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1.1

1.1.1

178

C. W. Sheele(1773 )

20 I. Langmuir J. W. McBain S. Brunauer

[1], [2]

(adsorbent) (adsorbate)

- - - - -

-

kJ mol−1

kJ mol−1

w

w < 2 nm



1. 2

w < 0.7 nm (ultra micropore) 0.7 nm < w < 2 nm

(super micropore)

2

2 nm < w < 50 nm

(capirally

condensation) 50 nm < w

[3]

Table. 1

Table 1. [3], [4]
pore type pore size

w < 2 nm
w < 0.7 nm

0.7 nm < w < 2 nm
2 nm < w < 50 nm

50 nm < w

(n) (P) (T )

T

n P ( )

(P0) (P/P0) S. Brunauer

L.S. Deming W.E. Deming E. Teller 5

(BDDT )[5] BDDT K. S. Sing 1 6

International Union of Pure and Applied Chemistry (IUPAC)

[4] Figure. 1

I II
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III V

IV

VI (

) VI

[3]

Figure 1. IUPAC ( : I IV , :
)[3], [4]

77 K

-

(Pore size Distribution, PSD)

(Density Functional Theory, DFT) non localized DFT (NLDFT) quench solid

DFT (QSDFT)
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[6], [7], [8], [9]

1.1.2 2

- -

Equation. 1

London ϕD ϕR ϕE

[10]

ϕ = ϕD + ϕR + ϕE (1)

ϕD ϕR London

Equation. 2 12, 6 Lennard - Jones (LJ)

r−12 r−6 LJ

Figure. 2 LJ 2 1 r = ∞

2 r = σ σ van der Waals ε

U(1.12σ) = −ε

U(r) = 4ε
[(
σ

r

)12
−

(
σ

r

)6
]

(2)

σ/Å:
ε/K:



1. 5

−1

−0.5

 0

 0.5

 1

 1.5

 2

 0  0.5  1  1.5  2  2.5  3

U
(r

) 
/ ε

r  / σ

replusion

LJ−potential

attraction

Figure 2. 12, 6 Lennard - Jones, LJ

ϕE (Coulombic force) Equation. 3 q q′

ε0

ϕE = − qq′

4πε0r
(3)

1.1.3

Figure. 3

Steele’s 10 - 4 - 3 [11] 2

z Figure. 4

w ≤ 0.80 nm
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Figure 3.
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Figure 4. Steele’s 10 - 4 - 3 [11]

1.2

DSC, DTA

X X (EXAFS) NMR

MCM 41

A. K. Soper
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1

2

[12] O. Sel

MCM 41

[13]

[14], [15], [16] X

[17], [18],

[19]

X [20]

(MCM 41 SBA 15)

[21]

[21], [22] NMR

[23], [24], [25]

-
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X (C) (O) (H

or D) X

( , S (Q)) Hybrid reverse

Monte-Carlo 2

2

1.3

X

(CCl4)

2 2

/

X Hybrid reverse Monte-Carlo (HRMC)

X

3 HRMC
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2

2.1 X ,

/

X

X X (X-ray

scattering)

(neutron scattering)

2

X X

f (Q)(Q, Equation. 4 )

2 X

Q = 0

f (0) bcoh Figure. 5
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 30

H D He Li Be B C N O F Ne Na Mg Al Si P S Cl Ar K Ca Sc Ti V Cr Mn Fe

f (
0)

 o
r b

co
h

Element

f (0)

bcoh

: atomic scattering factor @ Q = 0 / e.u.

: coherent scattering length / fm

Figure 5. X f (0) bcoh

f 2(0), bcoh, binc, σcoh, σinc, σabs Table. 2 σ(= 4πbi)

Table 2. X ([26] )
element f 2(0) bcoh / fm binc / fm σcoh / barn σinc / barn σabs / barn
H(1H) 1 -3.74 25.274 1.7583 80.27 0.3326
D(2H) 1 6.67 4.04 5.592 2.05 0.000519
C 36 6.65 −− 5.551 0.001 0.0035
N 49 9.36 11.01 0.5 1.9
O 64 5.83 −− 4.232 0.0008 0.00019
Cl 289 9.5770 −− 11.5257 5.3 33.5

fm = 10−15 m, barn = 10−24 cm2

Table. 2

X

(D)
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(incoherent scattering)

H D 40

(recoil effect)

2.2 ( )

( )

" " "nm

(Q, q )

Q Equation. 4

Q =
4π sin θ
λ

(4)

θ :
λ : X ,

1

low Q ( First sharp diffraction

peak, FSDP ) , 2, 3 high Q

(halo) FSDP

2

3 3
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"nm

X

2.2.1 X

Q Mo Kα (λKα = 0.0710730 nm)

X X Kβ

X Table. 3 Cu Mo X

Kα, Kβ Kβ

Table 3. X Kα, Kβ Kβ

element Kα∗ / nm Kα1 / nm Kα2 / nm Kβ / nm Kβ filter
Cu 0.1541838 0.1540562 0.1544390 0.1392218 Ni
Mo 0.0710730 0.0709300 0.0713590 0.0632288 Zr

∗Kα1 Kα2 2 Kα

S (Q) X

A(θ), P(θ), G(θ)
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Iobs(Q) Equation. 5 [27] - [30]

Iobs(Q) = I′obs(Q) · P(θ) · A(θ) ·G(θ) ∝ (Icoh(Q) + Iinc(Q)) (5)

Icoh(Q) : , Iinc(Q) :

A(θ) Equation. 6

A(θ) =
1 − exp[−μt(sec 2θ − 1)]

μt(sec 2θ − 1)
(6)

μ : t :

P(θ) Kβ X

θ Equation. 7

P(θ) =
1 + cos2 2θ

2
(7)

G(θ) X

Equation. 8

G(θ) =
1

cos θ
(8)

2.2.2

I′obs(Q) ( fcoh(Q) + finc(Q))

high Q (Q ≥ 100 nm−1)

high Q

Equation. 9
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I′highQ = Ie N

⎧⎪⎪⎨⎪⎪⎩
∑

m

f 2
m(Q) +

∑
m

(zm −
∑

j

f 2
m j(Q))

⎫⎪⎪⎬⎪⎪⎭
I′obs(Q) = k I′highQ (9)

fm(Q) m 1 2

zm m fm, j(Q)

2
∑

j

f 2
m, j(Q) Equation.

10

∑
j

f 2
m j(Q) =

f 2
m(Q)
zm

(10)

high Q high Q I′obs(Q) Equation.

9 k

Equation. 11

I′obs(Q) =
∑

m

f 2
m(Q) +

∑
m

(zm − f 2
m j(Q)) (11)

60 ≤ Q ≤ 120 nm−1

Equation. 11 X Figure. 6, 7
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Figure 7.

I′(Q)obs : , f 2
coh(Q) : , finc(Q) :

(S (Q)) 2 S (Q)

1 (Faber-Ziman

) [31] 2

Faber-Ziman Equation. 12 Faber-Ziman

Equation. 11 f 2
coh(Q)
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r Faber-Ziman

high Q

(window function)

[30] 2.2.8

S (Q) − 1 =

I′obs(Q) −
⎧⎪⎪⎨⎪⎪⎩
∑

m

f 2
m(Q) +

∑
m

(zm −
∑

j

f 2
m j(Q))

⎫⎪⎪⎬⎪⎪⎭∑
m

f 2
m(Q)

(12)

S (Q) Equation. 13 Equation. 12∑
m

Z2
m

∑
m

Z2
m 1

Faber-Ziman

high Q

r

S (Q) − 1 =

I′obs(Q) −
⎧⎪⎪⎨⎪⎪⎩
∑

m

f 2
m(Q) +

∑
m

(zm −
∑

j

f 2
m j(Q))

⎫⎪⎪⎬⎪⎪⎭∑
m

Z2
m

(13)
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Faber-Ziman

X

S (Q) S (Q) Faber-Ziman

X Figure.

