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

FHEHFTS
Creative Science for Space



“A— N)L(m)” scale

BRfiLZEE DL

‘<2FIA—h
JL(nm)” scale




Porous Cube (1 cm3)
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Cu?t — 0% 372 kJ/mol
Cu®* — N 90 kJ/mol
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10 kJ/mol cC —C 358 kJ/mol
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Self—assembling at ambient condition

@ B 69 —

Metal ron Organic Ligand

Coordination Polymer

coor dination geometry
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Natura abhorret a vacuo.
(Nature abhors a vacuum, Aristotle
the 4t century B.C.)

¢ 1st Generation

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



Angew.Chem.Int.Ed. 1997, 36,1725. P/ atm
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Cu(BF,),6H,O + (NH,),SiFg + 4,4’-bpy

H,O/ethyleneglycol [Cu(4,4-bpy),(SiF4)]8H,O0

AD-OA-O-O

\

I SiFg
SiF

1 siF
SiFg

| SiFg

ElFE

s

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



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

Channel Size 8.0x8.0 A2 Channel Size 8.0x4.0 A2



Self-assembly Process of Cation, Anion and Neutral
_Ligand

SiF 2

w0
o990y
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0.8 x 0.8 Nm?
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Pore < 2nm

Micropore Filling
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U




HFLOD 5T 5B
HFLEE
~oBf > 50 nm
X EL 2 nm~ 50 nm
~NA7B8f, <2nm
A—/\—=150% 0.7 ~ 2 nm
VILESAYBH, <0.7 nm

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

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

C‘+1/‘11/‘\+1 1T2° 1

Molecular World of b =
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Coordination Pillared Layer Structure (CPL Series)

N R Chemistry & Industry, 191,199¢
o + Uﬁo —
N CHEMISTRY

& INDUSTRY

Na.pzdc
2P [Cu(pzdc)] ,

\ay(pzdc)

Tt bsas been revealed that the pillared layer-type coondination
networks [ | Cuy(padc) (L)) ;] (where pede = pyrazine-2,3-dicar-
boxylate: L = pyrazine, 4,4"bipyridine or N-(4-pyridyljisoni-

cotinamide) form stable, tunable channels (M Kondo, T
Okubo, A Asami, S Noro, T Yoshitomi, § Kitagawa, T Ishis, H
Matsuzaka and K Scki, Angew. Chem. Int. Ed, 1999, 38, 140).
By using different ligands, or varying the amount of the ligand,
{he channel sizes, shapes and chemical environments can be
tuned. In addition, the porosity of the network is maintained in
the absence of the incloded guest molecule (see Scheme 4).

These compounds can absorb methane, and the amount of gas
AN adsorption, which is comparable 10 that of aeclite, is controlled
| by the type of pillar ligands.
N

[Cu ,(pzdc),(pyz)], (CPL1)

Blue laser

Angew.Chem.Int.Ed.1999,38, ' oy s 0




3-D Structure of [Cu2(pZdC)2(pyZ)] (CPL1)

2D Layer

x 6 A2

C 2D Layer
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Coordination Pillared Layer Structures (CPLS)




covalent bond
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Surface =" Y Y
Functionality 35 i
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cation -«
C-H---=
hydrogen bond
physisorption
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quadrupolar interaction
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Adsorption Properties of CPL-1 [O2 ] / [CU] =1

— 1.0 - » = = & = @ — 1oL . T
*
0.8 08 .
L ]
gﬂ i gﬂ.ﬁ - *
0.4 0.4 .
% % ;
Cixyzen adzorpton Isothenm at 77 .
0.2 02k :
Cagipzde),pyz .
| | | | | | ‘M Lyl 1L aanl ol o111
go ol o0 03 04 05 04 5 - 3 2 -1
o/, 10 10 IDF'."F',:, 10 10

|sosteric heat of adsorption (CO,)

CPL-1 -34 Kd/mol
Silicalite -1 -20 Kd/mol
AC -25 Kdimol



The Large Debye-Scherrer Camera
at SPring-8 BLO2B2

Collimator

Shutter
lon Chambel.'\A ;

X-ray



Schematic view of gas import system at BL0O2B2

Collimator
(0.5 x3.0mm?)

