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In nature, a variety of structures appear Bénard cell
spontaneously depending on their ds
thermodynamic and kinetic stabilities. Water @JEN
molecules  undergo liquid-to-solid  phase flux

transition according to the chemical potential
difference far below 0°C. The key force to form a
periodic molecular arrangement in ice crystal is a
short-range hydrogen bond. On the other hand,
the water in beaker that is heated without stirring
on a hotplate undergo stational-to-convective
phase transition according to the difference in
entropy production (energy dissipation) rate between two phases. The convection occurred here
is known as the Bénard convection, which can be seen in miso soup or cirrocumulus (Uroko-
Gumo). The driving force to yield the convective motion of water in beaker is the long-range
difference in the density of hot water at the bottom (hotplate side) and cool water at the surface
(air side). As such, water molecule can form both short-range periodic structure (i.e., ice crystal)
and long-range periodic structure (i.e., Bénard convection). Difference between these two
structures is brought from that they are formed as equilibrium steady-state or nonequilibrium
steady-state, respectively. Similarly, one can notice various long-rang spatial, temporal, and
spatiotemporal structures in nature, e.g., citric acid cycle (temporal structure), nerve pulse
(spatiotemporal structure), and solar system (spatial structure). Since these long-range spatio-
temporal structures dominate the functions of nature, corresponding chemical models has been
constructed to understand them. In addition, a material design incorporating the long-range
structural formation under nonequilibrium condition has a potential to yield novel materials
different from the conventional materials designed with equilibrium viewpoint. This paper briefly
describes an overview of some long-range spatio-temporal self-organizations with corresponding
model chemical reactions.

Keyword: nonequilibrium, self-organization, self-assembly, Liesegang pattern, nonlinear reaction

Dissipative state

energy

Kinetically trapped state

Most stable state

Hideki Nabika is a professor in the Faculty of Science at Yamagata University from
2014. He earned his B. Eng., M. Eng., and Dr. Sci. in 1999, 2001, and 2004 from Kobe
University, respectively. He was previously an Assistant Professor of Graduate School
of Science, Hokkaido University from 2003 to 2011. He joined Faculty of Science,
Yamagata University in 2011 as an Associate Professor and was promoted to
Professor in 2014. His research group focuses on a number of key issues related to
nonequilibrium self-organization, including the mechanism of nucleation of amyloid B

2

peptides under in vivo nonequilibrium and nonquiescent conditions, modeling pattern formations with the
Liesegang mechanism as well as applying the Liesegang mechanism to biological, medical, engineering,
astrophysical, and other pattern formations in nature.

Acc. Mater. Surf. Res. 2022, Vol.7 No.2, 43-51. 43



Acc. Mater. Surf. Res.

https://www.hyomen.org

IXF—EEe5ETEEEREELTOE CHERBIE

3t AT
LUK F IS

1. BROG) B e

B RS TIIAR 2 2 28 | B98N D,
OZEZHNDDIL, ENBDOIAZ ORI
NTEDATEE (Figure 1A) , 9AZEE R NHR
Fio BREBIZL CTWDREICH, RNTIL TCA
FAZNHED RIS =R —Z AT LT
<5 (Figure 1B), $7-, iBEIOERIR G K
DOEEEAFEIZL TWD DI A O[T
BRI MATHAE L CWODHD5TH D (Figure
1C), ZL T, 2O FERY 72 & o a K A 2K
DOHTITHIZENFIHEL /R S TWNDHDIX, HiEkd
WO BRI KGN DR KO EBE I 7= EE TR
L7216 Tdh%s (Figure 1D),

BT 4 SORNE, RO EEEEL -
R —Z R U2 A3 B IR ZE [ - e JE
HMEZ LS e E B IR DT AL T D
Bl ToHs, 2>AZELEKEITZERE M, TCA
YA 7V T IRE T JE A | AR A 1 R 2 FRT Y
RRMINEE S 2D, ZNHORFZEAEE T B A
ROKEIE - BERET k2 DS E DA E RS C
B EOBEE~AIT L TFET LROBERET

T < Con
i\‘ % \ \~ 3 ; ;.A (B) T FILCoA
- ‘ ?'- g Fxvone ~ 7 TCH 0
>k o = A
o3 h N S J;, 2 T
LN < BT § TY—=IuE I
. E o e L, ToAmm e

¢ A /’QH
Ses 4 P FHFOINIE
b T ™

Examples of Iong range spatlal

Figure 1.A
temporal, spatio-temporal structures in nature. (A)
cirrocumulus (Uroko-Gumo), (B) citric acid cycle,
(C) nerve pulse, and (D) solar system. Images of
A, C, D are supplied from pixabay, where the use
of images without permission or credits is allowed.
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Figure 2. Schematic illustration on disassembled
and assembled states of molecules in good and
poor solvents, respectively.
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Figure 3. Schematic illustration on equilibrium
steady states (most stable state and kinetically
trapped state) and non-equilibrium steady state
(dissipative state).
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Figure 4. (A)Schematic illustration on CSTR

system for pH oscillation reaction. (B) Derivatized

curves of the time dependent (black) pH, (blue)
absorbance at 530 nm, and (red) absorbance at
700 nm of the reaction solution of CSTR.

