science 1981

Folyerystalline Echinoderm Caleite and Its Fractoere Mechanics

Abstract, Polvervstallive calclie wis revealed by sransing electron micrascopy af
Jrweieres phefetcl essictes of the ten ffar Echinaster spmulosus @ Eehmodermati,
Avteroiden). Wivsker-like colvite crpstaly were afserved in spwcimens thar were
bazded in strexy relaration befire being froctared; rnpidl broken siecfacer were
spperhl gnd plarsy, The erprfalliter were 300 angstromy wide and o feand 35040
gurpriroms oy cnel wers packed together inlamellae. Phe lamellae were wenrd e
apirais Shat formed The trapecular bars, AL the covstallines in an ossicle appear ro be
aligred in the some direction. Geoteeine considerarlons indicate rhat (Re require-
menr fiov packing the cryrtailiter smeolithy oray explads the bush arapmeriver for
rorcendreiias of eclnocerm calkodie.
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L. Addadi et al. Format_ion
Science 2004 Mechanisms

Sea Urchin Spine Calcite
Forms via a Transient Amorphous
Calcium Carbonate Phase

Yael Plllitl-,1 Talmon Amd,! Eugenia Klein,®
Steve Weiner,' Lia Addadi®?

The skeletons of adult echinadenms comprise laree single crystals af calcite
with smeoth ronveluted fenestrated mnﬁrﬂgﬂ'u raising many questions

abeut haw they farny. By uting water atching, infrared spoctreacepy, elactran
diffraction. and environmental scanning electron microscopy, we show that
wea urchin spine regeneration proceeds viathe initia depesition of amomhous

L. Addadi et al.
Science 1990

J. Aizenberg et al.
J. Mater. Chem.

?@'@ n of Sea Urchin Proteins in Calcite:

a Cryzralline. Composite Material
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J. Aizenberg et al.
J. Am Chem. Soc. 1993

sea urchin spines

EDTA HCl
[protein]® 0.009 0.015
ASX 10.0 12.1
Thr 5.0 4.6
Ser 4.6 3.6
Glx 10.9 12.9
Pro 10.3 10.1
Gly 15.4 19.1
Ala 11.5 9.9
Cys 0.7 0.2
Val 5.8 4.3
Met 4 3 4.9
IlL 3.0
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Development of Biomimetic Crystal Design

From Biomineralization to Biomimetic Materials Chemistry (1990~)

= s. Mann (UK) 1993 @ T.Kato (Japan) 1998

CaCO, supersaturated aqueous solution
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Stephen Mann

The systamatlc fabrication of advanced materlals will require the construction of architecturas
ovar ecalas ranging fram the molecular to the macroscople. Tha baske constructlenal processes.
of blemineralizatlon—~eupramolacular pre-organizatlon, Intarfaclal molacular recognition {tam-
plating] and caliular processing—acan provide useful archatypes for makacular-scale building.
or “molecular lacionbes', In organke matariaks chamisbny.

Glass substrate

T. Kato et al., Supramol. Sci., 1998,
Adv. Mater., 2000, Adv. Mater., 2002, 14, 869.




Development of Biomimetic Crystal Design

L= J. Aizenberg | ® T.Kato - M. Antonietti, H. Colfen
Nature 2001, 412. 819. Angew. Chem. Int. Ed. 2006. fii% S.H.Yu,Q
Li
_ Nano Lett. 2004.
Complex Morphologies

Angew. Chem. Int. Ed. 2008.
Adv. Mater. 2009.



Biomimetic Crystal Design for Materials Science
~Recent Challenges in Technological Aspects~

1. Can we expand the approach to synthesize a
variety of compounds ?

2. Can we create functional materials and devices?

3. Can we alternate the approach to conventional
processes and current practical materials?



Approaches to Biomimetic Crystal Design

Inorganic Salts Metal Oxides Organic Crystals
Nacreous Layer Metal-Oxidizing Surface Skin of Fish
Sea Urchin Spine Bacteria
Calcium Manganese ~ Guanine
Carbonate

Oxides

Biominerals
« Formation Processes o Structures  Functions

Learning Mimetic Application

@ Development of A General Approach for Biomimetic Crystal Design
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Strategies for Biological Crystal Design

coral

B2 |

Y. Oaki, H. Imai,Angew. Chem. Int. Ed. 2005, 44, 6571.
Y. Oaki, A. Kotachi, T. Miura, H. Imai,Adv. Funct. Mater. 2006, 16, 1633.