8

試料の散乱
データ

空セルの散乱
データ

差し引き

吸収補正 , A(θ)

偏光補正 , P(θ)

形状補正 , G(θ)

絶対強度化

構造因子
S(Q)－１

Figure 8. X

2.2.3

T. Iiyama

[32], [21] Equation.

14 Equation. 14 Is−s
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2

Figure.

9

Iobs = Is−s + Is−a + Ia−a (14)

s-s: ,
s-a: ,

a-a:

 0

 2

 4

 6

 8

 10

 0  20  40  60  80  100  120

In
te

n
si

ty
, 
I(

Q
) 

/ 
1
0

3
 c

.p
.s

.

Q / nm
−1

ACF

ad−EtOH+ACF

ad−EtOH

Figure 9.

2.2.4

J-PARC λ ( )

Figure. 10 (a)

TOF (time of

flight, / μs) t

L (v = L / t)

(the de Broglie equation)
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Equation. 15 h

(= 6.626× 10−34 J s) p(= mv) m (= 1.675× 10−27

kg) v

Figure 10.
(a) TOF (b) ([33] Figure. 9 )

λ =
h
p
=

h
mv

(15)

Q Equation. 4

2.2.5

σabs

Figure. 11
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[26] Table. 4 (σabs)

σabs NIST(National Institute of Standards and Technology) Neutron scattering lengths

and cross sections

Figure 11. ([34] )

Table 4. σabs

H D C O Cl
σabs / barn 0.3326 0.000519 0.0035 0.00019 33.5

barn = 10−24 cm2

C: 12C, 13C O: 16O, 17O, 18O Cl: 35Cl, 37Cl

E = 1 eV

1/v (1/v law) [33], [35],[36]

Equation. 17

I = I0 exp (−σads l Ad) (16)

σads =
v0 σ0

v
(17)
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Ad =
ρNa

Mw
(18)

I = I0 exp
(
−v0 σ0

v
l
ρNa

Mw

)
(19)

Equation. 19

ln
I
I0
= −v0

v
σ0 l
ρNa

Mw
(20)

I0: , I:
σabs: v m/s , σ0: v0 = 2200 m/s

l: , Mv: , ρ:
Na: , Ad:

Equation. 19

Figure. 13 - CCl4

t.o. f . I0
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 0.4

0 5.0 × 10−4 1.0 × 10−3 1.5 × 10−3 2.0 × 10−3 2.5 × 10−3

ln
 I

v−1 /  s  m−1

Figure 12.
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Figure 13.

: , : ND , : ND

2.2.6 ,

ND (H)

Placzek

[37] low Q exp(−Q2)

high Q 2

[36] 2

S (Q)corr − 1 = I(Q)exp − {t(Q) + f (Q)} (21)

t(Q) = α exp(−βQ2) + γ (22)

f (Q) = −δQ2 (23)

t(Q) f (Q) α, β, γ, δ

2

Figure. 14
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Figure 14.

2.2.7

X

[32], [21]

Figure. 15
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Figure 15.
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high Q ( 200 nm−1 ≤ Q ≤ 350 nm−1)

I(Q), high Q

α Equation. 24

S (Q)ad =
I(Q)
α

(24)

Equation. 24 S (Q) Figure. 16
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 0  50  100  150  200  250  300  350

S(
Q

)

Q / nm−1

ad−EtOH

Figure 16.
S (Q)
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2.2.8

S (Q) (Fourier)

4πr2 (ρr − ρ0) =
2r
π

∫ QMAX

0
Q (S (Q) − 1) exp

(
−βQ2

)
sin Qr dQ (25)

QMAX

r

exp(−βQ2)

Figure. 17

−2

 0

 2

 4

 0  0.5  1  1.5  2  2.5  3

4π
r2 (ρ

r 
−

 ρ
0)

r / nm

β = 0.1

β = 0.05

β = 0.02

β = 0.01

β = 0.005

β = 0

Figure 17.
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β 0.01 0.05

2.3

5◦ Å

X X (Small angle X-ray scattering, SAXS)

(Small angle neutron scattering, SANS) 10 nm -

K. Nishikawa

(density fluctuation)

[38]

2.3.1

X

q X X

q q

q

Equation. 26

I(q) =
〈 ∣∣∣∣∣

∫
(ρr − ρ0) exp(−iq · r)dVr

∣∣∣∣∣2
〉

(26)

ρr r ( 2.3.3.1
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) ρ0 r = ∞ q < >

" "

2.3.2 Debye-Bueche(DB)

K. Nishiakwa

2

[17], [39] DB q = 0 Equation. 27

I(q) =
I0

(1 + ξ2q2)2 (27)

I(q)−1/2 q2 Debye-Bueche 2

q = 0 I0 ξ

I0 = (intercept)−2 (28)

ξ =

√
slope

intercept
(29)

I0 ((N)2/〈N〉) ξ 2

(solid phase) (adsorbed phase) (void

phase) 2 DB- ξ Equation.

27 [17] r

4 s

v pss(r), psv(r), pvs(r), pvv(r) (pss + psv + pvs + pvv = 1)
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(φs, φ
0
v) φs

φv (φs + φ
0
v = 1) Equation. 30

Pss(r) =
pss(r)
φs
, Psv(r) =

psv(r)
φv

Pvv(r) =
pvv(r)
φ0

v
, Pvs(r) =

pvs(r)
φ0

v
(30)

4 Pss(r) + Psv(r) = 1

4 Equation. 30 1 R0(r)(

) R0(r) R0(r) = 1 R0(∞) = 0

DB

R0(r) = exp
(
− r
ξ

)
(31)

Pss(r) = φs + φ
0
vR0(r), Psv(r) = φ0

v − φ0
vR0(r)

Pvv(r) = φs − φ0
s R0(r), Pvs(r) = φ0

v + φ
0
vR0(r) (32)

Equation. 32 r Figure. 18 r = 0

(Pss, Pvv) 1 (Psv, Pvs) 0 r

(Psv φ0
v Pvs φs )
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 0

 1

Pr
ob

ab
ili

ty
, P

r�

�
v

�
s

P
ss

P
vv

P
vs

P
sv

Figure 18. Debye-Bueche , ξ ([17] )

Pss: - , Pvv: -
Psv: - , Pvs: -

(I(q))

I(q) = V
∫ ∞

0
4πr2γ(r)

sin qr
qr

dr

= 4πVφsφv(ρs − ρv)2
∫ ∞

0
r2 exp

(
− r
ξ

)
dr

= 4πVφsφv(ρs − ρv)2 2ξ3

(1 + ξ2q2)2 (33)

V ρs, ρv Equation. 33 q = 0

I0 Equation. 29

ξ 2 (lS: , lV: )

[17], [40] Figure. 19

2

Equation. 34
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Figure 19. , ξ , φi ( ) li [17]

lS =
ξ

φ0
v
, lV =

ξ

φs
(34)

Equation. 34 Equation. 32 r 1

2.3.3

Equation. 26 ρr − ρ0 (

)

(contrast variation small

angle neutron scattering, CV-SANS) CV-SANS

(SANS)

CV-SANS SAXS

Figure. 20

0
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Figure 20. SLD

CV-SANS 2

0( )

2

2.3.3.1

Equation. 35

SLD =

N∑
i

bi

Vm
(35)

bi Vm N Vm

Vm ρ Equation. 36

Vm =
M
ρNa

(36)
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Equation. 36 Equation. 35 Equation. 37

