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Biorhythms
Temporary Periodic Patterns

�Cell cycle
�Circadian rhythm
�Pulsation

Spatially Periodic Patterns

�Surface of 
Animal Body

Once you know the concept of      Dissipative Structure  
Temporary and Spatially Periodic Patterns can         be realized by Artificial Chemical Reaction !!

1.0 mm

Modeling: A. M. Turing, Philos. Trans. Roy. Soc. 
London, 1952, B 237, 37. 
Experimental realization:   V. Castets, E. Dulos, J. 
Boissonade, P. De Kepper, Phys. Rev. Lett., 1990, 64, 
2953.
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Bray Reaction:  W. C. Bray, J. Am. Chem. Soc., 1921, 
43, 1262. 
Belouzov-Zhabotisky Reaction:   B. P. Belouzov, 1958. 
Brusselator:   I. Prigogine, R. Lefever, J. Phys. Chem., 
1958, 48, 1965.



Self-Organizationin Nonequilibrium System :
Dissipative Structure

Proposed by Ilya Prigogine: Nobel Laureate in Chemistry in 1977

Irreversible 
Dissipative Processes

• Reaction
• Diffusion
• Heat Conduction

Energy
or

Higher Chemical Potential Matter

Lower Chemical Potential Matter

Self-Organized State
(Dissipative Structure)

• Oscillation
• Pattern Formation
• Chiral Symmetry Breaking

Growth of 
Fluctuation

diS
dt > 0



Chemical Oscillation
Belouzov-Zhbotinsky Reaction (1958)

BrO3
-

HBrO2

Br-

HBrO

Ce3+

BrCH(COOH)2

CH2(COOH)2

Products

Ce4+

Brusselator (1968)

dX
dt

= k1A − k2BX + k3X 2Y − k4 X

dY
dt

= k2BX − k3X 2Y



Spatial Pattern Formation

∂X
∂t

= −7X 2 − 50XY + 57 + DX
∂ 2X
∂l2

∂Y
∂t

= 7X 2 + 50XY − 2Y − 55 + DY
∂ 2Y
∂l2

Turing Model (1942)

Turing Pattern 
Fomation by 

CIMA Reaction
(1990)



Linear Stability Analysis for Two 
Variables System

dX
dt

= f X,Y( )
dY
dt

= g X,Y( )

Rate equation (Time derivative of concentration)

Steady state solution
f X,Y( )= 0, g X,Y( )= 0 XSS,YSS

Perturbation by Fluctuation
X = XSS + δX
Y = YSS + δY



First order term of Taylor series
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Fluctuation
δX = c1 exp λt( ), δY = c2 exp λt( )
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Linear Stability Analysis for Two 
Variables System



Linear Stability Analysis for Two 
Variables System

Characteristic equation

λ2 − λtr J( )+ det J( )= 0

Stability of steady state

Other conditions

tr J( )< 0, det J( )> 0 Stable

Unstable



Oscillating Mouse & Traveling Wave Mouse

“Traveling stripes on the skin of a mutant mouse”
N. Suzuki, M. Hirata, S. Kondo, P. Natl. Acad. Sci. USA, 100, 9680-9685 (2003)

Fig. 3. Pattern change of a 
homozygous Foxn1tw mouse 
during the 30-day cycle. (a) Days 
30-60. (b) Days 90-120. (c) Days 
210-240 after birth. Pictures are 
taken at 5-day intervals with a 
Nikon digital camera. The pattern 
change shown here is typical for a 
homozygous Foxn1tw mouse.