S
oz
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Beam stopper

N, gas flow nozzle

He leak

detector 2 983




XRPD Patterns of CPL-1in 80 KPa O, Gas

KRR
= HEa#. AGRBEH
e | KERFILKZE
BL0O2B2, Spring-8
‘ 300 K— 35—
L[ Re-heating to 300 K
NVK—— 3% contraction
) | T

3% expansion
130K~ | _—

80 KPa O,

)1} W 150K Cooling from 300 to 90K

300 K—5——
U 1 AN AJ\k A A Drying (reduced pressure,373K)
‘ I & 300 K—— 3% contraction
JUR .

20 ( degree)

Intensity ( arb.units )
—
—
o
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Structures of Bulk Solid O, under Atmospheric Pressure

B_Oz
] [)
* ® ¢ L 4
[ ] l ®
— ' |
|
! |
70 2 | |
Y 2o\ | I | C
[ = l
& ‘5@ 4 byl
S @ a ||
O+ p 135'%5’"_25:%: |
_~< @ ............ @/ ! 0?//
Y 2 . S
544 >T>43.8K 43.8>T>24K 24 K >T
Pm3n R3m C2/m
a =6.78 A a=3.30A a =5.403A 0-0 3.200A
0-O 3.39A c=11.26 A b =3.429 A
0-0 3.30 A c =5.086 A
[ =132.53°



In situ Raman Spectrum of CPL-1 at 80 KPa of O,

1561 cm?

T 1552 cm1 at 0.1 MPa
"o without O
g (a) ’ T (K) Raman Shift fcm)
= 1 _
g | with 0, [15620m k Gas 145 1553.2% 0.5
2 #_“/L/ Liquid 80  1552.0+ 0.5
g (c) L
E | |z  With'O, v-solid 45  1552.07% 0.5
1500 1540 1580 1600 p-solid 40 1552.0F 05
Raman Shift (crmr?)

a-solid 20 1552.0F 0.5

GO

Band frequency at 2 GPa

J.Chem Phys,81,3,1192(1985)
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Molecular Size

X
O N, CO, CO CH,
2
X(A)| 2.985 3.054 3.339 3.339 3.942
Y(A)| 4.052 4.046 5.361 4,182 3.942

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



Low pressure region

|sotherms

%
=
w—

(u
O

= o0 O < N =
— o o — = -
ol N9 Jad s|nosjow 1sanb Jo Jaquuinp)

uondiospe Jo junowy



Intermolecular Distances of Confined Guest Molecules (d , )
and Lennard-Jones Potential Minimum (d_ )

N, O, Ar  CH,

d

obs

A 333(2) 3.28(4) 3.60(1) 3.70(1)

d,. @A 367 3.66 3.79 4.18

min




Density of Confined and Bulk Liquid Phase of
N,, O,, CO,, Ar and CH,

N, O, CO, Ar CH,

Whe L1l 127 174 158 063
k

Yigid 0808 1.14 1.56° 178  0.716

(gf/cm’)

*density of solid CO, at 193 K



Incommensurate Adsorption

& periodic wmt of farewrod:

Commensurate Adsorption

A periodicumt of framesrod:



covalent bond
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hydrogen bond
physisorption
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quadrupolar interaction

van der waals interaction



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

C & E News
Highlights 2005

BUSINES DISASTERS MAR AN OTHERWISE GOOD YEAR

CHEMICAL

COVER STORY

year in organic and inorganic chemistry,
other areas




3-D Structure of [Cu,(pzdc),(pyz)] (CP




Adsorption Isotherms at 303 K on Activated Carbon Fiber

5 10 @

= C.H, - =

5 | 22 55A

ZEI, 30 b.p. 189.2 (K)

D

®)

5 20 CO,

©

(qv] -

E P o

S 10 —.

