¥R 1 6 FERAEEREI S —

NFENFEZRAW
BRZILIFICEET S5

ERZSAER- 2FRNFEE

H4 T4 FOBMEEICET BHE
F0EEAFS A FRARBERS (RE, 2004)

BM—AYR—FRALYADETIHT
14t InternationalOZeol i tedConference
(CapedTown, 2004)

HFLEICEDZIEDIEE IUPAC)

N0, XVEL E¢/="i"
diameter < 2 nm) (2 nm < diameter < 50 nm) (diameter > 50 nm)
AT vk
AR Xerogel Aerogel Porous Glasses
Pillared Clays

H— ISR EN

EASCR ¥— X2

TV 7L— ReUrciFLAZER

ERYEDZILE7IL /T IS DR (M,ALSi; ,0,°H,0)

BLROBRBBEERT S

MFI (ZSM-5)

LEV | LI

e i |
D] o s |

PHI LTA (zeolite A)
| sa0]
| sto |

HHENZICHE UCEB A BN DR
EFMOEEEROsHHE
[

Rt
L)
®_: o

BRTFOEE LAIE

BiE. Wit

W RF)EH &T~87)
EFREBEPEFESRRIL)

2L JIET IV

ZZe* +a.—r,
£ +/,(,+b)) @+a;-r) —C,-C,-/'Z-jﬁ
Az, (b +b))

+ Dl,'j eXp(—A”I;J) +D2ij exp(—ﬂZij’;'j)

u,\n)=

Z a b c
(0] -1.2 1.91 0.15 29.6
Si 2.4 0.86 0.09 0.0

D, B D, B2
31000 5.0 -3090 2.5

O-Si

106




¥R 1 6 FERAEEREI S —

TAS54 FORAFERCEHT SR

BEll M-A] 456

- @ €A1 N2 F5ZWMER
: BAS1 NDEILEIIKTE
RETE
b o) —— (o BA51 N DHILE
L, T N SRS SRE IRENC & DTE
. 2 WLEDEETL ?
.
LETE

W AFBAFEORA

T 7
Interatoaic distance / A

R DR

Faujasite (Attfield and Sleight, 1998) Ctj [ = 'ex'p‘ = g0al ‘1 ]
. ! r
Chabazite and ITQ-4 (Woodcock and Lightfoot, 1999) = 261 % Mb@Dh r 2w |1
<0 Mp@)| g9l o 21
MWW, ITE, ISV, STF etc. £ 25| > Mbadye ]
%‘ [SNssssamsann £ 90.0-0006000000P0
. Siliceous Ferrierite (Bull et al., 2003) = Ar 1% g8l 1
Pnnm<— Immm & OEFIR) SPAE J l j
s q t 89.6 4
« MFI monoclinic orthorhombic sasa 220r e 0101% ; e e
E H’J & L emperature / Temperature / K
A £ 24.52
- SiO,MRE A F1 NI ERHIEEE 2
TR 2 0
Faujasite, Chabazite, ITQ-4, ZSM-11 O 2448 Cubic : m%
HALEZEI

B man i’gEf:?ﬁ ﬁ
24.46 \ﬂﬂ/ 7~
ZSM-11 0 500 1000

Temperature / K

Chabazite ITQ-4

T ® MD
PRixs LI»V Exp. taor o 4 sk
90. 1215 = 000000, =
- T - T T T T % WW........ ; e 008 E W:V.V.V........
il T MD(@l, a2 G i F
. $im [er)] g 2 :
= 90.0[ MMAAAAAAAAAAII2LO 18.00- 4 2130k 4 7
£ 150[ oo .
™ A oo lloon | Loondl | |
£ © 0000 o 400 800 1200 400 800 1200 400 800 1200
g 140 S PR Temp. /K Temp. /K Temp. /K
R PN I e s -
AALA [MDG) ~53
£ ~ 0L-68005.666- AA'T ® MD(a) o 174 e
= 130F - 3907 0000000000900 491200 v MD(y) 1041 aapg + % s
3 a-axis g, g .
A MD 2 o ®es o0 1721
, L L o0, - .
v exp) = 900 eweewesssees - 103 o
120 L L 88. L L 19,5 8 o £ U
0 400 800 1200 0400 800 1200 10200, 1 Eunl .
Temperature / K °,
P Temperature / K 3 *ened
Nooollonal onollongl locoinnaioa
805G so0 1200 a0 w00 1200 M 400 800 1200
Temp. /K Temp. /K Temp. /K
Hexagonal #ERF

