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分子動力学法を用いた
無機多孔体に関する研究

愛媛大学　工学部　応用化学科
大川　政志
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無機多孔質体
細孔径による多孔体の分類 (IUPAC)

マクロ孔
(diameter > 50 nm)

メソ孔
(2 nm < diameter < 50 nm) 

マイクロ孔
（diameter < 2 nm）
ゼオライト 均一メソ多孔体

Aerogel活性炭 Porous GlassesXerogel
Pillared Clays

均一な細孔径分布
均一メソ多孔体ゼオライト

界面活性剤等のミセルを
テンプレートとした細孔形成ミクロ孔を持つ結晶構造

Zeolites
(MnAlnSi1-nO2･H2O)結晶性の多孔質アルミノケイ酸塩の総称

種々の骨格構造を有する MFI　(ZSM-5)

構造コード

LTA　(zeolite A)

古典分子動力学（MD）法
古典力学に由来した運動方程式の計算

原子間の相互作用の計算

.t
各原子の速度と位置

構造、物性

粒子（原子）数　（数千～数万）
（電子状態や化学結合は扱えない）

SiO2の原子間相互作用モデル
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Potential Curves of SiO2
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背景
ゼオライトの分子ふるい作用
ゼオライトの細孔径に依存

ゼオライトの細孔径
結晶構造から決定：振動により変動

　　　細孔径の温度変化　？

分子動力学法の利用

! 負の熱膨張
　　　　Faujasite   (Attfield and Sleight, 1998)　
　　　Chabazite and ITQ-4 (Woodcock and Lightfoot, 1999)

　　　MWW, ITE, ISV, STF etc.　

! MFI  

! Siliceous Ferrierite (Bull et al., 2003)

　　 Pnnm         Immm　（負の熱膨張）
monoclinic          orthorhombic

SiO2ゼオライトの構造変化

! SiO2組成ゼオライトの構造熱的挙動
　　　　格子定数変化　　
　　　　　　Faujasite, Chabazite, ITQ-4, ZSM-11

　　　　細孔径変化
ZSM-11

目的

Faujasiteの構造変化

0 500 1000
22

23

24

25

26

27

Temperature / K

C
el

l l
en

gt
h 

/ Å

 exp.
 MD(a1)
 MD(a2)
 MD(a3)

0 500 1000

89.6

89.8

90.0

90.2

90.4  /-
0/1
0/2

Temperature / K

A
ng

le
 / 

°

0 500 1000
24.46

24.48

24.50

24.52

24.54

Temperature / K

C
el

l l
en

gt
h

 / Å

Cubic   :　維持
熱膨張係数　負

Chabaziteの構造変化
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ITQ-4の構造変化
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ZSM-11の構造変化
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G 1
MD計算結果　

400K　程度で対称性に変化　（相転移？）　(Fyfe et al.,1989) 　

ZSM-11の細孔構造
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細孔の熱挙動
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200K
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細孔径
400K1まで　増加
600K1以上　分布が類似

ZSM-11の細孔径変化
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細孔のSnap shot

1200K
　細孔径最大
　細孔径最小200K

　細孔径最大
　細孔径最小

200K
　細孔径最大
　細孔径最小 1200K

　細孔径最大
　細孔径最小

SiO2<-=,>7?@AB

Faujasite, Chabazite, ITQ-4

負の熱膨張を再現

ZSM-11

　　　500Kから負の熱膨張
　　　最大細孔径　400Kまで　大きく増加
　　　　　　　　　　　　600K以上　ほぼ一定　
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XRD profile of MCM-41Cationic ion (CnH2n+1N(CH3)3 ion)
MCM-41
FSM-16 - hexagonal phase

Block copolymer (PEO-PPO-PEO)
SBA-15

Pore Wall of Mesoporous silica

! Amorp hous　SiO2 -x(OH)2 x

　　St ruc t ure  Analys is  ⇒　NMR, IR, EXAFS

Radial distribution function analysis using 
X-ray diffraction methods
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Procedure of radial distribution function analysis

X-ray Scattering 

Intensity

Interference 

function

Radial distribution 

function
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r / pm

G
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 atomic scattering
            factor of SiO2

Fourier Transform

⇒

Composition  of mesoporous silica

SiO2-x (OH)2x ⇒ SiO2

Intensity of X-ray scattering from H atom ⇒ little

Comparison of structure to Silica glass

S i -O dis t a n c e MCM-4 1 ,  FS M-1 6　=　Silica glass

S i -S i  d is t a n c e  MCM-4 1 ,  FS M-1 6  　<　silica glass

[1] Mozzi and Warren (1969) 

[2] Pophal et al. (1997) 

[3] Pophal and Fuess (1999) 

[4] Ookawa et al. (2001) 

Correlation Function
Results of XRD Analysis

Discussion in detail with structure model

Sample rSi-O*/ 
pm 

rSi-Si*/ 
pm 

references 

163 314 [4] Silica 
glass 162 312 [1] 

161 307 [4] 
160 305 [2] MCM-41 
160 300 [3] 

FSM-16 160 310 [4] 
 

200 400 600
distance / pm

G
(r

)

silica glass

FSM-16

MCM-41

Si-O

Si-Si

Previous works - Modeling of MCM-41 using MD
Feuston and Higgins, 1994 Kleestorfer1et al., 2001 Oumi et al., 2002