Reprinted with permission from ref 1.
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Figure 5. (A)Schematic Iillustration on
microchannel system for pH wave propagation.
Snapshot of (B)

neutralization wave propagation in a microchannel

proton wave and (C)
with w= 300 1 m. The propagation of waves was
visualized with phenol red. (D) Normalized velocity
of the neutralization wave (black dots) and the
acid wave (red dots). Reprinted with permission
from ref 5 and 6.
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Figure 6. Snapshots of propagating proton waves
in microchannels with (A) 100 um, (B) 600 um,
and (C) 1000 um widths. Photos are taken every
2 min. The propagation of waves was visualized
with methyl orange. (D) Proton wave propagation
velocity as a function of the microchannel width
with 100 um (red) and 50 um (blue) channel depth.
Dotted lines are the least-square fitting results.
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Reprinted with permission from ref 7.
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Figure 7. (left) lllustration of the one-dimensional
Liesegang experimental setup and (right) typical
Liesegang pattern obtained in the agarose gel.
Reprinted with permission from ref 14.

FRIEDHID &, CuCrOy (s)23)E B 225 (1)
ELTHTH T ) =B VG2 RS
(Figure 7 £), U—"EH L 7k D& Hitk o
B, BT 2 RO RIR 2 S DS
MBIZETRNDHZETHD, LT, ZDIAMNIE
HHHRITERSN 0 FHOAURORHEDD
DFEEE% x, ELT=E& K(DITHED,

lim=2=1+p  (7)
ZITC, p ERZERRE RN EBR R ICE A
DETHD, CuCl JRELE X -2 DY
—BH L THEEIZIBWT (Figure 8a~8d) . n 23
KELI2DIZUTZD3 2T Xpet] X DX—TEEAIR
LD EH 2L THDZEN 503D (Figure 8e)
CuCly KR D FEH N E L6 |22 IR E DM
A7) 1% Matalon-Packter Bl & LiXN 50
THY , WE OYEHE R D &2 AL TWD
ZEHERLTCWD, 272 U—B I #EEIX
MBI RO A5 | I BOERFE[10,14] 5068
HEIRE[11)2E . NUR RIS E D AT 3
WREDEELZITHI LB ERSTND,
F72. CuCrOy (s) DR BV MR BSOS T2 T
TlE7e<E5r FEEGBUR9,13], T/ hiF TRk
FOS[8,11], F /R F BB BUG 17172 8B — 8
W TREEETE R T D NGS5, £
7o WV Z 1 IRIT D 2 IRTE~JEIR T 52

48



Acc. Mater. Surf. Res.

(b) (d)

1st

}

(sz—gr
umui_l
llllillz-g
‘”IHlHH

{
t

10 mm

(e) T T 1
§0§§;§} 0.50 M
1.035F ¢
oh
>
$ 1.030f R mAE H10M
2 . i me @ o15M
Aoy s 7 $ ¥ v ¥ 150m
10254 @ d
L]
1 1 1 1 1
2 4 6 8 10

Band number

Figure 8. Pattern formation at [Cu?*] = (a) 0.50 M,
(b) 1.0 M, (c) 1.5 M, and (d) 2.0 M. (e) Ratio
between the distances from the solution—gel
interface to the n" and (n + 1) bands (xn+1/xn). The
pair of arrows indicate the 1%t precipitate band
(defined as n = 1) in the analysis based on the

spacing law. Reprinted with permission from ref 16.

LT RO —B T REEER LT
Tx% (Figure 9) [8,10,11], 7=, ZE[MFRED X
JERTREE 72 & D SR IR T D LW HPEE A F)
L. EEE A —B 7R T3isk L
FHIROIREBI-CE MR 7 h~T VT D
FAHIIN A CEA I EL WA S TUVD[20],

V—EB 7 HEE I E T R A P FE A 22
[SISIANGER SO T e e & YA
G CTHY, BARR THRMICIEK T 53
L EDET L REL TOIE ARSI TWL
Do Bl ZIX, V=TT THEET R Db FEAR
PSPV

O BISH~DIEE DI

@ — WKL DIEHL
@ — KA DE MR LD WKL TERL

Acc. Mater. Surf. Res. 2022, Vol.7 No.2, 43-51.

https://www.hyomen.org

gel stamp doped with A

Figure 9. (A) lllustration of the two-dimensional
Liesegang experimental setup and (B) typical
Liesegang pattern obtained in the Petri dishes.
Reprinted with permission from ref 11.
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