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九大 吉森明概要
    溶質を溶かした溶液系
多粒子問題の理解
○ 線形 --- 平衡揺らぎで
                   取り入れる
○ 非線形 --- 自由エネルギー
階層性問題の理解
○ 大きな粒子の拡散の問題
 流体力学(Stokes-Einstein則)
 からのずれ
 = 流体力学方程式+境界条件
 
                        ミクロな情報
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古典系
○ 多粒子 (体) 問題
○ 階層性の問題



目次

1. はじめに
   1-1 液体の研究
   1-2 扱う問題

2. 多粒子(体)問題
   2-1 問題意識
   2-2 平均場
   2-3 2粒子相関
   2-4 非線形の場合
       (動的密度汎関数理論)

3. 階層性の問題
   3-1 問題意識
   3-2 大きい粒子の拡散
   3-3 新しい理論の定式化
   3-4 結果
   3-5 流体力学からのずれ
   3-6 応用

4. まとめ



目次
1. はじめに
   1-1 液体の研究
   1-2 扱う問題



液体...

液体は身近だが基礎的な理解は進んでいない



1-1 液体の研究

特に非平衡系の理解が遅れている

液体の特徴
○ 不規則
○ 時間変化が大きい
○ 高密度                             気体

結晶

液体の特徴と研究の広がり

液体

   化学現象
○ 化学反応
○ 溶解現象
○ 分光     生命現象

○ 生体分子の機能
○ 構造変化
ほとんどの生命現象は
水の中で起こる

    ソフトマター
○ コロイド、ゲル
    等の塩効果、
    溶媒効果等。 

物理学の基礎的な
問題
○ 非平衡統計力学
○ 多自由度系の
    量子過程
○ 量子液体

粒子間の相関大

非平衡系
○ モード結合理論
○ 動的密度汎関数理論

まだ確立していない

平衡系: 積分方程式の理論
○ 単純液体 Ar、Ne
    2粒子相関 = 動径分布関数
○ 分子液体 H2O
     RISM理論、角度依存の分布関数

ぼぼ完成



1-2 扱う問題

この発表では2つの問題に限定して議論

○ 溶液

溶質

溶媒

問題設定
溶媒の性質分かっている

溶液系の非平衡の性質?

○ テーマ
       ① 多粒子の相関が非平衡の性質にどう影響するか。
       ② 時空間スケールによる階層構造の理論的な理解



目次

1. はじめに
   1-1 液体の研究
   1-2 扱う問題

3. 階層性の問題
   3-1 問題意識
   3-2 大きい粒子の拡散
   3-3 新しい理論の定式化
   3-4 結果
   3-5 流体力学からのずれ
   3-6 応用

4. まとめ

2. 多粒子(体)問題
   2-1 問題意識
   2-2 平均場
   2-3 2粒子相関
   2-4 非線形の場合
       (動的密度汎関数理論)



目次
2. 多粒子(体)問題
   2-1 問題意識
   2-2 平均場
   2-3 2粒子相関
   2-4 非線形の場合
       (動的密度汎関数理論)



2-1 問題意識

多粒子の相関の効果は積分で取り入れる

粒子間の相関

古典液体でも相関重要 気体

常に力を及ぼす

⌠

⌡
C(r-r')ρ(r')dr'

時々力を及ぼす

理論的には積分で考慮できる
     ρ(r): rにある液体粒子の密度

rでの他の粒子の効果 =
r

r'

C(r)をどうやって評価するか



2-2 平均場

液体では平均場的な方法は不可

C(r) = 相互作用ポテンシャル v(r)

1

とする

1～ 100 ps (10-12s)、1～100A° !(r, t)

1

だけで記述可能

!"(r, t)
!t

= D!2"(r, t) + D!2

!
#v(r " r!)"(r!, t)dr!

