
北川 進
京都大学物質-細胞統合システム拠点

機能性ナノ空間の科学

ナノテクへの放射光利用



無用之用

荘子, the 4th century B.C.

「人皆知有用之用、而莫知无用之用也
内篇（人間世篇、第四）」



無
nothing

空間
space



“空間” は単に何もない空隙ではなく、
機能の宝庫である

“Space” is not a simple void
but an entity with functionality

Creative Science for Space
空間を科学する



“メートル(m)” scale

“< 2 ナノメート
ル(nm)” scale

Space

配位空間の化学



0.38 nm
1 x 1 cm2

1 x 1 μm2

0.8 x 0.8 nm2

400 cm2/cm3

4 cm2/cm3 Porous Cube (1 cm3)

150 cm3 (NTP)

2200 m2/cm3

サッカー場
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Key － 配位結合



共有結合⽔素結合

配位結合

ＯＨ Ｈ

10  kJ/mol Ｃ － Ｃ 358  kJ/mol

Ｃｕ2+ － Ｎ 90  kJ/mol

Ｃｕ2+ － Ｏ2- 372  kJ/mol

水素結合ほど弱くなく、共有結合に至るまで多様である
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1 μm

１ミクロンの固体で１００万個の穴

1 nm
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Self-assembling at ambient condition

＋

Metal ion Organic Ligand



Bull.Chem.Soc.Jpn. Accounts 1998, 71,1739.

Natura abhorret a vacuo.
(Nature abhors a vacuum, Aristotle

the 4th century B.C.) 



[Co2(4,4’-bpy)3(NO3)4]

Angew.Chem.Int.Ed. 1997, 36,1725. 

298 K

First Gas Adsorption (25 ℃)





Angew.Chem.Int.Ed.2000,39,2081. 
J.Am.Chem.Soc.2002,124,2568.

Cu(BF4)26H2O  + (NH4)2SiF6 + 4,4’-bpy

[Cu(4,4’-bpy)2(SiF6)]8H2O
H2O/ethyleneglycol



Space-Filling Type Framework of [Cu(4,4’-bpy)2(SiF6)]

Å2 Å2



Self-assembly Process of Cation, Anion and Neutral 
Ligand

SiF6
2-

CuII

0.8 x 0.8 nm2



U

Micropore Filling

0

Pore < 2nm



ウルトラマイクロ孔

細孔径

マクロ孔 > 50 nm

メソ孔 2 nm ～ 50 nm

マイクロ孔 < 2 nm

スーパーマイクロ孔

< 0.7 nm

細孔の分類

"IUPAC Mannual of Symbols and Terminology",  
Pure and Appl. Chem. 31,578(1972).

0.7 ～ 2 nm
U

Micropore Filling

0

U

Capillary Condensation

0



従来の多孔性材料

無機材料（ゼオライト、…） 炭素材料（活性炭、…）



３６００歳

２５０歳

１５歳



配位高分子(coordination polymers)

または

金属ー有機骨格体(Metal-Organic Frameworks)

新しい物質群



Reviews Angew.Chem.Int.Ed. 2004,43,2334.
cited 2067 (Web of Science, Sept.7, 2009)



バスケットボールのコート

サッカー場 4500 m2/g

500 m2/g

サッカー場半分
2500 m2/g



Magnetism / Dipole
Properties

Low dimensional
Alignment Reaction Vessel

Separation

Storage

Catalysis

Optical Property



Pillared Layer 
Structures



Coordination Pillared Layer Structure (CPL Series)

Na2(pzdc)
Na2pzdc [Cu(pzdc)] n

pyz

[Cu 2(pzdc)2(pyz)]n     (CPL1)
N

N

N

N

N

N

N

N
N

N

N

N

N

N

N

N

N

N

Angew.Chem.Int.Ed.1999,38,
143

Chemistry & Industry, 191,1999



3-D Structure of [Cu2(pzdc)2(pyz)] (CPL1)