SLD =

ρNa

N∑
i

bi

N∑
i

Mi

(37)

H2O SLDH2O = −0.561 × 1010 cm−2

D2O SLDD2O = 6.335 × 1010 cm−2

2.3.4

He

CV-SANS q = 0

I0 ∝ (ρi − ρ j)2 (38)

SLD I0 SLD

SLD

Figure. 21

2.4 Hybrid Reverse Monte-Carlo(HRMC)

2.4.1 HRMC

Grand Canonical Monte-Carlo(GCMC)

GCMC
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Figure 21. SLD SANS ([43] Figure. 4 )

Reverse Monte-Carlo(RMC) empirical potential structure

refinement(EPSR) 2 RMC R. L. McGreevy

[41]

Hybrid Reverse Monte-Carlo

EPSR A. K. Soper

RMC [42] RMC

(LJ ε, σ) EPSR

LJ

LJ

HRMC
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x y z

"nm "

z

HRMC

Step.1

S (Q)old

(Insert), (Delete), (Move) , (Rotation)

S (Q)new

Step.2

S (Q)obs S (Qold) S (Qnew) 2

Rold(p), Rnew(p) p 2

Equation. 39 Eold

Enew Rold(p)

Rnew(p) Enew Eold Rnew(p) < Rold(p) Enew < Eold

Step.1

Rold(p) =
∑

Q

(S (Q)old − S (Q)obs)2

Rnew(p) =
∑

Q

(S (Q)new − S (Q)obs)2 (39)

Step.3
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Step.2 Rnew(p) < Rold(p) Enew < Eold Rnew(p) > Rold(p)

Enew > Eold Rnew(p) > Rold(p) Enew < Eold Rnew(p) < Rold(p) Enew > Eold

3 (ξ = 0 1) Equation. 40

σrmc rmc

Step.1

Step.1

exp
(
−Rnew − Rold

σrmc

)
× exp

(
−Enew − Eold

kbT

)
> ξ (40)

HRMC 2 Equation. 41, 42

Equation.

41 Equation. 42

( w

)

fDRDF(r) = 4πr2ρ0 (g(r) − 1) (41)

fDRDF(r) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
4πr2ρ0 (g(r) − 1) r < w

2

2πrwρ0 (g(r) − 1) r ≥ w
2

(42)

HRMC Figure. 22
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Figure 22. HRMC
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2.4.2 HRMC

(PSD)

HRMC

HRMC PSD

HRMC

Faber-Ziman Faber-Ziman

i � j ( )

PSD HRMC

• ( )

• PSD

• GCMC

2.4.2.1

HRMC

P ni

PSD

P GCMC
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PSD HRMC Equation. 43 47 GCMC

Equation. 43

n∗i (P) =
ni(P)
Vcell

i
(43)

n∗i (P): wi, P
ni(P): wi, P

Vcell
i : wi

P Equation. 44

ntotal(P) =
∑

i

cin∗i (P) (44)

ntotal(P): P
ci: wi PSD

n∗i (P): P, wi GCMC

HRMC S i,P(Q) αi,P

αi,P Equation. 45

αi,P =
n∗i (P)

ntotal(P)
(45)

S i,P(Q): P, wi αi: si,P(Q)

HRMC S total,P(Q)

Equation. 46
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S total,P(Q) =
i� j∑

i

αi,PS i,P(Q) (46)

S total,P: P

, S total,P(Q) 2 , gtotal,P(r) 1 1

(Equation. 47 )

gtotal,P(r) = 1 +
1

2π2ρ0r

∫ ∞

0
Q(S total,P(Q) − 1) sin Qr dQ (47)

gtotal,P(r): P 2

2.5

2.5.1

1

2.5.2

X

Figure. 23
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Figure 23. Th: , Tl:

Ruike, Iiyama

[44]

turn i

i = 1, 2, 3 . . .N

N:

step 1

Valve B Vq Valve B Pi1

step 2

Valve A Vcl, Vch Pi2

step 3

Valve A Vq Pi3

step j turn i→ N
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2.5.3

i = 1 step 1 Vq

ni1

ni1 =
Pi1Vq

RTh
(48)

step 2 Vcl + Vch + Vq Equation. 48

ni1

ni2 =
Pi2(Vcl + Vch + Vq)

RTh

= ni1 (49)

nad
i2 Vcl + Vch + Vq

ni2 =
Pi2(Vcl + Vch + Vq)

RTh

= ni1 − nad
i2 (50)

i

nad
i2 = ni1 − ni2

=
Pi1Vq

RTh
− Pi2(Vcl + Vch + Vq)

RTh
(51)
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i = 2 i − 1

n(i−1)2 =
P(i−1)2(Vcl + Vch)

RTh
(52)

Equation. 51

nad
i2 = ni1 + n(i−1)2 − ni2 (53)

turn i

ntotal
ad =

∑
i=1

ni2 (54)
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3

3.1

(002)

(Figure. 24 )

[45] - [47]

Figure 24. ([45] Figure. 2 )

Ad’all A 10, A 20 A
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3.1.1

(TG) T = 110◦C

T = 110◦C (rotary pump, R.P.)

(diffusion pump, D.P.) P ≈ 10−3 Pa 3

3.2

3.2.1

(G1 grade, 99.99995%,

)

(G1 grade, 99.9999 vol %)

3.2.2

( Q Milli-Q labo

)

R.P.
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325 K 3A(

) 2-5

3

3.2.3 X

X 325 K

3A( ) 2-5

X

3.2.4

Table 5.

H2O
( )

EtOH 99.5 wt%
CCl4 99.8 wt%
D2O 99.9 D% Sigma Aldrich

d6-EtOH 99 D% Sigma Aldrich.
d12-cyclohexane 99.5 D% Sigma Aldrich

3.2.5

2
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(1.7-1.8 g cm−3) (SLD= 6.0 × 1010 cm−2)

Table. 6 Table ρ H D

A10

Table. 6

Table 6. SLD H D
SLD / 1010 cm−2 D-solvent / g H-solvent / g

water
0.0 0.18 1.82
2.0 0.79 1.21
4.0 1.37 0.63
5.0 1.63 0.37
6.0 1.91 0.09

cyclohexane
0.0 0.09 1.91
6.0 1.82 0.18

Table 7. CV-SANS SLD
sample
name

C6D12 / g C6H12 / g D2O / g H2O / g ACF / g ρsolvent / g
cm−3

SLDsys /
1010cm−2

bare AC 1.51 3.112
CDWL 0.038 0.0038 0.0038 0.038 0.1623 0.945 4.222
CLWD 0.0034 0.034 0.034 0.0034 0.1602 0.939 4.222
CDWD 0.040 0.040 0.1564 0.997 5.536
CHWL 0.031 0.036 0.1565 0.890 2.960

3.3

3.4 X

X Ultima III (Rigaku, co,. Ltd.)(Figure. 25 )
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Figure 25. Ultima III

3.4.1 2

2 X 2

2 X

X

Figure. 26 , , ABS

( ( ), t = 50 μm)

X Table. 8

Figure 26. X
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Table 8. X
Mo Kβ Zr

50 kV 5◦

30 mA open
D / tex open

, 0.02◦/step
2/3◦ 30◦/min

10 mm 298 K

3.4.2 -

ACF-

(Figure. 27 ) in-situX

t = 2.0 mm Cu (

( ) t = 7.5 μm)

X Table. 9
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for PUMP

Sample Chamber
(Cryo Statto)

Mass Flow 
Controller

Regulator
(Ar, N₂ etc)

Gas Strage 100 Torr
baratron

1,000 Torr
baratron

1,0000 Torr
baratron

Liquid
Strage

Liquid
Strage

Rough WayFine Way

Figure 27.