1

保存則から
液体では適応不可

粒子間距離

粒子間距離! "で v(r) ! "

1

粒子間距離! 0で v(r) ! "

1



2-3 2粒子相関

多粒子の相関は揺らぎの逆数で取り入れる

密度場の揺らぎ

!̂(r) =
!

i "(r ! r!)としたとき
(ri は i番目の粒子の位置)

!(2)(r, r!) = "!̂(r)!̂(r!)#

1

自由エネルギー

!̂(r) =
!

i "(r ! r!)としたとき
(ri は i番目の粒子の位置)

!(2)(r, r!) = "!̂(r)!̂(r!)#

1

の分布

自由エネルギー
の勾配で緩和

r r’

自由エネルギーの勾配 C(k) = !(2)(k)!1: 揺らぎの逆数

"!(r, t)
"t

= D!2

!
C(r " r")!(r", t)dr" 標準理論: 大きな成功

1

!̂(r) =
!

i "(r ! r!)としたとき
(ri は i番目の粒子の位置)

!(2)(r ! r!) = "!̂(r)!̂(r!)#

1

自由エネルギーの勾配 C(k) = !(2)(k)!1: 揺らぎの逆数

"!(r, t)
"t

= D!2

!
C(r " r")!(r", t)dr" 標準理論: 大きな成功

1

標準理論: 
大きな成功



イオンの拡散係数への応用
自由エネルギーの勾配 C(k) = !(2)(k)!1: 揺らぎの逆数

"!(r, t)
"t

= D!2

!
C(r " r")!(r", t)dr" 標準理論: 大きな成功

1

の理論

   + 非マルコフ効果
     (純溶媒のダイナミックス)
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FIG. 1. The generalized rate of solvent pot olarization relaxation
X(k t) in water is plotted as a function ' '

pn of time in s for two dif-
ferent values of the wave vector k. +(, )+ ik ti has been evaluate
using Eq. 5). The solid and dashed lines represent the macro-

krr = 0) and the microscopic (ko = 27r) polarization
relaxation of the solvent, respective y. e „ar
characterize the solvent are aas follows: eo = 78, n=187D, p0=003335A, o =28A, g = . c= 2.5 X 10 cm s '. For details of the full fre-
queuency dependence of e(z), see e . [ ].
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evaluated using the relation Fstokes ~ion
where gDF = QDF(z = 0) is obtained by solving q. (2)
self-consistent y.entl . The results of our calculation for wa-
ter and acetonitrile are shown in Figs. 2 and 3, respec-
tive y, an corn
ments. The agreement is clearly excellen .
ties of ions calculated from the Stokes law, the continuum
theor of Zwanzig, and the overdamped, Markovian the-t eoryo w
or of Colonomos-Wolynes (CW) are also s o
figures. For smaller ions such ass Li+ the dielectric fric-
tion becomes o i5 t 6 times larger than the bare friction it-
self, thereby invalidating the Stokes law. Consequent y,
the mobilities of the smaller ions become much less than
the values calculated from Stokes law and exhibit a pro-
nounced diffusion anomaly. The present calculations re-

imodal solventveal that the ultrafast Gaussian part of the bimo a
response p ayse lays an important role in determining the mo-

onent is1 of the ions. In fact, if this Gaussian componen is
lected then the ion experiences a much arger

m arable to thatand the calculated mobility becomes compara e
a sone lected

dh h
d d b Zwanzig. This component was a so g

b CW in their calculation of friction in water, an u
mobilities were underestimated. Howeve,ver the reason for
the overestimation of the same by CWCW in acetonitrile is not
precisely known and remains a puzzle to us.
As shown in ig.F 3 the present theory could quanti-

tatively reproduce the abnorma y gall hi h diffusion coeffi-
clen s 0t f the large ions (for example, ss+ and Rb ) in

thiswater. Wit in eW h th framework of the present theory,

FICJ. 2. The inverse of the calculated Stokes radtus (rs,„q„
is lotted against the inverse of the crystallographic radius
r in acetonitri e. e sor l . Th olid line denotes the results of

h' h are compared with the Stokesthe present theory, w ic are c
d line) and the known experimental results (openlaw (dashe ine an

of Zwanzi andcircles). The predictions of the theories o w g
Colonomos-Wolynes (CW) are aalso shown. Stokes law is
found to be valid for large tetra-alkyl ammonium ions Ct — 4,= &CHq), N+. The following parameters are used
for acetonitrile: p, = 3.97 D, po =g=0.34cp, Dz-=4.3X10 cm s ', and ~&= . ps.
For further details, see the text.