Strategies for Biological Crystal Design

Nanocrystals
Biological Polymers

G Mineral Bridges
Oriented Structures

Mesocrystals

Y. Oaki, H. Imai, Small 2006, 2, 66.
Y. Oaki, A. Kotachi, T. Miura, H. Imai,Adv. Funct. Mater. 2006, 16, 1633.



Biomimetic Crystal Design of Mesocrystals

CaCo, K,SO,
(/\cjc{h PAA PAA

75

V\

W\

E Y. Oaki, H. Imai, Adv. Funct. Mater. 2005, 15, 1407.
n %m Y. Oaki, H. Imai,Chem. Commun. 2005, 6011.
Y. Oaki, A. Kotachi, T. Miura, H. Imai,Adv. Funct. Mater. 2006, 16, 1633.

M. Kijima, Y. Oaki, H. Imai,Chem. Eur. J. 2011, 17, 2828.

\/

<
R
WW NIV

a Mesocrystals




Applications of Biomimetic Crystal Design

SnO,, TiO,
Glass-Like
Transparent

Objects Homogeneous Assemt
o) of Nanocrystals

CaCoO, M

Exoskeleton of ~ Hierarchical S
Sea Urchin Spine  Architecture Y T e TR - 2O
Y. Oaki, M. Kijima, H. Imai,J. Am. Chem. Soc. 2011, in press.




Approaches to Biomimetic Crystal Design
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Strategies for Biological Crystal Design

B. M. Tebo, S. M. Webb et al., Annu. Rev. Earth Planet.Sci 2004, 32, 287.
Trends Microbiol. 2005, 13, 421.

Agueous Solution Routes

Nanostructures
Controlled Oxidation States

Enzyme-Mediated Syntheses

@ Good Models for Materials Science



Biomimetic Crystal Design of Metal Oxides

Enzyme-Mediated Synthesis $ Chelation-Mediated Synthesis

HOOC
HOOC Nw~N~coon Nag 5sMN5,0,-1.5H,0 M

EDTA \ cooH (Mn'V: birnessite) cOoH PAA

! b

2 |
A

Nanosheets Mesocrystals
{Thickness: 10 nm { Nanoflake: 100 nm
Size: 0.2 ~2 um Nanocrystal: 2 nm

Y. Oaki, H. Imai,Angew. Chem. Int. Ed. 2007, 46, 4951. Y. Oaki, H. Imai,J. Mater. Chem. 2007, 17, 316.



Biomimetic Crystal Design of Metal Oxides

HO
HO @) 0 HOOCW
_ + HOOC N ™~OAN~cooH
§
AsA HO  OH EGTA COOH

MnOOH Na, ::Mn,0,-1.5H,0

100,110

M. Oba, Y. Oaki, H. Imai,Adv. Funct. Mater.2010, 20,
4279.



Application to Electrode Materials
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> A Cathode Material of Lithium lon Battery
with Charge-Discharge Cycle Stability

M. Oba, Y. Oaki, H. Imai,Adv. Funct. Mater.2010, 20,
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Biomimetic Crystal Design of Metal Oxides
SnO (Sn'

= A
falerns

Nanosheets . .
W= Photocurrent Generation Photocatalytic Degradation
. %"on off on off on NS
i Vb 4+ /@i D\
i —al (CH,N s N(CH,),
= Reaction @
@ R .
s 7 Bulk Selectivity
[»]
S _ . . . . " Reduction Oxidation
£ % 10 20 30 40 .

50 60 NH N\
Time / second
No Photocurrent /@{@\ /©I Q\
(CHY,N | N(CH,), H,N S NH,
o}

K. Sakaushi, Y. Oaki, H. Uchiyama, E. Hosono,
H. Zhou, H. Imai, Small 2010, 6, 776.



Future of Biomimetic Crystal Design

5~10 Years Later

Biomimetic Materials Science for Practical Uses
Biomimetics as A New Discipline

Ecological Lifestyle Based on Biomimetic Materials Science

A Japanese Project

- Fusion Materials : Creative Development of

; : " Materials and Exploration of Their Function through
. Molecular Control
A

Funded by Grant-in-Aid for Scientific Research on Innovative Areas from
the Ministry of Education, Culture, Sports, Science and Technology (MEXT)

FUSION MATERIALS

Project Leader: Prof. Takashi KATO (University of Tokyo)
(http://fusion-materials.t.u-tokyo.ac.jp/)
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