Table 9. X
Mo Kβ Zr

50 kV 5◦& PB 0.5
30 mA open

S.C. open
, 0.01◦/step

2/3◦ 30◦/min
10 mm 100 K

3.5

J-PARC( ) (MLF)
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3.5.1

A20 − CCl4

BL-20, iMATERIA A10 -

298 K S / N BL-21, NOVA

Figure. 28

Figure 28. ( ) BL-20, iMATERIA, ( ) BL-21, NOVA

3.5.2 (SANS )

BL-15(TAIKAN) BL-20(iMATERIA)

Figure 29. SANS ( ) BL-15, TAIKAN, ( ) BL-20, iMATERIA
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3.6 ,

3.6.1

(A10, A20) Autosorb-iQ (Quantachrome Co.

Ltd.) -

Table. 10 Figure. 30

Table 10.
N2 Ar

77 K 87 K
383 K

3 h
P ≤ 10−3 Pa

Figure 30. Quantachrome Autosorb-iQ

3.6.2

(pore size distribution, PSD) QSDFT(Quench solid density functional

theory) QSDFT NLDFT (

) PSD PSD QSDFT
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slit pore model, equaiblium branch QSDFT

PSD PSD

Figure. 31, 32

A
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Figure 31. A10, A20 (slit pore , equiburium branch )
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Figure 32. A10, A20 (slit pore , equiburium branch )
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3.7

LabView ®

T = 298 K Equation. 55

Antoine Equation. 55 P: A, B, C: Antoine

T : NIST Chemistry Webbook

Antoine Table. 11

log10 P = A − B
T +C

(55)

Table 11. Antoine
molecule Temperature / K A B C reference

(H2O) 273.0 - 303.0 5.40221 1838.675 -31.737 [48]
273.0 - 366.63 5.37229 1670.409 -40.191 [49]

293.06 - 354.73 3.96988 1203.526 -50.287 [50]
293.03 - 350.86 4.02291 1221.781 -45.739 [51]

3.8

(Thermal gravimetry, TG

DTG-60, SHIMADZU CORPORATION) TG Table. 12

Table 12. TG
/ ◦C min−1 5

/ ◦C 30 - 250
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3.9 HRMC

grand canonical emsemble(GCMC) HRMC

Table. 13

VESTA [119]

Table 13. GCMC HRMC

rxmc Ver. 15.63(programmed by T.Iiyama)
12 - 6 LJ potential

Steele’s 10 - 4 - 3 potential
Coulombic(Ewald summation)

1.0 × 107 steps

Figure. 33

Figure. 33

0.17 nm Steele’s 10 - 4 - 3 potential

Figure. 33 w

a

w

a
b

c

Figure 33. ( )
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3.9.1 -CCl4

Table. 14 [52]

Table 14. CCl4 [52]
element σ / nm εk−1

B / K charge / e
C 0.3774 27.40 -0.696
Cl 0.3467 131.7 0.174

Table. 15 GCMC

Table 15. HRMC CCl4

T / K n
100 535
204 517
290 483

3.9.2 -2

Table.16 ND S (Q)

TIP-5P [53] H D

Table 16. TIP-5P [53]
site σ / nm εk−1

B / K charge / e
O 0.312 80.17 0.0

H(D) 0 0 +0.241
q(charge) 0 0 -0.241

LJ Table.17 [54]
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Table 17. [54]
element σ / nm ε k−1

B / K charge / e
(CH3) − CH2 0.3679 129.64 0.0
CHx − (CH2) − CHx 0.4000 73.5 0.0
CHx − (CH2) − OH 0.4000 73.5 +0.2704
CHx − (O)H 0.3000 77.0 -0.7140
O − (H) 0 0 +0.4436

3.9.3 -Ar

-Ar (PSD)

Table. 19 3 4.5

Table 18. LJ [55]
element σ / nm ε k−1

B / K charge / e
Ar 0.3405 119.8 0.0

Table 19. PSD HRMC
axis length or pore width / nm

a 8.0
b 8.0
c 8.0

0.50
w 0.85

1.67

ACF-Ar GCMC

HRMC
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4

4.1

X A 10 A 20

Figure 34 x

P/P0 (P : P0 : 77 K ) y n / mg g−1

A 10 A 20 IUPAC

I [4] A 20 0.1 ≤ P/P0 ≤ 0.2

A 20

x log A10, A20

x Figure. 35

A 10, A 20 P/P0 ≥ 10−3

A 20
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Figure 34. T = 77 K A 10, A 20
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Figure 35. T = 77 K A 10,A 20 ( )

4.1.1

αs αs

1

#32( ) #32

Figure. 36
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Figure 36. #32 (T = 77 K ), (T = 87 K )

αs ( #32) P/P0 = 0.40

(αs) x P/P0 = 0.40

77 K

P/P0 = 0.42

Equation.56 αs

αni
s =

ni

nP/P0=0.4
(56)

αni
s : ni α ,

ni: P/P0 = i ,
nP/P0=0.4: P/P0 = 0.4

αs αs αs

Figure 37 A 10 A 20 αs
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Figure 37. αs ( : A 10, : A 20)

αs " " " "

low αs f-swing(filling swing), c-swing(condensation swing)

f-swing c-swing

[57], [56] f-swing, c-swing

[57] f-swing

w < 0.7 nm f-swing c-swing 0.7 nm ≤ w ≤ 1.4 nm

c-swing 1.4 nm < w A 10 f-swing

A 20 f-swing, c-swing

αs

αs-

BET ([58]) #32 BET

S BET = 74.95 m2g−1 Equation.57
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ss

sstandard
=

As

Astandard

As =
ss

sstandard
× Astandard (57)

ss: , sstandard: ,
As: , Astandard:

Dubinin-Radushkevich (DR)

Equation. 58 DR

ln n = ln n0 − D{ln(P0/P)}2 (58)

ln(n / cm3 g−1) {ln(P0/P)}2 DR

y ln n0 Vmic

P/P0 10−5 10−1 P/P0 ( )

Figure. 38 A 10 A 20 DR

−1.2
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ln
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 / 
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 0  10  20  30  40  50  60  70

ln
(n

 / 
cm

3  g
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)

{ln(P0 / P)}2

A10 A20

Figure 38. DR ( : A 10, : A 20)

A 10 A 20 Table. 20
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Table 20. A 10 A 20
sample wp / nm AS / m2g−1 Vp / cm3g−1 Vmic / cm3g−1

A 10 0.81 1396 0.49 0.44
A 20 1.51 2271 1.38 0.81

wp: , AS: (αs )
Vp: , Vmic:

4.1.2 QSDFT (PSD)

quenched solid denisity functional theory(QSDFT) (Pore Size Distribu-

tion, PSD) Figure. 39 A 10 PSD 2 nm

A 20 1 nm 1.7 nm

A 20 A 10

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.5  1  1.5  2  2.5  3  3.5  4

dV
(w

) 
dw

−
1  / 

cm
3  g

−
1  n

m
−

1

pore width, w / nm

A20

A10

Figure 39. QSDFT A 10, A 20
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4.2 A20 - CCl4

( )

(plastic crystal phase, PC ) [59][60](Figure. 40)

(liquid crystal, LC) (Figure. 40)

PC (CCl4) Figure.

41 225.4 K 250.5 K PC

[61], [62] T. Takei CCl4

DSC [64]

CCl4

CCl4

" "

" PC" CCl4
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Figure 40. [60]

Figure 41. CCl4 [63] Figure. 1
MELTING POINT: 250.5 K, TRANSITION POINT: 225.4 K [63]

4.2.1

Figure.