4 x 6 Å2

2D Layer

2D Layer

pzdcCu2+

a
c

b
c

a



多孔性金属錯体 CPL系

● 250℃まで安定
な細孔骨格

●青色粉末結晶

● 大量合成できる

CPL1

● 空気中で取り扱い可

● 多数回の吸脱着



4 x 6 Å2 8 x 6 Å2 8 x 3 Å2

10 x 6 Å2 10 x 6 Å2

CPL-1 CPL-2 CPL-3

CPL-4 CPL-5

Coordination Pillared Layer Structures (CPLs)





貯蔵

分離

触媒反応

ポリマー合成

生成

応答

整列

配列



[O2]/[Cu] = 1



The Large Debye-Scherrer Camera 
at SPring-8 BL02B2

ω

2θ

Imaging Plate

Sample

Collimator

Shutter

X-ray

Ion Chamber

SPring-8



Ion chamber

X-ray

Shutter
Collimator

Sample

Slit
Imaging Plate

N2 gas flow nozzle

Capillary
Gonio head

Gas import tube

He leak
detector

Cold
head

Schematic view of gas import system at BL02B2

VV

O2 gas

Pressure gaugeV

λ = 0.8 Å

Collimator
( 0.5×3.0mm2 )

Beam stopper
N2 ｇas flow nozzle

Gas import tube

Capillary

Gonio head

Gas import tube



200 K

150 K

130 K

110 K

90 K

300 K

300 K

80 KPa O2
Cooling from 300 to 90K

XRPD Patterns of CPL-1 in 80 KPa O2 Gas

300 K

Re-heating to 300 K

Drying (reduced pressure,373K)

3% contraction

3% contraction

3% expansion

共同研究
高田昌樹*、久保田佳樹
理研* 、大阪府立大学

BL02B2, Spring-8



Science 2002,298,2358. 

O2 N2 CO2 CH4

Angew.Chem.Int.Ed.2005,44,2920.J.Phys.Chem.B,2005,109,23378.

H2



Structures of Bulk Solid O2 under Atmospheric Pressure

γ-O2

β-O2

α-O2

a  = 6.78 Å
O-O  3.39 Å

Pm3n
O-O  3.200 Å

C2/m
a = 5.403 Å
b = 3.429 Å
c = 5.086 Å
β = 132.53 o

R3m-

a
b

c

c

a

a = 3.30 Å
c = 11.26 Å
O-O  3.30 Å

54.4 > T > 43.8 K 43.8 > T > 24 K 24 K >T



In situ Raman Spectrum of CPL-1 at 80 KPa of O2

(a)

(b)

(c)

1513cm-1

1561cm-1

without O2

with 16O2

with 17O2

Band frequency at 2 GPa

1552 cm-1 at 0.1 MPa

1561 cm-1

http://jp.f24.mail.yahoo.co.jp/ym/ShowLetter/O2Stretching.gif?box=Inbox&MsgId=6768_2443186_118871_1386_12301_0_2181&bodyPart=2&filename=O2Stretching.gif&tnef=&YY=26566&order=down&sort=date&pos=0&view=a


2万気圧

チャンネルの
壁が分子を
拘束する力

外から全く圧力
をかける必要はない

酸素分子が受ける圧力？



Molecular Size

O
2

N2 CO2 CH4

Ｙ

Ｘ （Å）

Y（Å）

2.985

4.052

3.054

4.046

3.339

5.361

3.339 3.942

4.182 3.942

Webster, C. E., et al. J. Am. Chem. Soc. 1998

CO

Ｘ



Isotherms Low pressure region



Intermolecular Distances of Confined Guest Molecules (dobs) 
and Lennard-Jones Potential Minimum (dmin)



Density of Confined and Bulk Liquid Phase of 
N2, O2, CO2, Ar and CH4



O2,N2Ar,CH4





-Nature, 2005, 436, 238.
-Nature, 2005,436,187.News &Views

C & E News 
Highlights 2005



3-D Structure of [Cu2(pzdc)2(pyz)] (CPL1)

4 x 6 Å2

2D Layer

pzdc

Cu2+

b
c

a
N

N

N

N
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N
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Adsorption Isotherms at 303 K on Activated Carbon Fiber

C2H2

CO2

Pressure (kPa)
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Thomas, Langmuir (1999)

5.5 Å
b.p. 189.2 (K)

5.3 Å
b.p. 194.7 (K)