Chiral Aymmetry 

C
H

NH2

COOH

H  C3
C

H
NH2

COOH

CH3

L-ƒAƒ‰ƒjƒ“ D-ƒAƒ‰ƒjƒ“

N
OO

N
H

O

O

H

L-ƒTƒŠƒhƒ}ƒCƒh D-ƒTƒŠƒhƒ}ƒCƒh

N
O O

N
H

O

O

H



α-Helix of Protein and Double Helix of DNA



Frank’s Model

D. K. Kondepudi, G. W. Nelson, Nature, 1985, 314, 438-441.

A L A D
k1 k1
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dL
dt

= k1A + k2AL − k3LD

dD
dt

= k1A + k2AD − k3LD

L = D =
Ak2 + Ak2( )2 + 4Ak1k3

2k3
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λ1 = Ak2 > 0

λ2 = − Ak2( )2 + 4Ak1k3



Chiral Symmetry Breaking Transition
by Kondepudi & Nelson’s Model

k1f

k1r

k1f

k1r

k2f

k2r

k2f

k2r

k3

S  T

P

S + T           X S + T           X

S + T + X             2 X S + T + X             2 X

X   + X            P

L D
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λ = [S][T]

α = ([XL] - [XD]) / ([XL] - [XD])

α

λλC = - Aα3 + B(λ - λC)α
dα
dt

D. K. Kondepudi, G. W. Nelson, Nature, 1985, 314, 438-441.



Frank’s Model

F. C. Frank, Biophys. Acta, 1953, 11, 459-463.
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λ1 = k2A > 0

λ2 = − k2A( )2 + 4k1k3A < 0 } Saddle point



Convection Pattern Formation on Earth

Sun Earth

E > EC

Spontaneous Generation of Convection Patterns

Constraint
Energy: EEnergy: E

Response



Chiral Symmetry Breaking Transition
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D. K. Kondepudi, G. W. Nelson, Nature, 1985, 314, 438-441.



Chiral Autocatalysis in Crystallization of 
1, 1’-Binaphthyl 

D. K. Kondepudi, K. Asakura, et al., J. Am. Chem. Soc., 1999, 121, 1448-1451.

1, 1’-Binaphthyl m.p.:  Racemic crystal: 145°C;  Chial crystal: 158°C



Crystal Growth of of 1, 1’-Binaphthyl 

K. Asakura, D. K. Kondepudi, et al., Chirality, 2002, 14, 85-89.



Crystal Growth Front as an Open System 

Moving window

Racemic meltChiral crystal

K. Asakura, D. K. Kondepudi, et al., Chirality, 2004, 16, 131-136.



Chiral Symmetry Breaking Transition in 
Crystallization of 1, 1’-Binaphthyl 

K. Asakura, D. K. Kondepudi, et al., J. Phys. Chem. B, 2005, 109, 1586-1592.



Crystallization Front Model

Liquid phase: L
Growth layer: GS, GR

Interface of crystal to liquid: IS, IR

Crystal bulk phase: CS, CR

L + IS GS + CS

L + IR GR + CR

L + IS GR + CS

L + IR GS + CR

L + IS + GS 2 GS + CS

L + IR + GR 2 GR + CR

L + IS + GR GS + GR + CS

L + IS + GR 2 GR + CS

L + IR + GS 2 GS + CR

L + IR + GS GS + GR + CR

L + IS + GS GS + GR + CS

L + IR + GR GS + GR + CR

GS IS

GR IR

k01

k01

k02

k02

k11

k11

k12

k12

k12

k12

k13

k13

k20

k20



Kinetic Equations and Their Simplification
dGS

dt
= k01IS + k02IR + k11ISGS + k12 ISGR + IRGS( )+ k13IRGR − k20GS

dGR

dt
= k01IR + k02IS + k11IRGR + k12 ISGR + IRGS( )+ k13ISGS − k20GR

dIS

dt
= −k01IS − k02IS − k11ISGS − 2k12ISGR − k13ISGS + k20GS

dIR

dt
= −k01IR − k02IR − k11IRGR − 2k12IRGS − k13IRGR + k20GR

k02 ≅ 0 ,k13 ≅ 0

dGS

dt
= k01IS + k11ISGS + k12 ISGR + IRGS( )− k20GS

dGR

dt
= k01IR + k11IRGR + k12 ISGR + IRGS( )− k20GR

dIS

dt
= −k01IS − k11ISGS + 2k12ISGR + k20GS

dIR

dt
= −k01IR − k11IRGR + 2k12IRGS + k20GR IS + IR + GS + GR = Constant =1( )