42 CCl4

Q = 21.5 nm−1
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Q = 21.5 nm−1 2 A. H. Narten K. Nishikawa

M. R. Chowdhury CCl4 Cl - Cl

[65], [66],

[67]
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A20

Figure 42. Q

CCl4 S (Q) Figure. 43 Figure. 43 Q = 10

30 nm−1 Figure. 44 S (Q) T = 290 K

CCl4 S (Q) 1 2

high Q

Q = 22.5 nm−1 2

A 20 CCl4
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−0.5
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 1
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S (Q) Figure. 48 50 HRMC S sim(Q)
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Cl· · ·Cl Figure. 54 C· · ·C

CCl4 100 K

C· · ·Cl

100 K Cl· · ·Cl

r = 0.38, 0.60 nm

Cl - Cl

−0.2

−0.1

 0

 0.1

 0.2

 0.3

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

4π
r2 (ρ

r 
−

 ρ
0)

 / 
a.

u.

r / nm

100 K

204 K

290 K

Figure 52. C - C



4. 72

−1.5

−1

−0.5

 0

 0.5

 1

 1.5

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

4π
r2 (ρ

r 
−

 ρ
0)

 / 
a.

u.

r / nm

100 K

204 K

290 K

Figure 53. C - Cl

−2.5

−2

−1.5

−1

−0.5

 0

 0.5

 1

 1.5

 2

 2.5

 3

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

4π
r2 (ρ

r 
−

 ρ
0)

 / 
a.

u.

r / nm

100 K

204 K

290 K

Figure 54. Cl - Cl

Cl · · ·Cl

Figure. 56 T = 293 K

C · · ·C − Cl (· · · − ) diamond

0 nm < r < 0.5 nm 67◦, 163◦



4. 73

Figure. 55

Face To Face [68], [69], [70]

C · · ·C − Cl 0 nm ≤ r ≤ 0.5 nm

CCl4 Figure. 57

CCl4 C · · ·C − Cl 70◦, 170◦ Face To

Face 100 K Face To Face

C · · ·C

Cl - Cl

Figure 55. CCl4 [70] Figure. 3
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Figure 56. C · · ·C − Cl [69] Figure.6
diamond: 0 − 0.5 nm, dark cirle: 0.5 − 0.6 nm, circle: 0.6 − 0.7 nm, dark square: 0.7 − 0.8 nm,
square: 0.8 − 0.9 nm
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Figure 57. C · · ·C − Cl ( : 0.4 − 0.5 nm)



4. 75

4.3 A10 - 2

PSA

(Pressure Swing Adsorption method)

•

• ( )

2

N. Nishi, T. Yamaguchi X
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[71], [72] ( ) K. Nishikawa

SAXS

N. Nishi, T.

Yamaguchi

ab initio

NMR (quasi elastic neutron

scattering)

X

S (Q) HRMC

4.3.1 X

2.1 X

A10 - 2 X

C, O X

2

X S (Q) Figure. 58 χH2O
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S (Q) Figure. 59

S (Q) FSDP S (Q) Table. 21

FSDP , ΔQ = Qconfined − Qbulk

S (Q) FSDP ΔQ χH2O = 0 0.60 high Q

χH2O = 0.90, 1.0 low Q

S (Q) FSDP χH2O = 0 0.6

χH2O = 0.90, 1.0

χH2O

(Ice Ic ) [14], [20], [15]
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Table 21. S (Q) FSDP
χH2O Qconfined Qbulk ΔQ

/ nm−1 / nm−1 / nm−1

0.0 16.3 15.3 +1.0
0.30 16.5 15.6 +0.9
0.60 16.8 16.5 +0.3
0.90 18.3 19.2 -0.9
1.0 18.9 20.8 -1.9

ΔQ = Qconfined − Qbulk

S (Q)

Figure. 60
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S (Q) Figure. 64
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65 HRMC (S (Q)sim: ) (S (Q)obs: )
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1

[20]

[22], [82]
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Figure. 67
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θ = 109.5◦ Figure. 68

[73], [74], [75]

θ ≈ 55, 110◦ 2
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Figure. 68

[22], [81] 110◦
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Figure 68. Ice I
( : Ice I , : (r ≤ 0.34 nm))

Ice Ic

4.3.3.2 χH2O = 0( )

4.3.3.1 HRMC 2

2

[88], [89] HRMC 2

2.0 (r = 0.327 nm)

0.27

χH2O = 0( ) (O - O ) 2

Figure. 69 r = 0.28 nm
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2 Figure. 70 2

2

d = 0.44 nm [86]

1st : 2nd : 3rd = 1 :
√

3 :
√

7 2

(Table. 22 ,

[87])
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Table 22.
sample 2nd / 1st 3rd / 1st ref

random-packed-spheres 1.83 2.64 [87]
1.86 2.79 this work

X

2 Table. 23

Figure. 71 2

3

60, 120, 180◦ 2

30, 60, 90, 120, 150, 180◦

Figure. 72

2
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Table 23.
nth neighbor minimum distance

/ nm
maximum distance

/ nm
1st 0.35 0.65
2nd 0.70 1.06
3rd 1.10 1.45
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Figure 71.
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: (0.35 0.65 nm), : 2 (0.70 1.06 nm) : 3 (1.10 1.45
nm)

Figure 72.
( )

Figure. 71

T. Ueda NMR

(w = 0.7 nm)
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2 (w = 1.1 nm)

[92] HRMC

wave = 0.96 nm 0.7 nm 1.1 nm

2 T.

Ueda

2

HRMC

X

[90], [91] X

2 HRMC
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4.3.3.3

(Ow - Ow) 2 Figure. 73

r = 0.30 nm

[94], [95]
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(Oe - Oe) 2 Figure. 74

( )

[88], [89]
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(Ow - Oe) 2 Figure. 75
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(Ow - Ow - Ow) Figure. 76

θ = 109.5◦

θ = 60◦ (Ow -

Ow - Ow)

- - (Ow - Ow - Oe)

Figure. 77 (Ow - Ow - Oe)
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4.3.3.4 2

2

2 Table. 24 2

(Ow - Ow ) Figure. 78 (Ow - Ow - Ow) Figure. 79

2 2

θ = 110◦ θ = 60◦

Table 24.
χH2O = 0.30 χH2O = 0.60 χH2O = 0.90 χH2O = 1.0

1.2 2.3 3.9 4.4
0.9 1.8 2.5 3.1



4. 97

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

g(
r)

r / nm

χH2O = 0.30

χH2O = 0.60

χH2O = 0.90

χH2O = 1.0

Figure 78. 2 (Ow - Ow )
( : , : )

 0

 1

 2

 3

 4

 5

 0  20  40  60  80  100  120  140  160  180

P(
�

)

angle, � / °


H₂O = 0.30


H₂O = 0.60


H₂O = 0.90


H₂O = 1.0

Figure 79. (Ow - Ow -Ow)
( : , : )

2 Table.

25 (Oe - Oe) (alkyl-alkyl) 2

Figure. 80, 81 (alkyl - alkyl - alkyl) Figure. 82

2 2



4. 98

r = 0.27 nm

2

2 2

(χH2O = 0.30: 8.0, χH2O = 0.60: 6.65, χH2O = 0.90:

3.0) χH2O = 0.30, 0.60 2

χH2O = 0.30, 0.60 2

2 χH2O = 0.30, 0.60

2

Table 25.
χH2O = 0 χH2O = 0.30 χH2O = 0.60 χH2O = 0.90

1.82 1.15 0.50 0.07
0.71 0.36 0.08 0.01

11.60 10.05 7.43 2.53
9.68 8.43 6.59 2.12
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2