107




¥R 1 6 FERAEEREI S —

FHE YA X unitcell 121 (2x2x3

MDEHE#ER
2l ————rrm13.7
® a.axis||
[ B b-axis
—13.6 =
PPLLLLILLTT =
5
AAAAAAAAAZIS.S ©
1 Vg X 270A
— B A A TA
1 1
500 1000 ]
Temp. /K

ZSM-11 DEERIR T DALE
400K EETHIEICZE HEB?) (Fyfeetal,1989)

Pore size / A

7
70— ' 7.0 7.0 TR I AT PPN
F 300K < = Bx] Sl e Bx
- ~ = 6-o° 4 R
6.0 4 26.0 @ 6.0 = 10-o® B
N N g ® o
‘@A ‘@ ) o 0000000 S o- dl
5.0 1 250 ©50 4 R
. £ S £ 5 X & 00 ]
r &~ [ O B g O %0
0 L | L | L 0! | L | L 0 L | L ! L O
40 100 200 700 2m0 00 200 a gettte g A, cee by
Time / ps Time / ps Time / ps 500 1000 500 1000
Temperature / K Temperature / K
12 Unit cellDF 51
LR Uinnneuvosrr IR T PEPTLL
.o 3
x T20- o BX
400K FT B 2ol 1R e
S o - o 10f
< K|
600K BLE STHEER 2 " yo00000d B O
£ 5% 7 g10(ee,
* B | Byl e B
Poresize/ A 4 0%,y et ea, .,
200 400 600 800 10001200 00 400 600 800 10001200
Temperature / K Temperature / K

SiO, B4 F A b DER)ZE)

Faujasite, Chabazite, ITQ-4
BO#FRERR

ZSM-11
500KH S8 D#EIR
BARMTLE 400KFT KE4&EM
600K E EIF—FE

108




¥R 1 6 FERAEEREI S —

K—AVR—SI Y HDETY 2T
R

AL
STLAREE O 3 RIS 2B

SRR B RRTE
Cationic ion (CnH2n+1N(CH3)3 ion) T T =

MCM-41 3 Sl
FSM-16 A =1.5418A ]

- hexagonal phase E

Block copolymer (PEO-PPO-PEO)
SBA-15
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Amorphous SiO,_(OH),,
Structure Analysis =& NMR, IR, EXAFS
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Radial distribution ;uncﬁon analysis using
X-ray diffraction methods

Procedure of radial distribution function analysis

X-ray Scattering
Intensity

Interference
function

Radial distribution
function

—— atomic scattering_|
factor of SiQ

s *i(s)
=
| >
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Intensity
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s/ nm’ r/pm

Fourier Transform

Composition of mesoporous silica
Sio,, (OH),, = SiO,

Intensity of X-ray scattering from H atom = |jt(]e

Comparison of structure to Silica glass

Correlation Function J

Results of XRD Analysis J

T T T T
FSM-16 Sample Isi.o™/ rsi.si¥/  references
pm pm
Silica 163 314 [4]

=
= (/\/\__/_MC_M glass 162 312 1]
e 161 307 4]
% Si-Si MCM-41 160 305 2]
160 300 [3]
Si- 0 silica glass FSM-16 160 310 [4]
200 . 00 600 [1] Mozzi and Warren (1969)

[2] Pophal et al. (1997)
[3] Pophal and Fuess (1999)
[4] Ookawa et al. (2001)

MCM-41, FSM-16 =

Si-O distance
Si-Si distance MCM-41, FSM-16 < silica glass
Discussion in detail with structure model

distance / pm

Silica glass

Previous works - Modeling of MCM-41 using MD

Oumi et al., 2002

Kleestorfer et al., 2001

XX

Feuston and Higgins, 1994

—

Parallel two micelles
packed in a hexagonal
arrangement

Relaxation at 900K
The differences of the structure between the pore wall of
MCM-41 and silica glass have not been discussed.

Modeling from quartz structure Modelingwith combination  of

setting H* on the surface MD and MC methods

Aim of this work
MCM-41 type silica was made under the different condition
and the comparison of our experimental results.