fc kcan be explained by examining the explicit form o c;d
given by Chan, Mitchel, and Ninham [16]. When the size
of the ion becomes comparable to that of the solvent, t e
hard-sphere Percus-Yevick part of c;d acts against its elec-
trostatic part, an is red th suits in a partial reduction of the
orientational order. This enables the ion to move more
freely in t e so ven.h 1 nt. This effect is often termed the mi-
croscopic s rucic "structure breaking" of the liquid [I8 . T e en-

otionhancement of the ionic mobility due to the self-mo ion
is anot er interes ing oh t g observation of this calculation. s

or theexpecte, t is par icud, h t lar feature is most important for t e
light solute ions i e i1 k Li our microscopic theory gives
a value for the mobility of Li in water, which is 2 o
greater than that calculated in the fixed-solute case.
The success o e af the above calculations motivated us to

examine the diffusion coefficient of a charge bubb e in
water —the bubble is assumed to be of the same size

t r molecule. The only difference is that t isas a water mo ecu
bubble does not experience any bare friction.

1100

拡散
係数

半径大 半径小

拡散係数の半径による
極大現象を説明

平衡揺らぎで多粒子相
関を取り入れた理論は
様々な現象を説明

Biswasら1995,



2-4 非線形の場合

非線形応答の場合は自由エネルギー汎関数を使う

!̂(r) =
!

i "(r ! r!)としたとき
(ri は i番目の粒子の位置)

!(2)(r, r!) = "!̂(r)!̂(r!)#

1

自由エネルギー

平衡から
遠い

平衡から遠く離れている場合

平衡まわりの揺らぎだけでは×

=

!"(r, t)
!t

= D!"(r, t) ·!#$F ["(r, t)]
#"(r, t)

1

!"(r, t)
!t

= D!"(r, t) ·!#$F ["(r, t)]
#"(r, t)

1

: 自由エネルギー汎関数
非線形揺らぎを取り込む
動的密度汎関数理論

!"(r, t)
!t

= D!"(r, t) ·!#$F ["(r, t)]
#"(r, t)

1

は厳密には計算できない

!F ["(r)] !
!

"(r) ln "(r)dr " 1
2

!
c(r " r!)!"(r)!"(r!)drdr! +定数

1

理想気体(厳密) 他の粒子からの寄与(2次まで)

!!(r) = !(r) ! !eq

1



溶媒和ダイナミックスへの応用

2成分系の溶媒和ダイナミックスに動的密度汎関数理論を応用

混合系の溶媒和ダイナミックス
励起状態の溶質粒子と強く相互作用 励起状態の溶質粒子と弱く相互作用

溶質

溶質

t=0

溶質

強く相互作用する
ものが多くなる 粒子の交換

研究の目的
① 粒子の交換の効果を明らかにする。
② 理論的手法の検討
  動的密度汎関数法はどれだけ使えるか

∴ 同数分布

基底状態では2種類
とも同じ相互作用

基底状態

励起状態

計算結果1 A.Y. Day, Patey 1998εW =ε0

分子動力学シミュレーションMD(溶媒粒子の運動方程式を直接解く)と良い一致
時間

be compared with simulation or experiment is problematic.

One possible approach is to find a relationship between the

usual self-diffusion constant, D , and Db which, since D can

be measured or calculated, would relate TDDFT results to an

absolute time scale. However, at present this cannot be done

exactly and one must use approximate relationships or resort

to ‘‘fitting’’ the theory to the simulation curves. We have

investigated both approaches.