1 1

χH2O = 0.60, 0.90 2

1
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Table 26.
left center right rmin / nm rMAX / nm

Oe-Ow-Oe Et(O)H H2(O) Et(O)H 0.20 0.34
Ow-Oe-Ow H2(O) Et(O)H H2(O) 0.20 0.34
Ow-Ow-Oe H2(O) H2(O) Et(O)H 0.20 0.34

χH2O = 0.60, 0.90 θ = 50◦

χH2O = 0.30
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χH2O = 0.30, 0.60 Ow - Oe - Ow θ = 50, 110◦

χH2O = 0.90
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Figure. 86
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4.3.4.1 χH2O = 0.30

χH2O = 0.30

2

χH2O = 0.30

4.3.4.2 χH2O = 0.60

χH2O = 0.60

2

(Figure. 84 ) θ = 110◦

OH Figure. 85, 86

χH2O = 0.60

OH

4.3.4.3 χH2O = 0.90

Ice Ic

2

OH
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4.3.5 2

2

2

(ACF) / (EtOH) / (H2O)

ACF - EtOH

EEtOH−ACF = −25.3 kJ mol−1 ACF - H2O EACF−H2O = −7.1 kJ mol−1

EH2O−EtOH = −12.5 kJ mol−1

EtOH - EtOH: EEtOH−EtOH = −14.7 kJ mol−1, H2O - H2O:

EH2O−H2O = −12.8 kJ mol−1 ( Figure. 87 )

EEtOH−ACF > EEtOH−EtOH > EH2O−H2O > EH2O−EtOH > EH2O−EtOH > EACF−H2O

χH2O = 0.60

2

χH2O = 0.30, 0.60

OH

χH2O = 0.90
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2

2

0.60 ≤ χH2O ≤ 0.90 2

-

2

Figure 87.
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4.4 A10 - 2

4.4.1

A 10 2 S (Q) Figure. 88

2 S (Q) Q = 12 nm−1, Q = 32 nm−1

Q = 18 nm−1

S (Q) 2

S (Q)

2

Figure. 89 S (Q)

2

r = 0.40 nm

Figure. 88

2 S (Q) (Q = 18 nm−1

) 2

2

Equation. 59 2

[97]
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cyclohexane+
water (
 H₂O = 0.85)
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Figure 88. 2 S (Q)
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4�
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r −
 
 0

)

r / nm

cyclohexane

cyclohexane+
water (
 H₂O = 0.85)

water

Figure 89. 2

fdrdf, sum = χH2O fdrdf, H2O + (1 − χH2O) fdrdf, C6H12

fdelta = fdrdf, obs − fdrdf, sum (59)

Figure. 90 2
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−2.5
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 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6

4�
r2 (


r −
 


0)
 / 

a.
u.

r / nm

0.15 f (r)C6H12
+0.85 f (r)H2O


H2O = 0.85 (50 vol%)

水とシクロヘキサンが混合吸着することで
新たに生じた相関

Figure 90. χH2O = 0.85

: , :

1 (

)

(contrast variation small angle neutron

scattering, CV-SANS)
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4.4.2 CV-SANS

( )

[114], [115],

[116]

( ) 3 2

1 4

4 X

2

4

2

H D

[99]

[100], [101], [102]

A 10 (scattering length density, SLD)

Figure. 91 SLD

SANS SANS Figure. 92

SLD SANS
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Figure 91. H/D SLD
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D ratio = 0

D ratio = 0.37

D ratio = 0.66

D ratio = 0.80

D ratio = 0.95

D ratio = 1.0

Figure 92. SLD SANS

q = 0 (= I0) SLD 2 SLD

I0 SLD SLD

I0 Guinier I0 SLD Figure. 93

I0 2 2

SLD = 5.46× 10−10 cm−2 SLD SANS

A 10 SLD A 10
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SLD(= 6.0 × 1010 cm−2)
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5.46×1010 cm-2

Figure 93. I0 SLD

2 SANS 2

SLD Figure. 94 SLD

Table. 27

3.  CLWL: ▽ 4.  CDWD: □1.  CDWL: 〇 2.  CLWD: ◇
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Figure 94. CV-SANS
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Table 27. SLD Figure

SLD / 1010 cm−2
SLD /

1010 cm−2

bare AC �
CLWL � -0.28 -0.56
CDWD � 6.71 6.40
CDWL © 6.0 0
CLWD � 0 6.0

A 10 SLD (SLD = 6.0×1010 cm−2) SANS

SLD SLD(= 0 × 1010 cm−2)

Figure. 95 SLD

Iiyama

DB DB

Figure. 96 1 nm−2 ≤ q2 ≤ 14 nm−2

I0 ξ (Equation. 29 )

Table. 28

I0 ξ (lD: , lL: ) Table. 30

vN2 = 0.49 cm3 g−1 vH2O = 0.42 cm3 g−1

Equation. 60 φD φL

φvacant φadsorbed Table. 29
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Figure 95. SLD 2 SANS
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Table 28. I0 ξ

fitting region 1 nm−2 ≤ q2 ≤ 14 nm−2 1 nm−2 ≤ q2 ≤ 4 nm−2 6 nm−2 ≤ q2 ≤ 14 nm−2

solvent I0 ξ / nm I0 ξ / nm I0 ξ / nm
bare AC 1.579 0.297 1.472 0.271 2.004 0.335
CLWL 1.695 0.264 1.695 0.257 1.740 0.268
CDWD 3.237 0.473 2.809 0.426 4.213 0.519
CDWL 2.553 0.430 2.419 0.412 2.616 0.435
CLWD 1.831 0.270 1.801 0.264 1.942 0.280

φD =

1
ρAC

vN2 +
1
ρAC

φL =
vN2

vN2 +
1
ρAC

φvacant =
vN2 − vH2

vN2 +
1
ρAC

φadsorbed + φvacant = φL (60)

Table 29.
phase symbol fractional volume
solid φD 0.57
void φL 0.43

adsorbed phase φadsorbed 0.37
vacant space φvacant 0.06

SANS SLD DB

Figure. 97 SLD I0 , ξ

( � ) bare AC

( � ) CLWL H

( © ) CDWL SLD 6.0 × 1010 cm−2
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SLD 0× 1010 cm−2 CDWL

( � ) CLWD

SLD 0.0× 1010 cm−2 SLD 6.0× 1010 cm−2 CLWD

SLD SLD

( � ) CDWD D

CLWL I0 I0

H

D I0

CDWL CDWD I0 bare AC CLWL,

CLWD

CLWD CDWL

I0

ξ 2 ξ

li 2 ( ) ξ

li 2

ξ 2 ξ 2

ξ bare AC ξ0,AC CLWL ξ ξ0,AC

H

CDWD ξ

D ξ (
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) Table. 29

φvacant = 0.06

ξ

CDWL CLWD A 10 SLD

SLD ξ

CDWL

SLD ξ bare AC

( , l )

CLWD SLD

ξ bare AC

( , l )

CDWL CLWD ξ
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Figure 97. SLD I0 , ξ

: I0 SLD , : ξ SLD

ξ SLD
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ξ

Equation. 34

(lL, lD) Figure. 98

lL bare AC lL = 0.5 nm

Iiyama

CDWD

φL = 0.37

φvacant = 0.06

CDWL lL bare AC lL CLWD lL bare AC lL

lD D

CDWL lD bare AC lD CLWD lD

bare AC lD

lL
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lL lD

" "

[17], [103]