& 53 A

< b.p. 194.7 (K)
0 |

10 20 30 40 50
Pressure (kPa)

Thomas, Langmuir (1999)



Adsorption isotherm of C,H, & CO, in CPL-1

1.4 / C,H, / CO,
1.0_ r‘_“‘w
0.8F |

0.4

i
N
|

Amount adsorbed
(molecules / unit pore)
N DA OO ®©® O

© 0o o o o =

0.2+

o

0.0 1.0 2.0 3.0 40 50

1 . 1 Pr?ssurel (kPa)l |
0 20 40 60 80 100
Pressure (kPa)

Amount adsorbed (molecules / unit pore)

0.0




Crystal Structure of CPL-1 with Acetylene at 170K




acetylene molecule incarcerated in a porous framework

. -




micropore volume density (C.H. )= 0.44 a | cm3
99.7 A3/ unit pore y (C.Hp)=0.44 9

’/

=

) —_—

Acetylene crystal: 0.75g /cm3

Compression limit 0.2 MPa =0.0021 g /cm?3



Comfinement of gas molecules




paramagnetic molecule

Structures

(Clusters, Wires,
Ladders ...)

dipolar molecule

NO co
o

Properties
(Magnetic, Conductive,
Dielectric ...)

Nature, 2006, 444,584. News & Views
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Separation

BRI

A Pipestill at Fawley N jj\xt/ {l/_g_
2

Activated Carbon

KURARAY CHEMICAL CO,. LTD

H,0&CO, lREHEE AN
Activated Alumina & MF1-Type Zeolite
Molecular Sieve ©NGK INSULATOR. LTD.

PSB Industries Inc.
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The symbiotic unification of “softness™ and “regularity”

Soft Materials Inorganic Porous Materials

SN S\ &)
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Proteins
Organic Polymers Zeolites

softness regularity



Soft Porous Crystals (SPCs)

Definition

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

¥
(W1

|

Flexible Framework



Motifs for Soft Porous Crystals

stacked layers

interpenetration












Flexible building units are pinned at the corners.

o <D Coordination bond

Degree of freedom to some extent

-organic parts + inorganic parts
-regularity



(m—m stacking) cyshion pillar

interdigitation

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




Synthesis of r-stacked pillared layer structure

H
Cu(CH,CO0),-H,0 + {;gcw" + N Y n — {[Cuy(dhbc),(bpy) ]-H,0

HO
Hdhbc bpy

green crystal

Monoclinic, P2/c (#13)
a=8.167(4), b=11.094(8) A, .;
c=15.863(2)A p=99.703(4), el .t . h

V=1416(1)A3, Z=2 D ™
R=0.065, Rw=0.103 T




Channel Structure of [Cu,(dhbc).bpy ],




Cell Parameters :
as—synthesized

CPL-pl  CPL-p1’

a/A 8.167(4)  8.119(4)
b /A 11.094(8) 11.991(6)

c/A 15.863(2)>—»11.17(1)
B/deg 99.703(4) 106.27(2)

D /A 43 — 2.0
v /A3 1416(1) 1033(1)

p/g-cm3 1.22 1.67

27 % DAFREZIE




Mirogen Adsorption Isothermi:f

70 -

l .i Open-Form

Microporous compounda

A [cc -stpig]

1UD 12{]
P [atm]

Nitorgep Sorption Isotherm at 298K D Closed-Form

Gate—opening Pressure  Nonporous compound



EBILEARDHTARBE (A A—D



Responding to Supercritical 298 K
100bases
CH, (161.5 K)

30+

ol N
6ol 5 (78 K)

Pressure (atm)