In the linear case one can apply the Kerr approximation

to obtain D�Db . This is the assumption always made at the

outset in calculations using linearized TDDFT and previous

calculations have shown that it works reasonably well for

solvation in one-component solvents. However, we cannot

show that D�Db is an exact relationship even in the linear

context. For the mixed solvent systems considered here, we

have found that linear TDDFT using D/Db�1 is qualita-
tively reasonable in predicting correct trends etc., but can be

quantitatively very poor for some systems. Another approxi-

mate method of relating D and Db recently put forward by

Araki and Munakata �and rederived in a different way in this
paper⇥ does not work as well as the Kerr result in the linear
case. One can obtain better ‘‘fits’’ between the theoretical

and simulation curves by treating D/Db as an adjustable pa-

rameter. However, in the linear case this is not very satisfac-

tory because the values of D/Db obtained are obviously un-

physical. In particular, the values from the fits show a strong

solute dependence, whereas the ratio should depend only on

the solvent. Thus, with linearized TDDFT using D�Db ap-

pears to be the best option currently available. However, we

emphasize that the linear theory does not give an accurate

quantitative description of the shapes and relative magni-

tudes of the P j(t) curves.

The situation is very different for the nonlinear TDDFT.

In this case, the assumption that D/Db�1 gives extremely
poor agreement between theory and simulation and it is ob-

vious that the time scales have not been correctly matched.

FIG. 4. A comparison of particle solvation response functions obtained from simulation and nonlinear theory. The systems and curves are as in Fig. 3.
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calculations have shown that it works reasonably well for
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emphasize that the linear theory does not give an accurate
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             結果

動的密度汎関数理論はMDを良く再現

計算する量
すべて時間に依存

• 動的密度汎関数法 −−→ 溶媒粒子の密度
溶質と強く相互作用する溶媒: ρS(r, t)
溶質と弱く相互作用する溶媒: ρW (r, t)
ρT (r, t) = ρS(r, t) + ρW (r, t)

• 配位数、a = S,W, T で、

Na(t) =
Z

r<rc

ρa(r, t)dr (1)

Pa(t) =
Na(t)−Na(∞)
Na(0)−Na(∞)

(2)

rc

計算する量
すべて時間に依存

• 動的密度汎関数法 −−→ 溶媒粒子の密度
溶質と強く相互作用する溶媒: ρS(r, t)
溶質と弱く相互作用する溶媒: ρW (r, t)
ρT (r, t) = ρS(r, t) + ρW (r, t)

• 配位数、a = S,W, T で、

Na(t) =
Z

r<rc

ρa(r, t)dr (1)

Pa(t) =
Na(t)−Na(∞)
Na(0)−Na(∞)

(2)

rc

: a番目の粒子が配位する数計算結果1 A.Y. Day, Patey 1998εW =ε0

分子動力学シミュレーションMD(溶媒粒子の運動方程式を直接解く)と良い一致
時間

be compared with simulation or experiment is problematic.

One possible approach is to find a relationship between the

usual self-diffusion constant, D , and Db which, since D can

be measured or calculated, would relate TDDFT results to an

absolute time scale. However, at present this cannot be done

exactly and one must use approximate relationships or resort

to ‘‘fitting’’ the theory to the simulation curves. We have

investigated both approaches.

In the linear case one can apply the Kerr approximation

to obtain D�Db . This is the assumption always made at the

outset in calculations using linearized TDDFT and previous

calculations have shown that it works reasonably well for

solvation in one-component solvents. However, we cannot

show that D�Db is an exact relationship even in the linear

context. For the mixed solvent systems considered here, we

have found that linear TDDFT using D/Db�1 is qualita-
tively reasonable in predicting correct trends etc., but can be

quantitatively very poor for some systems. Another approxi-

mate method of relating D and Db recently put forward by

Araki and Munakata �and rederived in a different way in this
paper⇥ does not work as well as the Kerr result in the linear
case. One can obtain better ‘‘fits’’ between the theoretical

and simulation curves by treating D/Db as an adjustable pa-

rameter. However, in the linear case this is not very satisfac-

tory because the values of D/Db obtained are obviously un-

physical. In particular, the values from the fits show a strong

solute dependence, whereas the ratio should depend only on

the solvent. Thus, with linearized TDDFT using D�Db ap-

pears to be the best option currently available. However, we

emphasize that the linear theory does not give an accurate

quantitative description of the shapes and relative magni-

tudes of the P j(t) curves.

