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物性理論グループの研究
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最近の物性理論グループの研究

液体の
ダイナミックス

○ 溶媒和ダイナミックス
○ 分子液体のダイナミックス

○ タンパク質の拡散
○ 筋肉の周りの水の高速回転

○ DNAに電流を流す

○ 固液の相転移の理論を使ったガラスの研究
○ 自由エネルギーランドスケープの研究
○ 分子動力学シミュレーションによる研究

○ つぼモデルの経済現象への応用
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非平衡現象における階層構造
I. 問題意識

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
---> 拡散方程式

?
中間スケール

(数Å～!m

 ps ～ ms)

巨視的(マクロ)
なスケール

(mm ～
s ～)



固液の相転移の理論を使った
ガラスの研究
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クイズ:
ガラスは固体か液体かどちら
でしょう?

答え:
アモルファス固体
● 固い
 液体のように動き回らない。
● 結晶のように規則正しく並
ばない。



過冷却現象とガラス転移

液体

ゆっくり冷やす

凝固点 Tm

結晶

速く冷やす

過冷却
液体

T<Tmでも結晶にならない

Tg: ガラス転移

急に起こる

ガラス

不規則に固まる



zene lies between these two with respect to the rigidity of the
molecule. The heat capacities of crystalline and stable liquid
toluene have been measured by Scott et al.,41 while those of
ethylbenzene have not. Therefore, we also measured the heat
capacities of the crystal and liquid of pure ethylbenzene. We
also calculated the CRR size of 1-butene and o-terphenyl by
using the previous data17,42 to make a comparison for as many
molecules as possible.

2. Experimental Section

Commercial reagents of toluene (purity: >99%) and ethyl-
benzene (purity: >99%) were purchased from Tokyo Kasei
Kogyo Inc. The samples were first dehydrated with molecular
sieves (3 Å, 1/16, Wako Pure Chemical Ind., Ltd.) and then
fractionally distilled with a concentric-type rectifier (HC-5500-
F, Shibata Kagakukikai Kogyo Co., Ltd.). The main distillates
were degassed and distilled in vacuo in a homemade vacuum
line. Both samples subsequently showed no trace of organic
impurity as detected by gas chromatography (F21, Perkin-
Elmer). Karl Fischer tests were also carried out, and the amount
of water contained in each sample was found to be negligible
(<0.007 wt %). Toluene and ethylbenzene were then doped
with about 10% of benzene purified by the similar method. The
respective mole fractions of these samples were determined by
the gravimetric method to be the following: 0.9003 for toluene
and 0.0997 for benzene; 0.9023 for ethylbenzene and 0.0977
for benzene.
The masses of the pure ethylbenzene, doped toluene, and

doped ethylbenzene loaded in the sample cell were 4.0242 g
(0.037 903 mol), 3.6242 g (0.039 939 mol), and 2.7352 g
(0.026 445 mol), respectively. The dead volume of the cell
(about 1 cm3) was filled with helium gas at room temperature
and atmospheric pressure in order to enhance thermal equilibra-
tion at low temperatures.
The heat capacities were measured using an adiabatic

calorimeter43 in the temperature range between 5 and 300 K.
The heat-capacity measurement was carried out using a standard
intermittent heating method, i.e., repetition of equilibration and
energizing intervals. The temperature increment for each
measurement was between 0.3 and 2.5 K. It took about 30 s
for the sample to reach thermal equilibrium in the cell after
each energy input at 10 K and about 3 min at 300 K. The
accuracy of the heat-capacity measurement was better than 1%
at T < 10 K, 0.5% at 10 < T < 20 K, 0.2% at 20 < T < 30 K,
and 0.1% at T > 30 K. The effect of the vaporization enthalpy
on the heat-capacity data was estimated to be less than 0.1%
even at 300 K. This favorable situation resulted because the
dead space inside the cell was small (ca. 1 cm3).
The temperature of the sample was measured with a precision

of 100 µK using Rh-Fe resistance thermometers (27 Ω at 273
K, purchased from Oxford Instruments Company) calibrated on

the temperature scales EPT76 (T < 30 K) and IPTS68 (T > 30
K). The heat-capacity difference caused by the conversion to
the new temperature scale ITS9044 was estimated to be smaller
than 0.05% over the 13-300 K temperature range.