0 0.2 0.4 0.6 0.8 1
P/ atm



A (cm°/g STP)
(%] £ h (0]
o o o
LI | LI |

=]

|
80 100 120

Pressure (bar)

AF, ,: = AFopen form — AFclosed form

=4 -5 kJ/mol
adsorbate gate-opening gate-closing calculated AF,qq
N> 30 bar 49 bar 3.3 — 4.5 kl/mol
CHy4 7 bar 12 bar 3.6 — 5.1 kJ/mol
O 25 bar 37 bar 3.4 — 4.3 kl/mol
CO, <2 bar <2 bar <6 kJ/mol

F.-X. Coudert, C.Mellot-Draznieks, J. Am.Chem.Soc. 2008, 130 ,14294.



3D motif

JAST

(Jungle-gym Analogue

STructure)
Jungle gym

Interpenetration!




[Cuz(de) (4,4 bDY)]

bdc 4,4-bpy

| -
J_,_.li"ti".,,q__
Y | [*"
|

Seki, Phys. Chem. Chem. Phys., 2002, 4, 1968 . CH,
Kitagawa, Angew.Chem.Int.Ed.2003,42,428. N,,O,, CO,




Supporting Information in Angew.Chem.Int.Ed.2003,42,428.

Adsorption-Desorption Isotherm

120 A Methane (298K)
O Nitrogen (276K)
100 C02 o DN ® Oxygen(276K)
& <& Carbon Dioxide(298K)

Amount Adsorbed / cm® (STP) g™

Pressure / MPa









micropore volume

] _ ,
99.7 A3/ unit pore density (C,H,)=0.44g/cm

\L"*--- \‘ ‘\"'!... r \.. " \. T -~ W .
,¢:--:-..,___ \‘\ \\ e \ g™ f\‘ M TN, e

LR

Acetylene crystal: 0.75 g / cm?

Compression limit 0.2 MPa = 0.0021 g/ cm3



Amount adsorbed (molecules / unit pore)

Adsorption isotherm of C,H, & CO, in CPL-1

C,H,

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Amount adsorbed
(molecules / unit pore)

0070 10 20 30 40 5.0

Pressurel (kPa)

40 60 80 100
Pressure (kPa)

Co,



Saturated phase

_ _ _ _ _ _
o\ o o) © < N

-~ - o o o o
<—— 9J0d Jun Jad s9|ndsjow / Junowe pPagiospy

Hollow phase

0.0 —

Pressure / kPa




no
|

o e o o
N EN o o
| | I I

Adsorbed amount / molecules per unit pore ———

o
=)
I

In-situ synchrotron powder diffraction patterns
of CPL-1 with C,H,, gas at 10 kPa

Intermediate
phase

Saturated

phase
Hollow

>

o
|
"-_:»

Intermediate
+ Saturated
\ 4
Q
S
Hollow phase =
y > Saturated
| | T l T | (@, , : : , |
0 1 2 3 4 5 4.2 4.4 4.6 4.8 5.0 5.2
Pressure /kPa —> 20 (degree)

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



Crystal structure of phase M & S of CPL-1 with C,H,

Intermediate adsorbed phase M Saturated adsorbed phase S

van der Waals radii H(1.2A)+0O(14A)=26A

acetylene carboxylate




Crystal structures of CPL-1 with adsorption of C,H,

Hollow phase | Intermediate phase M Saturated phase S
0 % ~70 % 100 %

Nanochannel >
direction

Veell [A3] 1019.25(5) expand”’ 1063.03(@()”%(:t — 1036.18(3)
Orientation of pillar pyrazine-ring is dramatically changing