CO2
C2H2

Adsorption isotherm of C2H2 & CO2 in CPL-1



Crystal Structure of CPL-1 with Acetylene  at 170K

a

b

c

a

b

a

c

Channel



C2H2
O

O

contraction of the O…O distance (7.6 Å)
(hydrogen bonding, O…H = 2.20 Å)

interaction between C2H2 and oxygen atoms

acetylene molecule incarcerated in a porous framework



micropore volume
99.7 Å3 / unit pore

density (C2H2 ) = 0.44 g / cm3

Compression limit    0.2 MPa = 0.0021 g / cm3

Acetylene crystal: 0.75 g / cm3



Comfinement of gas molecules

O2
CH4

C2H2

N
O

N2

CH4

H2

O2



Nature, 2006, 444,584.  News & Views 



or physical stimulus

分離、センサー、等

新しい化学

改良

貯蔵



Separation

分離膜
MF1-Type Zeolite

©NGK INSULATOR. LTD.

N2 ガスセパレーター
Activated Carbon

KURARAY CHEMICAL CO,. LTD

蒸留塔
A Pipestill at Fawley

H2O&CO2 除去装置
Activated Alumina &     

Molecular Sieve
PSB Industries Inc.



全産業のエネルギー消費割合

化学３３．６％

鉄鋼２５．３％
パルプ紙５．４％

機械５．３％

窯業土石４．８％

非製造業７．１％

その他、重複補正など
１８．５％

(資源エネルギー庁；エネルギーバランス(２００７年度） ）



１．化学産業のエネルギー消費
全産業分野の約３４％（２位鉄鋼）

(資源エネルギー庁；エネルギーバランス(２００７年度） ）

２．蒸留操作（分離・精製）
１の約４０％

(科学技術動向、２００９年２月号）

３．石油化学産業（製品）
１の約５３％

(資源エネルギー庁；エネルギーバランス(２００６年度））

３の約１／３はエチレンプラントで消費

エネルギー消費



Storage

Separation
Exchange

Catalyst

Arrays &
Clusters

Polymerization

Transport



regularitysoftness

Faujasite

Inorganic Porous MaterialsSoft Materials

The symbiotic unification of “softness” and  “regularity”

Zeolites
Proteins
Organic Polymers

?



Soft Porous Crystals (SPCs)

1. Single crystals: Long Range Regularity
2. Transformable foms: One crystal form to others
3. Porous frameworks

Definition



stacked layers

flexible pillars

interpenetration

Motifs for Soft Porous Crystals









Flexible building units are pinned at the corners.

Coordination bond

Degree of freedom to some extent
-organic parts + inorganic parts
-regularity   



cushion pillar(π−π stacking)

Angew.Chem.Int.Ed.2003,42,428. 

interdigitation



{[Cu2(dhbc)2(bpy)]･H2O}+ +

Synthesis of π-stacked pillared layer structure

Cu(CH3COO)2･H2O

Hdhbc bpy

O
ON

Cu

green crystal

Monoclinic, P2/c (#13)
a=8.167(4), b=11.094(8)Å, 
c=15.863(2)Å β=99.703(4), 
V=1416(1)Å3, Z=2
R=0.065, Rw=0.103



Channel Structure of [Cu2(dhbc)2bpy]n

3.9 × 4.3 Å2

3.443Å

b

c
a



a /Å
b /Å
c /Å
β / deg

V /Å3

8.167(4)
11.094(8)
15.863(2)
99.703(4)

8.119(4)
11.991(6)
11.17(1)
106.27(2)

CPL-p1 CPL-p1’

1416(1) 1033(1)

ρ/g･cm-3 1.22 1.67

Cell Parameters

b

c
a

27 % の体積変化

4.3 2.0

D

D /Å

as-synthesized

anhydrous



Gate-opening Pressure





CO2
CH4

N2

A 
(N
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)

Pressure (atm)
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298 KResponding to Supercritical 
Gases
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F.-X. Coudert, C.Mellot-Draznieks, J.Am.Chem.Soc. 2008, 130 ,14294.

ΔFhost = ΔFopen form – ΔFclosed form
= 4 - 5 kJ/mol



Jungle gym

Interpenetration!