3. Results and Discussion

A. Heat Capacities of Toluene and Ethylbenzene. The
doped toluene and doped ethylbenzene were cooled from the
room temperature to the base temperature (ca. 5 K) as rapidly
as possible to avoid crystallization and to obtain their glassy
states. The cooling rate was about 10 K min-1 around their
glass-transition temperatures. The crystalline sample of pure
ethylbenzene was prepared by annealing it at temperatures
several Kelvin lower than its fusion temperature. The effect of
the dopant (benzene) was corrected by assuming the additivity
of heat capacities by using the previously measured heat capacity
of benzene.45 For the correction in the glassy states, the heat
capacity of solid benzene was used, since that of glassy benzene
is not available. For both toluene and ethylbenzene, the
additivity of heat capacity was found to be a good approximation
by comparing the corrected heat capacities and the experimental
heat capacity of the pure sample in the equilibrium liquid states.
The corrected molar heat capacities of glassy and undercooled
liquid toluene and ethylbenzene are collected in Tables 1 and
2, respectively. Table 2 also includes the molar heat capacities
of crystalline and equilibrium liquid ethylbenzene.
Figures 1 and 2 show the heat capacities of toluene and

ethylbenzene, respectively. The open circles denote the heat
capacities in the metastable states (glass and undercooled liquid)
and the closed circles those in the stable states (crystal and
equilibrium liquid). The glass-transition temperatures (Tg) of
toluene and ethylbenzene were 117 and 115 K, respectively.
The heat capacity increases (∆Cp) at Tg were 64 J K-1 mol-1

TABLE 1: Molar Heat Capacities of Metastable Sequences of Toluene (M ) 92.141 g mol-1, R ) 8.314 51 J K-1 mol-1)

T/K Cp/R T/K Cp/R T/K Cp/R T/K Cp/R T/K Cp/R T/K Cp/R T/K Cp/R

5.71 0.1353 13.06 0.9129 29.95 3.263 50.97 5.273 81.41 7.269 114.44 9.536 155.73 16.30
5.85 0.1444 14.10 1.054 31.68 3.466 53.21 5.439 84.42 7.444 116.11 10.18 158.25 16.29
6.30 0.1745 15.28 1.220 33.41 3.670 55.55 5.622 87.45 7.610 117.66 13.70 160.77 16.29
6.87 0.2180 16.60 1.408 35.13 3.865 58.07 5.818 90.50 7.781 118.97 16.31 163.30 16.29
7.45 0.2651 17.98 1.608 36.89 4.056 60.69 5.993 93.58 7.946 120.28 16.64 165.84 16.30
8.09 0.3238 19.48 1.828 38.69 4.236 63.49 6.176 96.69 8.123 121.60 16.62 168.38 16.30
8.78 0.3911 21.19 2.076 40.57 4.419 66.46 6.360 99.83 8.305 122.93 16.60 170.94 16.31
9.50 0.4688 22.94 2.325 42.50 4.592 69.55 6.556 103.01 8.492 124.27 16.57 173.50 16.32
10.25 0.5533 24.68 2.568 44.46 4.768 72.52 6.744 106.22 8.693 125.62 16.56 176.08 16.33
11.11 0.6573 26.43 2.797 46.57 4.940 75.47 6.921 109.47 8.928 150.74 16.31 178.66 16.35
12.06 0.7783 28.20 3.026 48.75 5.119 78.43 7.097 112.77 9.248 153.23 16.30

Figure 1. Molar heat capacities of toluene in the stable (b) and
metastable (O) states. The data for the stable states are from ref 41.