The situation is very different for the nonlinear TDDFT.

In this case, the assumption that D/Db�1 gives extremely
poor agreement between theory and simulation and it is ob-

vious that the time scales have not been correctly matched.

FIG. 4. A comparison of particle solvation response functions obtained from simulation and nonlinear theory. The systems and curves are as in Fig. 3.

6385J. Chem. Phys., Vol. 108, No. 15, 15 April 1998 Yoshimori, Day, and Patey

Downloaded 17 Jan 2008 to 133.5.164.129. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

εSの溶媒が25%、εS=4εW

動的密度汎関数法

MD

be compared with simulation or experiment is problematic.

One possible approach is to find a relationship between the

usual self-diffusion constant, D , and Db which, since D can

be measured or calculated, would relate TDDFT results to an

absolute time scale. However, at present this cannot be done

exactly and one must use approximate relationships or resort

to ‘‘fitting’’ the theory to the simulation curves. We have

investigated both approaches.

In the linear case one can apply the Kerr approximation

to obtain D�Db . This is the assumption always made at the

outset in calculations using linearized TDDFT and previous

calculations have shown that it works reasonably well for

solvation in one-component solvents. However, we cannot

show that D�Db is an exact relationship even in the linear

context. For the mixed solvent systems considered here, we

have found that linear TDDFT using D/Db�1 is qualita-
tively reasonable in predicting correct trends etc., but can be

quantitatively very poor for some systems. Another approxi-

mate method of relating D and Db recently put forward by

Araki and Munakata �and rederived in a different way in this
paper⇥ does not work as well as the Kerr result in the linear
case. One can obtain better ‘‘fits’’ between the theoretical

and simulation curves by treating D/Db as an adjustable pa-

rameter. However, in the linear case this is not very satisfac-

tory because the values of D/Db obtained are obviously un-

physical. In particular, the values from the fits show a strong

solute dependence, whereas the ratio should depend only on

the solvent. Thus, with linearized TDDFT using D�Db ap-

pears to be the best option currently available. However, we

emphasize that the linear theory does not give an accurate

quantitative description of the shapes and relative magni-

tudes of the P j(t) curves.

The situation is very different for the nonlinear TDDFT.

In this case, the assumption that D/Db�1 gives extremely
poor agreement between theory and simulation and it is ob-

vious that the time scales have not been correctly matched.

FIG. 4. A comparison of particle solvation response functions obtained from simulation and nonlinear theory. The systems and curves are as in Fig. 3.

6385J. Chem. Phys., Vol. 108, No. 15, 15 April 1998 Yoshimori, Day, and Patey

Downloaded 17 Jan 2008 to 133.5.164.129. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

be compared with simulation or experiment is problematic.

One possible approach is to find a relationship between the

usual self-diffusion constant, D , and Db which, since D can

be measured or calculated, would relate TDDFT results to an

absolute time scale. However, at present this cannot be done

exactly and one must use approximate relationships or resort

to ‘‘fitting’’ the theory to the simulation curves. We have

investigated both approaches.

In the linear case one can apply the Kerr approximation

to obtain D�Db . This is the assumption always made at the

outset in calculations using linearized TDDFT and previous

calculations have shown that it works reasonably well for

solvation in one-component solvents. However, we cannot

show that D�Db is an exact relationship even in the linear

context. For the mixed solvent systems considered here, we

have found that linear TDDFT using D/Db�1 is qualita-
tively reasonable in predicting correct trends etc., but can be

quantitatively very poor for some systems. Another approxi-

mate method of relating D and Db recently put forward by

Araki and Munakata �and rederived in a different way in this
paper⇥ does not work as well as the Kerr result in the linear
case. One can obtain better ‘‘fits’’ between the theoretical

and simulation curves by treating D/Db as an adjustable pa-

rameter. However, in the linear case this is not very satisfac-

tory because the values of D/Db obtained are obviously un-

physical. In particular, the values from the fits show a strong

solute dependence, whereas the ratio should depend only on

the solvent. Thus, with linearized TDDFT using D�Db ap-

pears to be the best option currently available. However, we

emphasize that the linear theory does not give an accurate

quantitative description of the shapes and relative magni-

tudes of the P j(t) curves.