Table 30. lD lL

fitting region 1 nm−2 ≤ q2 ≤ 14 nm−2 1 nm−2 ≤ q2 ≤ 4 nm−2 6 nm−2 ≤ q2 ≤ 14 nm−2

solvent lD / nm lL / nm lD / nm lL / nm lD / nm lL / nm
bare AC 0.69 0.52 0.63 0.48 0.78 0.59
CLWL 0.61 0.46 0.60 0.45 0.62 0.47
CDWD 7.88 0.50 7.09 0.45 8.65 0.55
CDWL 1.56 0.55 1.68 0.54 1.77 0.58
CLWD 0.98 0.34 1.08 0.35 1.14 0.37

 0

 2

 4

 6

 8

 10

 3  3.5  4  4.5  5  5.5  6

l D
 / 

nm
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Figure 98. SLD
: , :
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φ = 0.50

2

Table. 31

lD lL

2 CDWL

2 lL lD

SAXS

[103]

2

lL lD

2

2 (CLWD)

lD

( ) [17], [19] SANS

lD 2

lD lD
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Table 31. lD lL

fitting region 1 nm−2 ≤ q2 ≤ 14 nm−2 1 nm−2 ≤ q2 ≤ 4 nm−2 6 nm−2 ≤ q2 ≤ 14 nm−2

solvent lD / nm lL / nm lD / nm lL / nm lD / nm lL / nm

bare AC 0.69 0.52 0.63 0.48 0.78 0.59
single component system

cyclohexane 1.56 0.51 1.42 0.46 1.59 0.52
water 1.51 0.49 2.52 0.82 1.00 0.32

binary adsorption system

CDWL 1.56 0.55 1.68 0.54 1.77 0.58
CLWD 0.98 0.34 1.08 0.35 1.14 0.37

bare AC CDWL CLWD Table. 30

Figure. 99 CV-SANS

Figure 99.

2

CV-SANS SANS

SLD SLD
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SLD

SANS DB Table.

30 CDWL CLWD lD lL

CDWL lD

CLWD lD bare AC CLWL

2 CV-SANS
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4.5 PSD HRMC

2 ( )

A 20, A

10- HRMC

4.5.1

A 20 A 10 Figure. 100

I
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Figure 100. T = 87 K

4.5.1.1

αs DR

Table. 32

Table 32. A 20 A 10
sample rp / nm AS / m2g−1 Vp / cm3g−1 Vmic / cm3g−1

A 20 1.51 3893 1.35 0.80
A 10 0.82 2727 0.47 0.44

wp: , AS: (αs ),Vp: , Vmic:

4.5.1.2 QSDFT PSD

QSDFT PSD

PSD 3 3

A 20 A 10 PSD
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Figure.101

HWHM Table.33
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Table 33.

/ nm HWHM / nm

A 20
0.460 0.330 0.0710 0.04
0.880 0.610 0.140 0.14
1.670 0.780 0.650 0.82

A 10
0.50 0.59 0.061 0.16
0.72 0.43 0.14 0.27
0.95 0.33 0.38 0.57

4.5.1.3

Figure. 102

(©) A 20 (�) A 10

Figure. 103

" " " "

[104], [105],

[106]
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4.5.2 X

X Figure.

104, 105 Q = 18 nm−1 FSDP(first sharp

diffraction peak) high Q FSDP

high Q
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Figure 104. X (A 20-Ar )
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Table. 34 φ = 0.0 (002)

φ > 0 A

20 A 10

Q = 18 nm−1
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Table 34. FSDP
HWHM

/ c.p.s. / nm−1 / nm−1

A 20
0.0 ( 930 1.73 0.24 478 )

0.15 326 1.72 0.28 193
0.21 1530 1.75 0.31 997
0.27 2321 1.77 0.29 1453
0.40 3663 1.79 0.28 2174
0.50 5039 1.83 0.26 2776
0.52 5324 1.83 0.25 2852
0.56 5728 1.84 0.25 3058
0.60 5997 1.85 0.24 3138
0.74 7570 1.87 0.23 3711
0.83 8549 1.88 0.21 3889
0.89 9149 1.89 0.22 4266

A 10
0.0 1486 1.72 0.24 765

0.44 3665 1.78 0.28 2185
0.54 4238 1.80 0.26 2376
0.60 4796 1.82 0.26 2687
0.73 5525 1.84 0.25 2956
0.80 6243 1.86 0.24 3193
0.86 6866 1.87 0.23 3410
0.93 7959 1.89 0.22 3823
0.95 7940 1.89 0.23 3851
0.96 7850 1.89 0.23 3820

low Q (5 nm−1 ≤ Q ≤ 10 nm−1) A 20 A 10

(Figure. 109, 110 )

low Q DB
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4.5.2.2 , ξ I0

low Q DB I0 , ξ , φ ξ

I0 φ Figure. 111, 112 Figure. 111 ξ



4. 135

A 20 A 10 ξ φ = 0.5

ξ

A 20

φ > 0.5 ξ 1.0 ξ ξ0

A 20 A 10 ξ

" " " "

ξ

1. φ < 0.5

2. φ > 0.6

3. φ ≥ 0.9 (inaccessible pore, closed pore) ξ

I0 ( ) 2 I0

φ A 20 A 10

Figure. 112 I0 A 20 A 10

A 10 I0

A 20 I0

A 10 I0 φ = 0.40

A 20
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[114], [115], [116]

1.2 g cm−3 ≤ ρ ≤ 1.9 g cm−3

ρelec = 0.42−0.54 elec. Å−3

ρ = 1.43 − 1.83 g cm−3 [111], [109]

ρAr,liq = 0.39 elec. Å−3, ρAr,0.6GPa = 0.43 elec. Å−3, ρAr,1.1GPa = 0.49 elec. Å−3

I0

A 20 A 10

I0 A 20 A 10

A 20 A 10

A 20 Table. 33 w = 1 nm

80% 1 nm 20% A 20 I0

φ = 0.40

I0

[118]

φ = 0.40

w = 0.50 nm, 0.85 nm w = 1.67 nm 1/4

1.67 nm 4.5 1

I0 φ ≥ 0.4 w = 1.67 nm
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I0

A10 Table. 33 1 nm

φ = 0.40 φsolid = 0.76, φvoid = 0.24 w = 0.95 nm

I0 (w = 0.50, 0.72 nm

) A 20 A 10

X

( , etc...)

[104], [105], [106]

A 20 A 10

A 20 A 10 I0

A 20 A 10 DB

DB GCMC QSDFT
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4.5.2.3

high Q , S (Q)

Figure. 114, 115
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Figure. 116, 117
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4.5.2.4 φ = 0.90

φ = 0.90 A 20 A 10 Table. 35

Table.

36 1 φ = 0.90

φ = 0.90

1, 2

[107], [111]

Table 35.
sample 1st / nm 2nd / nm 3rd / nm 4th / nm 5th / nm ref

liquid Ar 0.38 0.70 1.00 1.32 1.64 [107]
A 20(φ = 0.90) 0.39 0.72 1.07 1.40 1.75 this work
A 10(φ = 0.90) 0.39 0.73 1.07 1.41 1.75 this work

Table 36.
sample 2nd / 1st 3rd / 1st 4th / 1st 5th / 1st ref

liquid Ar 1.86 2.66 3.51 4.46 [107]
random-packed-spheres 1.83 2.64 3.54 [87],

[107]
A 20(φ = 0.90) 1.85 2.74 3.59 4.49 this work
A 10(φ = 0.90) 1.87 2.74 3.61 4.49 this work
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4.5.3 HRMC

A 20

HRMC

QSDFT PSD HRMC

w1 = 0.50 nm, w2 = 0.85 nm, w3 = 1.67 nm

GCMC Figure. 118
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Figure 118. GCMC