1606 J. Phys. Chem. B, Vol. 102, No. 9, 1998 Yamamuro et al.

トルエンの比熱 (Yamamuro ら 1998) 
比熱が急激に変化する

ガラス転移の不思議

○ 液体 ---> 結晶のよう
な普通の相転移と同じか?

○ そもそも結晶にならな
いのはなぜか?

21世紀に残された物理学の難問
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V(r)

粒子間の距離 r
rG

ε

レナード・ジョーンズ・ガウスポテンシャル
ここでは、以下の具体的な粒子系を考える。

粒子間ポテンシャル
 V(r)

ε/ε0 < 0.8: ガラス化しない
ε/ε0 < 0.8: ガラス化

ε0



固液相転移の理論
グランドカノニカル分布 レナード・ジョーンズ・

ガウス粒子系応用

大分配関数を計算

全部液体だと思って
化学ポテンシャル μl

圧力 Pl                     を計算

全部結晶だと思って
化学ポテンシャル μs

圧力 Ps                     を計算

液体 結晶μ等しい

P等しい

結晶化がおこる所では
μl = μs
Pl = Ps
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なぜ結晶化しないのか
統計力学の理論              --- 平衡: 結晶化
シミュレーション(現実?) --- 非平衡: ガラス化

結晶化

高密度部

液相

密度の高い部分が出来ないと結晶化しない



まとめ

○ ガラス転移はなぜ起きるか?

固液相転移の統計力学の理論
研究

○ レナード・ジョーンズ・ガウスポテンシャルの粒子系では
     結晶化に大きな密度差が必要 ---> 結晶化が起こりにくい

○ 統計力学のグランドカノニカル分布 ---> ガラス転移
直接結びつく



タンパク質の拡散



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
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    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



生命現象と水

                重量%  分子数/細胞   種類
水               70         400億            1
タンパク質   15         800万   ～3000
多糖              3                              5
核酸
 (DNA,RNA)   7                      >3000
無機イオン      1                           20

生命現象と液体

DNAもRNAもタンパク質も
真空では形をなさない

特定領域研究「水と生体分子」一般向け解説
http://gagliano.ims.ac.jp/tokutei/index.html

生体内成分の７０％（重量）は水である。 
大腸菌細胞中の成分組成 

 

 

 

 

 

 

 

分子レベルの生命現象は水と生体分子によって担われている。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

「水溶液の物理化学」分野と「生体分子の物理化学」分野の相互協力 

・水溶液の物理化学（水の統計力学理論、水の溶媒効果や生体分子との動的相互作用） 
・生体分子の物理化学（蛋白質のフォールディング、ダイナミクス、機能、アミロイド） 

 

 

化学や化学物理学の新しい領域 

第一原理からの蛋白質構造機能予測や生体分子設計 

 重量％ 分子数／細胞 種類 

水 70 400億 1 

蛋白質 15 800万 ～3,000 

多糖 3  5 

核酸（DNA, RNA） 7  >3,000 

無機イオン 1  20 

分子レベルの生命現象を第一原理より化学と物理学の立場から解き明かす。 

ほとんどの生命現象は水中で起こる
大腸菌細胞中の成分組成

ほとんどの生命現象は水中で起こる

タンパク質のフォールディング

京都大学馬殿HP http://kuchem.kyoto-u.ac.jp/hikari/baden/pc.html

別の条件下で
構造をつくる
機能が現れる

フォールディング

タンパク質がどのようにフォールディングするか
活発に研究されている

ある条件下で
構造が壊れた状態

タンパク質の
ダイナミックス

水

どう影響
しているかここでは特に

タンパク質の拡散に注目



タンパク質のフォールディング

京都大学馬殿HP http://kuchem.kyoto-u.ac.jp/hikari/baden/pc.html

別の条件下で
構造をつくる
機能が現れる

フォールディング

タンパク質がどのようにフォールディングするか
活発に研究されている

ある条件下で
構造が壊れた状態



拡散とフォールディング
タンパク質を水中で拡散させる

構造が壊れた状態 (大きい)