3D motif

JAST
(Jungle‐gym Analogue 
STructure)



bdc 4,4’-bpy

Seki, Phys. Chem. Chem. Phys., 2002, 4, 1968 . CH4
Kitagawa, Angew.Chem.Int.Ed.2003,42,428. N2,O2, CO2

[Cu2(bdc)2(4,4’-bpy)]



Adsorption-Desorption Isotherm
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Supporting Information in Angew.Chem.Int.Ed.2003,42,428.





How are acetylene molecules incorporated?
Y. Kubota

Angew.Chem.Int.Ed. 2006,45,4932.



micropore volume
99.7 Å3 / unit pore density (C2H2 ) = 0.44 g / cm3

Compression limit    0.2 MPa = 0.0021 g / cm3

Acetylene crystal: 0.75 g / cm3



CO2C2H2

Adsorption isotherm of C2H2 & CO2 in CPL-1



Hollow phase

Saturated phase

?



In-situ synchrotron powder diffraction patterns 
of CPL-1 with C2H2 gas at 10 kPa

Saturated

Hollow

Intermediate
+ Saturated 

cooling

@SPring-8 BL02B2
Wavelength  0.8Å

Saturated
phase

Hollow phase

Intermediate 
phase

Angew.Chem.Int.Ed. 2006,45,4932.



Crystal structure of phase M & S of CPL-1 with C2H2

2.69Å

2.17Å

Saturated adsorbed phase S

2.57Å

2.64Å

Intermediate adsorbed phase M

b

c

O

van der Waals radii     H ( 1.2 Å ) + O ( 1.4 Å ) = 2.6 Å

O2

O1

O2

O1

acetylene            carboxylate



Crystal structures of CPL-1 with adsorption of C2H2

Orientation of pillar pyrazine-ring is dramatically changing
Vcell [Å3]   1019.25(5)          →           1063.03(6)         →         1036.18(3)expand contract

a

c

Hollow phase I
0 %

Saturated phase S
100 %

Intermediate phase M
～70 %

Nanochannel
direction

Angew.Chem.Int.Ed. 2006,45,4932.





Redox activity

Multi coordination modeLarge π surface

Dimerization

cis-μ2 syn-μ2 μ4

Interactive module

Structural variety

J. Am. Chem. Soc. 2006, 128, 16416.
J. Am. Chem. Soc. 2007,129,10990.



Future work

Electron acceptors

J. Am. Chem. Soc., 2006, 128, 11358

[{Ru2(O2-
CCF3)4}2TCNQ]

CNNC

NC CN

CNNC

NC CN

TCNQ2- TCNQ·-

New electronic and/or 
magnetic properties 

induced by host-guest
CT interaction

radical anion



Property and Function of Flexible Undulating Channel

TCNQ dimer

J. Am. Chem. Soc. 2006, 128, 16416.
J. Am. Chem. Soc. 2007,129,10990.



{[Zn(TCNQ)2bpy] n·1.5benzene}MeOHZn(NO3)2·6H2O+ +

Crystal data
orthorhombic (Pccm) 
a = 11.361(5) Å
b = 12.645(6) Å
c = 14.775(7) Å
V = 2122.2(18) Å3

Z = 2
R1 = 0.059, Rw= 0.059
GOF = 1.082

benzene
2Li+

−

green crystal

1.61 Å

dianion



a

b

c



Properties of benzene and cyclohexane

benzene C6H6

cyclohexane C6H12
7.2

Å

7.2
Å

3.7
Å

4.9
Å

bp 80.74 °C

azeotropic mixture difficulty in separation

bp 80.10 °C



selective adsorption

benzene

cyclohexane

Structural transformation on guest sorption



物理、化学機能

・誘電
・磁場
・光

化学環境
・気体 （O2, H2,…)
・蒸気

＋

＜もともとの機能＞ ＋ ＜化学的環境＞



ν

EH

P

光

電場磁場

気体、蒸気

VV
V

Spring-8



時間分解測定法概念
- 超短パルスＸ線光源を使ったストロボ撮影 -

フェムト秒・ナノスケールの世界へ
（１０－１５秒） （１０－９メートル）
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多孔性材料に向けて











PCP on PCP
(MOF on MOF)

New dimension!