GCMC

Table. 37
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Table 37. HRMC
pore fillings, φ w1 = 0.50 nm w2 = 0.85 nm w3 = 1.67 nm

0.40 0.08 0.26 0.66
0.60 0.07 0.26 0.67
1.0 0.04 0.14 0.82

S obs(Q)

A 20 HRMC

Figure. 119 (S tot(Q) =
∑

i S i(Q))

(S obs(Q)) S tot(Q) S obs(Q))

HRMC

Ar σ 2

 0

 0.5

 1

 1.5

 2

 0  10  20  30  40  50  60  70  80

S(
Q

) 
or

 S
i (

Q
)

Q / nm−1

experiment

simulated

1.67 nm

0.85 nm

0.50 nm

Figure 119. HRMC S (Q)rmobs, S (Q)rmtot

S i(Q)(φ = 1.0 A 20)
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4.5.3.1 A 20

φ PSD A 20

Figure. 120 122 w = 1.67

nm

Figure. 123 (w = 1.21 nm) φ = 0.40

PSD

A 20

φ = 0.40, 0.60

HRMC

HRMC

PSD

PSD

z Figure. 124 φ = 0.40 z

HRMC z
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a軸方向

w = 0.50 nm

w = 0.85 nm

w = 1.67 nm

c軸方向

Figure 120. φ = 1.0

GCMC z GCMC

z HRMC z

2

PSD HRMC z

w = 0.50, 0.85 nm

w = 1.67 nm z

PSD
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a軸方向

w = 0.50 nm

w = 0.85 nm

w = 1.67 nm

c軸方向

Figure 121. φ = 0.60

z

2 z = ± 0.13 nm (Figure. 124 )

w = 0.50 nm z z = ± 0.25 nm (Figure. 124

) w = 0.85 nm z

PSD
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a軸方向

w = 0.50 nm

w = 0.85 nm

w = 1.67 nm

c軸方向

Figure 122. φ = 0.40
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a軸方向

w = 1.21 nm

c軸方向

Figure 123. (w = 1.21 nm) φ = 0.40
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4.5.3.2 PSD HRMC

Figure. 125 127 2 (pair distribution function, PDF) w =

0.50 nm Figure. 124 2

2

w = 0.50 nm 2

w = 0.85 nm 1st = 0.37 nm, 2nd = 0.72 nm,

3rd = 1.05 nm (1st = 0.376 nm, 2nd = 0.70 nm, 3rd =

1.00 nm [107]) w = 0.85 nm

r = 0.50 nm

Einstein

6 [111] w = 0.85 nm

w = 1.67 nm φ = 0.40, 0.60 1

φ = 0.40, 0.60 Figure. 121, 122

2

1

[111], [112]

φ = 0.90 T = 87 K

1st = 0.38 nm, 2nd = 0.73 nm, 3rd =

1.07 nm T = 143 163 K (1st =

0.39 nm, 2nd = 0.75 nm, 3rd = 1.09 nm) [113]
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w = 1.67 nm T = 87 K

- Ar PSD HRMC
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Figure 125. φ = 1.0 2 (g(r))
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5

5.1 A20 - CCl4

CCl4 Q = 21 nm−1

2 CCl4

2 [65], [66]

2 CCl4

Figure. 46 CCl4 (r =

0.60 nm, 1.00 nm, 1.50 nm) (r = 0.63 nm, 1.1 nm, 1.56 nm)

CCl4

r = 0.38 nm

r = 0.38 nm

Cl-Cl CCl4 Cl-Cl

PC

PC PC

CCl4

CCl4

HRMC CCl4 T = 100, 204, 290 K



5. 154

3 PC

r = 0.38 nm

Cl-Cl Cl-Cl

PC HRMC

HRMC

CCl4

C − C · · ·Cl θ = 70, 170◦

CCl4 Face To Face

[69], [70] T = 290 K Face To Face

θ = 70, 170◦

CCl4 Cl · · ·Cl

5.2 A10 -

χH2O = 0, 0.3, 0.6 FSDP high Q

FSDP high Q

χH2O = 0.9, 1.0

FSDP low Q FSDP low Q

r = 0.27 nm

r = 0.45 nm 2
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Ice Ic [14], [15], [16], [20]

Ice Ic

r = 0.27 nm (Figure. 61 )

2 3 1st : 2nd : 3rd = 1 :
√

3 :
√

7

[87]

2

X HRMC

5.2.1

3.26 4.4

2 2 Ice Ic

Ice Ic

j

Ice I θ = 109.5◦
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θ = 109.5◦ Ice I

[73], [74], [75] θ = 55, 109.5◦

θ = 110◦ θ = 55◦

[22], [81] θ = 55, 110◦

θ = 110◦

θ = 55◦

Ice Ic

5.2.2

HRMC (w = 0.96 nm)

2

2 [88], [89]

0.78 2

r = 0.27 nm

2 r = 0.27 nm

z 2

Ueda [92]

2

2 1st : 2nd : 3rd = 0.44 nm : 0.82 nm : 1.23 nm

(dEtOH = 0.44 nm [86])
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2 1st : 2nd : 3rd = 1 :
√

3 :
√

7

9.68

(z 2 9 )

3 3

2

5.2.3

5.2.3.1 χH2O = 0.30

2

χH2O = 0.30

χH2O = 0.30

5.2.3.2 χH2O = 0.60

OH

2
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(Figure. 84 ) θ = 110◦

Figure. 85, 86

χH2O = 0.30

χH2O = 0.60

5.2.3.3 χH2O = 0.90

Ice Ic

(Figure.

84 86 )

5.3 A10 -

2

2 (Figure. 90 )

CV-SANS SLD

AC SANS AC

SANS SLD

(Figure. 92 ) SANS

Guinier I0 I0 2
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SLD I0 SLDmin = 5.46 × 1010 cm−2

(Figure. 93) AC

ρAC = 1.54 g cm−3 SANS AC

SANS

2 SANS H (H2O, C6H12)

CLWL D (D2O, C6D12) CDWD

SLD AC CDWL

SLD CLWD ( Figure. 94 Table. 27 )

SANS SLD

SANS DB ( : lD,

: lL) lD CDWD > CDWL > CLWD > bare AC ≥ CLWL lL

CDWL > bare AC ≥ CDWD ≥ CHWL > CDWL

lD

lD CDWL > CLWD

lL

CDWL lL

bare AC

CLWD lL

(lL = 0.35 nm)

2 CV-SANS 2
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5.4 ACF - Ar

PSD HRMC

Ar

PSD HRMC T = 87 K

A 20 A 10 3 A

20 A 10 X DB

I0 A 20 A 10

-

A 20 I0

φ = 0.40 I0 I0

A 20 φ = 0.40 (w = 0.50, 0.85 nm)

(w=1.67 nm) 1/4

( )

A 10

I0 A 10 φ = 0.40

I0 A 20 A 10

DB

GCMC QSDFT

2
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PSD HRMC

I0 A 20 PSD HRMC

HRMC (w1 = 0.50 nm, w2 = 0.85 nm, w3 = 1.67 nm)

GCMC

ci φ = 1.0 PSD HRMC

PSD HRMC

(Figure. 119)

φ = 0.40, 0.60 PSD HRMC

φ = 0.40 PSD HRMC HRMC

z PSD

HRMC z

HRMC

z

2 2 0.85 nm 0.50 nm

HRMC

PSD HRMC
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w = 0.50 nm 1

2

w = 0.85 nm 2

2 φ ≥ 0.60

r = 0.50 nm

[111] w = 0.85 nm r = 0.50 nm

w = 1.67 nm φ = 0.40, 0.60 2

2 1

[111], [112] 1

φ = 0.90 2

w = 1.67 nm T = 87 K

PSD
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