拡散しにくい
拡散係数小

構造をつくった状態 (小さい)

拡散しやすい
拡散係数大

拡散係数の
時間変化を測れば
フォールディング
の様子がわかる



IV. タンパク質への応用
タンパク質の拡散の実験

拡散係数変化。約2倍に

チトクロムcが折れたたまる時、
それぞれの段階で拡散係数を測定 (西田ら2004)

● 大きく変化した時間 ≠ 大きさが変わる時間
● 水素結合が重要?
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R

Å cm

微視的な理論
動的密度汎関数法
分子動力学

シミュレーション

拡散係数の新しい理論をつくる

○ 液体分子との相関を
    あらわに含む
○ 計算簡単

ここを研究できる理論
巨視的な理論

Stokes Einstein 則
D ∝ kBT/(Rη)

○ 液体分子との相関を
    あらわに含む
○ 計算複雑

○ 計算簡単、多くの研究
○ 液体分子との相関含まない
    溶質の大きさRだけ

R 連続体

研究の目的

粘度η



理論の概要
液体粒子の分布 g(r) 

特徴
液体粒子の分布 g(r) 

拡散係数

計算できる

ポイント
液体粒子の半径/拡散する粒子の半径 << 1
として摂動展開
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計算式
拡散係数
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g(r) : 液体粒子の分布
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III. 結果
モデル液体の計算

g(r)があれば
計算できる



contact value g0

D/D0
g0 = 7

D = 0.6 D0

D = 0.4 D0

g(r)があれば
計算できる



実験を説明するには
実験結果: フォールディングする前          Du
                                             した後          Df

拡散係数

Du/Df = 0.5 

計算結果:  g0 = 1                                 D1
                  g0 = 7                                 D7

D7/D1 = 0.5 

つまり、
タンパク質のまわりの水分子が
フォールディングする前/した後
 = 7 倍違えば良い



©!!""#!Nature Publishing Group!

!

NATURE|Vol 437|29 September 2005 INSIGHT REVIEW

643

Driving force of assembly
The tendency for hydrophobic particles to cluster in water is readily
understood in terms of the dependence of hydrophobic solvation on
solute size. For example, imagine n identical small hydrophobic parti-
cles solvated in water, all well separated and thus solvated indepen-
dently of each other. In this case, the overall solvation free energy is n
times the solvation free energy for any one of the solutes, and it grows
linearly with the overall excluded volume of the solutes.

When these n solutes cluster together to form a hydrophobic unit
with an extended surface (that is, a surface with low curvature and
larger than 1 nm2), the overall solvation free energy changes from
growing linearly with solvated volume to growing linearly with sol-
vated surface area. Figure 4 illustrates that if n is large enough, the
solutes can form a cluster with a sufficiently large volume to surface
ratio that its solvation free energy is lower than the overall solvation
free energy of the individual solutes. This effect results in a favourable
driving force for cluster assembly. The figure also illustrates that near
ambient conditions, the driving force will get stronger with increasing
T. This well-known trend is often cited as implying that hydrophobic
interactions are entropic29. Entropy does indeed contribute, but the
assembly process is driven by the difference between the entropically
dominated solvation free energy of small molecules and the enthalpi-
cally dominated solvation free energy of large surfaces.

A hydrophobic force that drives cluster assembly will be propor-
tional to the change in solvated hydrophobic surface area only if all
surfaces are sufficiently large. Generally, this is not the case. For exam-
ple, when a collection of small hydrophobic units assembles into an
extended cluster, such as that depicted in Fig. 4, the force driving the
process will consist of one part that is proportional to the exposed sur-
face area of the cluster, and another part that is proportional to the
molecular volumes of the separate units. In physical situations such as
this, with small as well as large length-scale regimes having a role,
hydrophobic forces cease to be additive. Although hydrophobic forces
between isolated small hydrophobic units can be decomposed into
pair interactions, this is no longer possible as the units combine to
form an extended hydrophobic surface and an associated solvent inter-
face. This breakdown in additivity of hydrophobic forces is a manifes-

and the liquid–vapour interface is especially clear for the largest of
these cavities.