The situation is very different for the nonlinear TDDFT.

In this case, the assumption that D/Db�1 gives extremely
poor agreement between theory and simulation and it is ob-

vious that the time scales have not been correctly matched.

FIG. 4. A comparison of particle solvation response functions obtained from simulation and nonlinear theory. The systems and curves are as in Fig. 3.

6385J. Chem. Phys., Vol. 108, No. 15, 15 April 1998 Yoshimori, Day, and Patey

Downloaded 17 Jan 2008 to 133.5.164.129. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

be compared with simulation or experiment is problematic.

One possible approach is to find a relationship between the

usual self-diffusion constant, D , and Db which, since D can

be measured or calculated, would relate TDDFT results to an

absolute time scale. However, at present this cannot be done

exactly and one must use approximate relationships or resort

to ‘‘fitting’’ the theory to the simulation curves. We have

investigated both approaches.

In the linear case one can apply the Kerr approximation

to obtain D�Db . This is the assumption always made at the

outset in calculations using linearized TDDFT and previous

calculations have shown that it works reasonably well for

solvation in one-component solvents. However, we cannot

show that D�Db is an exact relationship even in the linear

context. For the mixed solvent systems considered here, we

have found that linear TDDFT using D/Db�1 is qualita-
tively reasonable in predicting correct trends etc., but can be

quantitatively very poor for some systems. Another approxi-

mate method of relating D and Db recently put forward by

Araki and Munakata �and rederived in a different way in this
paper⇥ does not work as well as the Kerr result in the linear
case. One can obtain better ‘‘fits’’ between the theoretical

and simulation curves by treating D/Db as an adjustable pa-

rameter. However, in the linear case this is not very satisfac-

tory because the values of D/Db obtained are obviously un-

physical. In particular, the values from the fits show a strong

solute dependence, whereas the ratio should depend only on

the solvent. Thus, with linearized TDDFT using D�Db ap-

pears to be the best option currently available. However, we

emphasize that the linear theory does not give an accurate

quantitative description of the shapes and relative magni-

tudes of the P j(t) curves.

The situation is very different for the nonlinear TDDFT.

In this case, the assumption that D/Db�1 gives extremely
poor agreement between theory and simulation and it is ob-

vious that the time scales have not been correctly matched.

FIG. 4. A comparison of particle solvation response functions obtained from simulation and nonlinear theory. The systems and curves are as in Fig. 3.

6385J. Chem. Phys., Vol. 108, No. 15, 15 April 1998 Yoshimori, Day, and Patey

Downloaded 17 Jan 2008 to 133.5.164.129. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

εSの溶媒が5%、εS=4εW

εSの溶媒が25%、εS=6εW εSの溶媒が5%、εS=6εW
時間

Pa(t)

時間

Pa(t)

時間

Pa(t) Pa(t)



目次

1. はじめに
   1-1 液体の研究
   1-2 扱う問題

3. 階層性の問題
   3-1 問題意識
   3-2 大きい粒子の拡散
   3-3 新しい理論の定式化
   3-4 結果
   3-5 流体力学からのずれ
   3-6 応用

4. まとめ

2. 多粒子(体)問題
   2-1 問題意識
   2-2 平均場
   2-3 2粒子相関
   2-4 非線形の場合
       (動的密度汎関数理論)

3. 稲吉裕子、中村有花、秋山良 (九大理)との共同研究
謝辞: 木下正弘 (京大)