Parallel two micelles 
packed in a  hexagonal 
arrangement

Relaxation at 900K

Modeling from quartz structure Modelingwith combination  of 
MD and MC methodssetting H+ on the surface

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

Aim of this work
MCM-41 type silica was made under the different condition 

and the comparison of our experimental results.
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Initial Structure II and III

b/ a= 3

MD calculation of SiO2 melt 
under　NVT ensemble

Relaxation　2500K ⇒　300K

Hexagonal array of the cylindrical 

region of atom exclusion

Initial Structure II

a

b

c

Initial Structure III

M D  cell vo lum e
N um ber of atom s

4 tim es

MD  c e l l  :      a  =　   8 . 8  n m

                  b  =    1 0 . 4  n m
                  c  =  　　3 . 0  n m

Removal of the region 

of atom exclusion

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

Detail of the Initial Structure III

a

b

c

M D  ce l l  v o lu m e  

N u m b e r  of a t om s
4  t im e s

MD  c e l l  :     a  =　   8 . 8  n m

                  b  =    1 0 . 4  n m
                  c  =  　　3 . 0  n m

Removal of the region of atom exclusion

MD calculation: NPT ensemble (300 K, 0.1MPa)

200000 step (40 ps)

model
Initial Condition

Number of
SiO2 unit

Density 
/ g cm-3

Final structure (after the MD calculation)
Density 
/ g cm-3

a axis 
/ nm

b axis
 / nm

c axis
 / nm

I 653 0.65 0.69 8.65 14.89 2.93
II 784 0.78 0.81 8.59 15.06 2.95
III 849 0.84 0.89 8.63 15.00 2.93
IV 996 0.99 1.00 8.66 15.28 2.98
V 1246 1.42 1.20 8.87 15.29 3.04

Modeling Conditions and Results

I II III IV V

Cross-section shapes of mesopore

Model I, Model II, Model III Model IV, Model V

Hexagon Circle

Increasing  the number of atom (Wall thickness)

Distribution of Si and O atoms
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Oxygen : < 4 layers Silicon : < 3 layers
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Pore wall < 3 SiO4 layers
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Model

Simulated XRD profiles
according to Cu K/ ir radia t ion

Main four peaks assigned to (100), 

(110), (200) and (210) in hexagonal 

phase

Rela t ive peak in tensity of (110) or  (200), to (100) 

model II or  III > model V. 

Analysis of Pore Structure

Determination of nature of each grid pointFormation of 3D grid in 
the MD cell included in the Van der Waals

sphere (Si:41 pm O:140 pm)atomic cell

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

Wall thickness = a0 - D 
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Results of pore structure analysis and simulated XRD
Model I II III IV V 

Surface area / m2 g-1 1626 1181 1072 870 686 
Pore volume / cm3 g-1 0.78 0.63 0.55 0.46 0.36 
Pore diameter / nm 3.33 3.26 3.19 3.15 3.08 
Wall density / g cm-3 1.50 1.70 1.76 1.91 2.15 
a0  / nm 4.32 4.32 4.32 4.36 4.42 

Wall thickness  / nm 0.99 1.06 1.13 1.21 1.34 

 

Pore diameter/ nm 3.8 

Surface area / m
2 
g

-1
 1240 

Pore volume / cm
3 
g

-1
 0.93 

"

MCM-41 Sonwane et al., (1999)

Pore Volume
Simulation < Experiment 

Exper imenta l va lue by TEM 

( Kruk et  a l.,2000)

ca . 1 -1.3 nm

Wall thickness

Surface Area

d(100)3/2a 0 8,

Calculation of pore volume will need 

to an improved program
Model I, II, III > 1000 m2g-1

P a ir c o rre la t io n  fu n c t io n s ( P CF)  o f

S i-O a n d S i-S i
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Si-O :  almost the same Si-Si : MCM-41 < silica glass 

These results support strongly our experimental results

D is t rib u t io n  o f  b o n d  a n g le  o f

O-S i-O a n d S i-O-S i

Si-O-Si angle

O-Si-O angle
Internal angle of SiO4 tetrahedra

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

MCM-41 > silica glass

SiO4 tetrahedra in the pore wall 
1_1strained

80 120
Angle / °

I
II
III
IV
V
Silica glass

O-Si-O

80 120 160
Angle / °

I

II
III
IV
V
Silica glass

Si-O-Si

Distribution shift to low angle 
region compared to silica glass

Model I

Angle between neighboring two 
SiO4 tetrahedra

Si-O-Si   87° 
O-Si-O   92° 

Si-Si (from PCF)  236 pm 
_1No realistic model

Medium range order of amorphous silica

six fold ring five fold ring four fold ring

Siloxane ring size

Silica glass

SiO4 unit

low highs value of  FSDP

Summary

Modeling of MCM-41 type porous silica  was 

per formed by molecula r  dynamics simula t ion . 

Some models have reproduced ca . 3 nm diameter  

and more than  1000 m 2g-1 sur face a rea . 

It  is clea r  tha t  MCM-41 type silica  model have 

same Si-O in tera tomic distance and shor ter Si-Si 

in tera tomic distance compared to silica  glass. 

MD ca lcu la t ion  revea led tha t  the mean Si-O-Si

bond angle in  MCM-41 type silica  is smaller  than  

tha t  in  silica . This resu lt  suppor t s our  

exper imenta l resu lt s.

喜望峰
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