In formal statistical mechanical parlance, a wet surface is a sur-
face covered by a macroscopically thick liquid layer or film, whereas
a dry surface is covered by a macroscopically thick vapour layer.
Capillary condensation is an example of wetting in this formal
sense27. In contrast, my use of these terms in this review refers to
microscopic phenomena, and is descriptive rather than formal. In
fact, van der Waals attraction between surface and solvent ensures
that no natural macroscopic hydrophobic surface can be dry in the
formal sense: the free-energy cost needed to move the liquid macro-
scopically far from the surface would be prohibitive. Nevertheless,
compared with the density of water surrounding a small hydropho-
bic molecule or a hydrophilic surface, nanometre-sized and larger
hydrophobic surfaces in water are indeed dewetted in the descrip-
tive sense.

Experimental measures of the solvation free energy !G come
from the free-energy change that occurs on transferring a hydropho-
bic molecule from its pure liquid to liquid water. For n-alkanes with
20 or fewer carbon atoms, the transfer free energy is a linear function
of carbon number28. Because the volume of a chain-like molecule
grows linearly with the number of units, the linear trend in transfer
free energies with carbon number is consistent with !G growing lin-
early with cavity volume, as expected for a small wet solute. However,
the length of a 20-carbon alkane chain in coil conformation typically
exceeds 1 nm, the crossover length beyond which large-solute solva-
tion is expected. Because the curvatures of these hydrophobic sur-
faces are sufficiently high, they can still be hydrated as in the
small-molecule regime. Globular conformations would present an
extended hydrophobic surface with lower curvature that would pre-
vent this type of hydration: if prevalent, these globular conforma-
tions would therefore lead to a change in the transfer free-energy
trend. The fact that this trend remains linear for n-alkanes with 20,
or fewer, carbons indicates that these molecules are rarely globular.
In other words, with this number of carbons, hydrophobic forces
seem to be insufficient to overwhelm chain entropy and stiffness that
favour the coil state. 
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〈ρ(r+R)〉 = ρ g(r+R)  

Figure 3 | The average equilibrium density of water a distance r + R from
spherical cavities in liquid water at standard conditions. R is the distance
of closest approach between the centre of a water molecule (red circle)
and the centre of the cavity (blue circle). The lines representing g(R + r),
the density, "#(r$R)> relative to that of the bulk water, #, are the results
of microscopic theory21,24. Solid lines refer to the ideal hydrophobic

solute, which expels water from the sphere of radius R. Dashed lines refer
to the case where the cavity also interacts with water by means of a van
der Waals attraction typical of that between water and a spherical cluster
of oil. For cavities with radii less than 1 nm, the effects of this attraction
on g(R + r) are nearly negligible and not visible on the scale of the graph
in the bottom panel. 
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dently of each other. In this case, the overall solvation free energy is n
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蒸発現象
剛体球のまわりの水分子 

(Chandler 2005)

大きい剛体球のまわりには水分子があまりいない(蒸発?)
フォールディングした後のタンパク質に同じことが起これば、
実験が説明できる: フォールディング前             g0 = 7
                                                 後 (蒸発)     g0 = 1

D7/D1 = 0.5 



まとめ

○ 理論の特徴
微視的なスケール

○ 生命現象

今回はタンパク質の拡散
役割

水

○ 水の分布 拡散係数
計算

理論をつくった
わかったこと: 拡散の実験

水の以上な分布
関係明らかに

巨視的なスケール
中間のスケールの理論