目次3. 階層性の問題
   3-1 問題意識
   3-2 大きい粒子の拡散
   3-3 新しい理論の定式化
   3-4 結果
   3-5 流体力学からのずれ
   3-6 応用

3. 稲吉裕子、中村有花、秋山良 (九大理)との共同研究
謝辞: 木下正弘 (京大)



3-1 問題意識

マクロから少し小さいスケールの流体力学からのずれに注目

平衡系        非平衡(希薄気体) 非平衡(多粒子系)

平衡系の
統計力学
(カノニカ
ル分布等)

ボルツマン
方程式

微視的(ミクロ)
なスケール
(1Å以下、fs)

 全ての分子をあらわに含んだ(量子)力学的方程式 
  分子動力学シミュレーションなど

熱力学、流体力学

?
中間スケール

(数Å～μm

 ps ～ ms)

巨視的(マクロ)
なスケール

(mm ～
s ～)

動的密度汎関数理論
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3-2 溶質が溶媒から受ける抵抗

目的: 溶質が並進運動するときの抵抗を計算する理論をつくる

力F

液体粒子
一定速度uで
引っ張る

uが充分小さい時
F ∝ u

比例係数をλとすると
F = -λu

ランジュバン方程式
mü = !!u + R(t)
アインシュタインの関係式

拡散係数 D =
kBT

!

1

液体粒子<<大きさ<巨視的



階層性との関係

溶質の大きさで階層を横断できる

拡散についての微視的な理論と巨視的な理論
Å cm

モード結合理論
山口理論
分子動力学

シミュレーション
(粒子間の相互作用を
あらわに考える)

R

Stokes
 Einstein 則

D = αkBT/(Rη)

連続体

流体力学
∇・v = 0
∇P +!v = 0

+
境界条件

微視的な理論 巨視的な理論

関係は?
特に境界条件と
粒子間の相互作用

境界条件に依存

溶質の大きさ

拡散についての微視的な理論と巨視的な理論
Å cm

モード結合理論
山口理論
分子動力学

シミュレーション
(粒子間の相互作用を
あらわに考える)

R

Stokes
 Einstein 則

D = αkBT/(Rη)

連続体

流体力学
∇・v = 0
∇P +!v = 0

+
境界条件

微視的な理論 巨視的な理論

関係は?
特に境界条件と
粒子間の相互作用

境界条件に依存

ストークス則
v: 連続体の流速
P: 連続体の圧力

中間の
スケールで

有効な理論なし
○ 分子シミュレー
    ション
○ ミクロな理論
    モード結合理論
    動的密度汎関数
    理論



定式化

動的密度汎関数理論に摂動展開を使う

出発点: 流速場を含めた動的密度汎関数理論 流速場

長波長近似

○ 抵抗係数 => v(r,t)の1次
○ 溶質-溶媒粒子の半径比で摂動展開

!"(r, t)
!t

= !""(r, t)v(r, t) v(r, t) =

!
"

i

vi#(r ! ri)

#

neq

(1)

!"(r, t)v(r, t)
!t

= !"(r, t)"#F ["(r, t)]
#"(r, t)

+ $"2v(r, t) + %"(" · v(r, t)) (2)

1

! = " + #/3、":

1

!: ずり粘性率

1

バルク粘性率

R
a

小さい溶質には有効な事が分かっている
(山口ら2005)



摂動展開と階層

階層問題に摂動展開は有効

動的密度汎関数
理論

マクロな理論
(Stokes則)

?