Steady State Solution of Kinetic Model

Symmetric steady state

Asymmetric steady state

GS = GR =
−2k01 + k11 + 2k12 − 2k20 + 2k01 − k11 − 2k12 + 2k20( )2 + 4 2k11 + 4k12( )k01

2 2k11 + 4k12( )

IS = IR =
2k01 + k11 + 2k12 + 2k20 − 2k01 − k11 − 2k12 + 2k20( )2 + 4 2k11 + 4k12( )k01

2 2k11 + 4k12( )

GS =
−k01 + k11 − k20 + k01 − k11 + k20( )2 + 4k01k11

2k11

IS =
k01 + k11 + k20 − k01 − k11 + k20( )2 + 4k01k11

2k11

GR = IR = 0

GS = IS = 0

GR =
−k01 + k11 − k20 + k01 − k11 + k20( )2 + 4k01k11

2k11

IR =
k01 + k11 + k20 − k01 − k11 + k20( )2 + 4k01k11

2k11



Back to Complex Kinetic Model

dGS

dt
= k01IS + k02IR + k11ISGS + k12 ISGR + IRGS( )+ k13IRGR − k20GS

dGR

dt
= k01IR + k02IS + k11IRGR + k12 ISGR + IRGS( )+ k13ISGS − k20GR

dIS

dt
= −k01IS − k02IS − k11ISGS − 2k12ISGR − k13ISGS + k20GS

dIR

dt
= −k01IR − k02IR − k11IRGR − 2k12IRGS − k13IRGR + k20GR

dGS

dt
= k01IS + k11ISGS + k12 ISGR + IRGS( )− k20GS

dGR

dt
= k01IR + k11IRGR + k12 ISGR + IRGS( )− k20GR

dIS

dt
= −k01IS − k11ISGS + 2k12ISGR + k20GS

dIR

dt
= −k01IR − k11IRGR + 2k12IRGS + k20GR

k02 ≠ 0,k13 ≠ 0



XRD Analysis of  Crystal Phase of 
1, 1’-Binaphthyl 

� 1, 1’-���������XRD������
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a: Chiral crystal 
b: Racemic crystal

K. Asakura, D. K. Kondepudi, et al., Chirality, 2004, 16, 131-136.



Linear Stability Analysis
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Jacobian Matrix



Linear Stability Analysis

Eigenvalues for Asymmetric Solution

k01 = 0.001, k20 = 0.002,k12 = 0.002, 0.010.005,

λ1 = 0, λ2 = − k01 − k11 + k20( )2 + 4k01k11

λ 3

k20=0.002

k20=0.005

k20=0.01

k11

λ 4
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Linear Stability Analysis
Eigenvalues for Symmetric Solution

k01 = 0.001, k20 = 0.002,k12 = 0.002, 0.010.005,

λ 1
λ 2
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Bifurcation Diagram

K. Asakura, D. K. Kondepudi, et al.,          
J. Phys. Chem. B, 2005, 109, 1586-1592. 

R. Plasson, D. K. Kondepudi, K. Asakura, 
J. Phys. Chem. B, 2006, 110, 8481-8487. 

K. Asakura, R. Plasson,D. K. Kondepudi, 
Chaos, 2006, 16, 037116. 



Chiral Symmetry Breaking Transition
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α
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D. K. Kondepudi, G. W. Nelson, Nature, 1985, 314, 438-441.



Chirally Autocatalytic Reaction

K. Soai, T. Shibata, H. Morioka, K. Choji, Nature, 1995, 378, 767-768.



Spontaneous Generation of Chiral Asymmetry by 
Soai Reaction

D. A. Singleton, L. K. Vo, 
J. Am. Chem. Soc, 2002, 124, 10010-10011.



Large Variation in ee and Rate of Reaction 
Observed in Soai Reaction

I. D. Gridnev, Chem. Lett., 2006, 35, 148-153.



Crazy Clock
I. R. Epstein, N ature, 1995, 374, 321-327.

I. Nagypal, I. R. Epstein, J. Chem. Phys., 1988, 89, 6925-6928.

I. Nagypal, I. R. Epstein, J. Phys. Chem., 1986, 90, 6285-6292.
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