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



Classical Channel

static, smooth, simple

Advanced Channel

static, corrugated

Evolving Channel

dynamic, functionalized

protein, enzyme




Redox activity

NC CN NC.__CN NC.«=_CN
NC CN NC"®CN NC

Interactive module

NC CN . e
Large 1T gurface Multi coordination mode

/
~ Q S
NC CN CIS- 14, syn-.s,

Structural variety

Dimerization

J. Am. Chem. Soc-2006, 128, 16416.
J. Am. Chem. Soc. 200 C :



Future work

Electron acceptors TCNQZ TCNQ-

NC.__CN

NC CN NC__CN
> < R F
NC CN
@) O
= = NC” CN NC” CN

radical anion

[{RUz(Oz-
CF)-TCNQ] -
New electronic and/or &5 . ;% N
magnetic properties  * 7 £ ol
induced by host-guest D B A
- CT interaction )é{ \&?\ AS puntal®

6 4 2 0 2 4 8B
HIT

J. Am. Chem. Soc., 2006, 128, 1135¢



TCNQ dimer

Property and Function of Flexible Undulating Channel

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



(NC CNO ™
/N{\
: Z MeOH
Zn(NO,),-6H,0t 2LI7 + I ———— {[Zn(TCNQ),bpy] ,-1.5benzene}
S benzene
NeZNen ] W green crystal

Crystal data _
orthorhombic (Pccm)
a=11.361(5) A

b =12.645(6) A
c=14.775(7) A

V =2122.2(18) A3
Z=2 o
R1=0.059, R,= 0.059 &
GOF = 1.082 .

- dianion §([\






Properties of benzene and cyclohexane

benzene CzHg
bp  80.10 °C cyclohexane CgH,,

A

bp 80.74 °C
LD

Y ¢1L

Y 6V

azeotropic mixture difficulty in separation



selective adsorption

b
. benzene @(
80 -

0990

ooooo.O.O.

®

600 O O

60 ©
O

O

"o
E 40 -
<

cyclohexane

0 .“mm—:m;l:lmﬂﬁlﬂi?ucﬁ:' . 1
0 20 40 60 80 100
P/ mmHg

L S—

J Structural transformation on guest sorption
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New dimension!

PCP on PCP
(MOF on MOF)

HRBR REES (JASRI)
BL13XU in the SPring-8

Angew.Chem.Int.Ed. 2009, 48,1766.
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Core/shell type crystal

Core Crystal Shell Crystal Core/Shell Crystal
Core Shell Core/Shell
Sorption + Separation ‘ SIS IDEMIEES LR

high-separation

Reaction vessels with

Catalysis + Response high selectivity



Connection of pores

NOT Connected Connected

Shell Core Shell Core

The connection of pores Is essential to integrate functions
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Epitaxial Growth



Tetragonal framework

Framework components
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I Z If two crystals have similar unit cell parameters,
a

epitaxial growth can occur



Synthesis
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synthesis
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Core crystal
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Chapter 1Heterometal core/shell
Angew. Chem. Int. Ed. 2009, 45, 1766-

crystal '
1770

Chapter 2 Heteroligand sandwich

crystal |
R 22

o

Chem. Commun. 2009, 5097-5099



Heterometal hybridization
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Shyncrotron surface X-ray measurement

BL13XU@SPring—-8

X_
ray
Shell

crystal

X-ray

Core
crystal



Surface X-ray diffraction measurement
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Schematic strt
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Conclusion

Zn core crystal

i) o W

o

(Zn/Cu) core/shell crystal

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

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

11 latti~A)



Chapter 2 Heteroligand sandwich
crystal

Chem. Commun. 2009, 5097-5099



Heteroligand hybridization
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Chem. Commun. 2009, in press




Surface X-ray diffraction measurement
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Conclusion

Core crystal Sandwich crystal

C

Zn framework Zn framework 2
PR s T9Y
ot o) o) E j or O o} N —\,

The heteroligand sandwich type PCP co-crystal has been successfully
F%%@Sgié%gi\/e hybridization of PCP has been succeeded.

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



The next challenge is integration of the pore functions which can be
responsive to the surrounding environment so-called dynamic space

Phase 1 Phase 2

Dynamic Space
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