摂動展開

 = a/R<<1
新しい理論

　 !(<< 1)の関数 f(!)に対して

f(!) =
!!

n=0

an!n

有限の nで打ち切って

! a0 + a1! + a2!
2 + · · · + an!n

1

  = a/R→ 0　 !(<< 1)の関数 f(!)に対して

f(!) =
!!

n=0

an!n

有限の nで打ち切って

! a0 + a1! + a2!
2 + · · · + an!n

1

  = a/R~1　 !(<< 1)の関数 f(!)に対して

f(!) =
!!

n=0

an!n

有限の nで打ち切って

! a0 + a1! + a2!
2 + · · · + an!n

1

R
a

  = a/Rとする　 !(<< 1)の関数 f(!)に対して

f(!) =
!!

n=0

an!n

有限の nで打ち切って

! a0 + a1! + a2!
2 + · · · + an!n

1



結果

流体力学方程式+粒子相関の含んだ境界条件が得られた

摂動は特異的 ①溶質の近傍
②溶質から充分離れた所

R

a

①
②

①

流体力学方程式が導けた
! · v(r) = 0 !P (r) " !!2v(r) = 0

1

に分けて展開

②

溶質の表面の境界条件
vr(r) = !2!"v!(r) tan #

$v!(r)
$r

=
1 + !%1

R
v!(r) ! !"P (r) tan #

1

!(2)(r, r!) = !2g(|r ! r!|)

1

: 平均の密度!1 = !
! !

0
dx

"
!v(x) ! g(x)

! !

x

g"(x")
{g(x")}2

!v(x")dx"
#

" =
! !

0
{g(x) ! 1}dx, !v(x) = !2g"(x)

g(x)2

! x

0
g(x")dx"

1

α1βは溶質-溶媒の2粒子相関関数　　                        で与えられる!(2)(r ! r!) = !2g(|r ! r!|)

1
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微視的な理論
動的密度汎関数理論
a/R ≃ 1

巨視的な理論(a/R→0)
Stokes則
① 流体力学の方程式
② 境界条件

① 流体力学の方程式は同じ
② 境界条件がミクロに
     溶質-溶媒の相関

a/R << 1

Stokes方程式

境界条件

マクロミクロ

巨視的なスケールからのずれは境界条件から

巨視的な理論からのずれ
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2成分剛体球液体への応用

2成分剛体球液体は大きい粒子のまわりに中粒子が集まる

Result (50:2:1)

solute co-solvent solvent

radius ratio 50         :          2         :      1

!!!!

!"#!"#!"#!"#

!"$!"$!"$!"$

!"%!"%!"%!"%

!"&!"&!"&!"&

####

'''' '"'!'"'!'"'!'"'! '"'#'"'#'"'#'"'# '"'('"'('"'('"'(

####

F
/F

s
to

k
e
s

mole fraction of co-solvent

)*+,*-./012,34/)*+,*-./012,34/)*+,*-./012,34/)*+,*-./012,34/
2256225622562256

''''

!'!'!'!'

#'#'#'#'

('('('('

$'$'$'$'

7'7'7'7'

7'7'7'7' 7#7#7#7# 7$7$7$7$ 7%7%7%7% 7&7&7&7&

8888
9999
:;<:;<:;<:;<

8888
====
:;<:;<:;<:;<

r/a

''''

!'!'!'!'

#'#'#'#'

('('('('

$'$'$'$'

7'7'7'7'

7'7'7'7' 7#7#7#7# 7$7$7$7$ 7%7%7%7% 7&7&7&7&

8888
9999
:;<:;<:;<:;<

8888
====
:;<:;<:;<:;<

r/a

Fstokes : Stokes Law    

(Hydrodynamics) 

Not including 

the effects of a distribution

○ 理論の構成

溶質-溶媒相関関数(ミクロな情報)
input

境界条件+流体力学方程式

解析解

output 大きい粒子にかかる抵抗
or 拡散係数

力F u
中粒子
小粒子

小粒子
1

中粒子
   2 大粒子

50

相関関数 (積分方程式理論
により計算)



計算結果

2成分系ではStokes則からのずれが大きい
中粒子の混合比

大粒子にかかる力/Stokes則

中粒子／小粒子の大きさ



まとめ

=

溶質-溶媒の相関

① 多粒子(体)問題の扱い
　　線形    --- 平衡の2粒子相関で取り入れる
      非線形 --- 自由エネルギー汎関数(動的密度汎関数理論)

② 階層の問題
   拡散の問題で巨視的な扱い(Stokes-Einstein則)からのずれ

流体力学方程式+境界条件
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