Angew.Chem.Int.Ed. 2009, 48,1766. 

共同研究：坂田修身 (JASRI)
BL13XU in the SPring-8



＋

Core Crystal Shell Crystal Core/Shell Crystal

ShellCore Core/Shell

SeparationSorption

ResponseCatalysis

＋

＋
Reaction vessels with

high selectivity

Storage Devices with
high-separation

Core/shell type crystal 



CoreShell CoreShell

NOT Connected Connected

The connection of pores is essential to integrate functions

Epitaxial Growth

Connection of pores



Tetragonal framework

Metal ion Layer ligand

Framework components

Pillar ligand

a

c
b

If two crystals have similar unit cell parameters,
epitaxial growth can occur

Ep
ita

xi
al

 g
ro

w
th



Synthesis

DMFDMF
Solvothermal

synthesis
Solvothermal

synthesis

Core crystal

Heterometal
core/shell crystal

Heteroligand
sandwich crystal



Chapter 1Heterometal core/shell 
crystal
Chapter 1Heterometal core/shell 
crystal

Chem. Commun. 2009, 5097-5099

Chapter 2 Heteroligand sandwich 
crystal

Angew. Chem. Int. Ed. 2009, 48, 1766-
1770



Unit cell 
parameters

Core crystal Zn2+ a = b = 10.9212(6)
c = 9.6108(7)

Shell crystal Cu2+ a = b = 10.906(2)
c = 22.456(4)

Heterometal hybridization

Cu2+

Zn2+

Angew.Chem.Int.Ed. 2009, 48,1766. 



Shyncrotron surface X-ray measurement

X-ray

2θ

θχ

φ

検出器

Sampl
e

Shell 
crystal

Core 
crystal

X-
ray

Glass 
substrate

BL13XU@SPring-8
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Surface X-ray diffraction measurement



Schematic structural model

Zn 
framework

Cu 
framework

a axis c axis

Epitaxial growth In-plane rotational  
epitaxial growth

Unit cell parameters

Zn 
framewor

k

a = b = 10.9212(6)
c = 9.6108(7)

Cu 
f

a = b = 10.8190(3)

In-plane rotational epitaxial growth can 
compensate for the difference in the 
lattice constants.
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O
O

O
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O
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O
O M2M2

c
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O O
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Conclusion

Zn2+

Cu2+
O

O O

O

Zn core crystal
(Zn/Cu) core/shell crystal

The surfaces of the core PCP crystal support the growth of a single-shell 
crystal. 
Synchrotron surface X-ray diffraction measurements unveiled  the 
structural relationship between the core crystal and the shell crystal. 

In-plane rotational epitaxial growth occurs at the (001) surface (the 
square lattice)

The synthesis of the core/shell PCP crystal was successfully achieved. 



Angew. Chem. Int. Ed. 2009, 48, 1766-
1770

Chapter 1 Heterometal core/shell 
crystal

Chapter 2 Heteroligand sandwich 
crystal

Chem. Commun. 2009, 5097-5099



Heteroligand hybridization
Unit cell 

parameters

Core crystal Zn2+ a = b = 10.9212(6)
c = 9.6108(7)

Shell crystal Zn2+ a = b = 10.906(2)
c = 22.456(4)

Chem. Commun. 2009, in press

c
b

a



Surface X-ray diffraction measurement
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Conclusion

a

c

b

Zn2+ Zn2+

Core crystal Sandwich crystal

N

O

O

N

O

O

N N

O

O O

O

Zn framework 
1

Zn framework 2

Face selective hybridization of PCP has been succeeded.

Synchrotron X-ray diffraction measurements determined the second 
crystal grown on the core crystal by epitaxial growth. 

The heteroligand sandwich type PCP co-crystal has been successfully 
synthesized. 



Phase 2

Dynamic Space 
of

Integrated Pores

Phase 1

Static Space Storage

Separation

Catalytic Activity

The next challenge is integration of the pore functions which can be 

responsive to the surrounding environment so‐called dynamic space



Metal Site
Responsive Site

Flexible Site



ナノ空間の科学（人類の健康と地球環境に貢献する科学）

空間材料
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