Modeling method of MCM-41 type
mesoporous silica by using molecular dynamics

4. Final Structure

1. Initial Structure I 2. Initial structure II 3. Initial Structure I11

Rxectangul:lr
par iped Cell Hexagonal array of 4 times Removal of the region
disposition of Si or O cyrindrical region of of atom exclusion
atom exclusion Cell volume

atom at random
0 sl Structure
* Relaxation

Number of atoms

NPT ensemble
MD calculation
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Initial Structure Il and Il

Initial Str rell .
Itial Structure Initial Structure Il

-J 4 nm

nm
7.621nm ——— 4

b/ a=+3 MD cell volume .
. . Number of atoms 9 Gimes
Hexagonal array of the cylindrical

. g MD cell : a= 8.8 nm
region of atom exclusion b= 10.4 nm
c = 3.0 nm

MD calculation of SiO, melt
under NVT ensemble

Relaxation 2500K = 300K

Removal of the region
of atom exclusion

NPT ensemble (300 K, 0.1MPa)
200000 steps (40 ps)

Detail of the Initial Structure Il

MD cell volume ::> 4 tim
Number of atoms es

MD cell : a = 8.8 nm
b= 10.4 nm
c = 3.0 nm

Removal of the region of atom exclusion

MD calculation: NPT ensemble (300 K, 0.1MPa)
200000 step (40 ps)

Initial Condition Final structure (after the MD calculation)
model Number of  Density Density  aaxis b axis caxis
SiOz unit /gcm® /gcm3 /nm /nm /nm
1 653 0.65 0.69 8.65 14.89 293
I 784 0.78 0381 859 15.06 295
il 849 0.84 089 863 15.00 293
v 9% 0.99 1,00 8.66 1528 298
\ 1246 142 1.20 8.87 1529 3.04
IF - L I i 1V - Vi, . :

Cross-section shapes of mesopore

A 4

L )
Silicon

model
v

o !
111

0 1 2 3
R/nm

Number of atoms
T
Number of atoms

Pore wall < 3 SiO, layers

according to Cu Ka irradiation

(100)

Main four peaks assigned to (100),
(110), (200) and (210) in hexagonal
phase

(200)
(210)
=2
G
“%

— (110)

[}
=
=

o H

20/°

Relative peak intensity of (110) or (200), to (100)
model II or III > model V.

Analy5|s of Pore Structure

Formation of 3D grid in  Determination of nature of each grid point
the MD cell atomic cell included in the Van der Waals
. sphere (Si:41 pm O:140 pm)

pore cell

Surface Area: Sum of Interfacial area between atomic cell and pore cell
Mean pore diameter: Estimated by pore volume and length of c-axis

{ " _/I, Q Wall thickness =a,-D
< LIH

'=\_/,‘ d

o Xl )
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Results of pore structure analysis and simulated XRD

Model I 1§ I v v
Surface area/m’ g 1626 1181 1072 870 686
Pore volume / cm® g 0.78 0.63 0.55 046 0.36
Pore diameter / nm 333 326 319 315 3.08
‘Wall density / g em? 1.50 170 176 191 2.15
a) /nm 432 432 432 436 442
‘Wall thickness /nm 099 106 113 121 134

a, =2/+3x d(100)

MCM-41 Sonwane et al., (1999)

Pore dianeter/ nm 38 Experimental value by TEM
Surface area/nfg’ 1240 (Xrukcet al,2000)
3 . ca.1-1.3nm
Pore volume /cm’g” 093 pgre Volume
Simulation < Experiment

Wall thickness

Surface Area

Model I, II, IIT > 1000 m2g! Calcu_lation of pore volume will need
to an improved program

P.C.F
P.C.F

I
1
m r
& v 4 v
b vV 4

Silica glasp [ Silica glass )

|
160 180 200 200 . 300
distance / pm distance / pm

Si-O : almost the same  Si-Si : MCM-41 < silica glass

These results support strongly our experimental results

Fsio-si | 0-Si-O angle

Internal angle of SiO tetrahedra

Angle: MCM-41 <silica glass
Width of distribution:

MCM-41 > silica glass

7

it SiO, tetrahedra in the pore wall

v = strained
\4
Silica glass Silica glas c O
& 12‘5) & 0 0 Si-O-Si angle
Angle/ Angle/ © Angle between neighboring two
Model T ] ] ) SiO, tetrahedra
Si-O-Si 87 Distribution shift to low angle
0-Si-0 92° region compared to silica glass

Si-Si (from PCF) 236 pm
= No realistic model

Siloxane ring size
six fold ring five fold ring four fold ring
SiO4unit
Silica glass
low high

Summary

Modeling of MCM-41 type porous silica was
performed by molecular dynamics simulation.

Some models have reproduced ca. 3 nm diameter
and more than 1000 m2g! surface area.

It is clear that MCM-41 type silica model have
same Si-O interatomic distance and shorter Si-Si
interatomic distance compared to silica glass.

MD calculation revealed that the mean Si-O-Si
bond angle in MCM-41 type silica is smaller than
that in silica. This result supports our
experimental results.
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