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Steady Schrödinger Eq.

Time-Dependent 
Schrödinger Eq.
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The Born-Oppenheimer ApproximationThe Born-Oppenheimer Approximation
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Steady Schrödinger Eq.

Born-Oppenheimer Approximation

Time-Dependent 
Schrödinger Eq.

Molecular Orbital Method

Electron

cf. Gaussian94

HF: Hartree-Fock Theory

LCMO(linear combination of atomic orbitals)

Basis Sets

MP: Moller-Plesset Perturbation Theory, MP2, MP3, MP4
CI: Configuration Interaction

Electron Correlations
Polarized, Diffuse: 6-31G(d), 6-311+G(d,p), 6-311++G(3df, 3pd) 

Molecular Orbital Calculations - Quantum ChemistryMolecular Orbital Calculations - Quantum Chemistry

Steady Schrödinger Eq.

Born-Oppenheimer Approximation

Time-Dependent 
Schrödinger Eq.Electron

cf. Gaussian94

DFT: Density Functional Theory

B3LYP: Beck’s 3 parameter Exchange Functional with
Lee-Yang-Parr Correlation
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Steady Schrödinger Eq.

Born-Oppenheimer Approximation

Time-Dependent 
Schrödinger Eq.Electron

DFT for Electronic 
Wave Function 

Molecular Dynamics for Nuclei

Fictitious mass 
of electronic degree

Hellmann-Feynman
Force

Time

Time
Position of Nuclei

Car-Parrinello MethodCar-Parrinello Method

分子動力学法の基礎分子動力学法の基礎
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Pair Potential Approximation 

Approximation of
Schrödinger Equation
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運動方程式とポテンシャル運動方程式とポテンシャル

Only 256 molecules
864 molecules

Small DropletsSmall Droplets
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Lennard-Jones (12-6) Potential (1)Lennard-Jones (12-6) Potential (1)

Parameters for inert molecules
σ [nm] ε [J] ε/kB [K]

Ne 0.274 0.50×10-21 36.2
Ar 0.340 1.67×10-21 121
Kr 0.365 2.25×10-21 163
Xe 0.398 3.20×10-21 232

Lennard-Jones Potential (2)Lennard-Jones Potential (2)

Property Reduced Form
Length r* = r/σ
Time t* = t/τ = t(ε/mσ2)1/2

Temperature T* = kBT/ε
Force f* = fσ/ε
Energy φ* = φ/ε
Pressure P* = Pσ3/ε
Number density N* = Nσ3

Density ρ* = σ3ρ/m
Surface Tension γ* = γσ2/ε

Non-dimensional Form
for L-J System
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Phase Diagram
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Phase Diagram
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Empirical RelationsEmpirical Relations

Pressure
Helmholtz Free Energy
Gibbs Free Energy
Potential Energy
Internal Energy
Entropy

Ree correlation 
and Nicolas et al. correlation

Temperature
Density

http://www.photon.t.u-tokyo.ac.jp/~maruyama/ljphase/ljphase.html
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by Berendsen et al. (1981) 

SPC/E potential 
by Berendsen et al. (1987)
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Potential for Water (SPC, SPC/E)Potential for Water (SPC, SPC/E)
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TIP4P potential 
by Jorgensen et al. (1983) 
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MCY potential 
by Matsuoka et al. (1976) 

CC potential 
by Carravetta & Clementi (1984)
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Fitting to ab initio
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ST2 SPC/E TIP4P CC
rOH [nm] 0.100 0.100 0.095 72 0.095 72
∠HOH [°] 109.47 109.47 104.52 104.52
σOO [nm] 0.310 0.316 6 0.315 4 N/A
εOO  ×10-21 [J] 0.526 05 1.079 7 1.077 2 N/A
rOM
qH

a
[nm]
[C]

0.08
0.235 7 e

0
0.423 8 e

0.015
0.52 e

0.024 994
0.185 59 e

qM [C] -0.235 7 e -0.847 6 e -1.04 e -0.371 18 e
aCharge of electron e = 1.60219×10-19 C

SPC/E, TIP4P, CC are currently usedPotential for Water (Comparison)Potential for Water (Comparison)

Droplet of WaterDroplet of Water
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Tersoff (1988, 1989), Brenner (1990) 

Potential for Covalent System (C, Si)Potential for Covalent System (C, Si)

Tersoff’s Silicon
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 Tersoff (Si) Tersoff (C) Brenner (C) 

De [eV] 2.6660 5.1644 6.325 
Re [nm] 0.2295 0.1447 0.1315 
S  1.4316 1.5769 1.29 

β [nm-1] 14.656 19.640 1.5 
A 1.1000×10-6 1.5724×10-7 1.1304×10-2

N 7.8734×10-1 7.2751×10-1 1 

δ 1/(2n) 1/(2n) 0.80469 
c 1.0039×105 3.8049×104 19 
d 1.6217×101 4.384 2.5 
h -5.9825×10-1 -5.7058×10-1 -1 
R [nm] 0.285 0.195 0.185 
D [nm] 0.015 0.015 0.015 

Potential for Covalent System (C, Si)Potential for Covalent System (C, Si)

Example: Brenner Carbon (modified)

Potential for Covalent System (C, Si)Potential for Covalent System (C, Si)
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Order of ∆t

0.005 τ or 10 fs with argon
0.5 fs for covalent Carbon

Verlet’s Method

Leap Flog Method (Modified Verlet)

Gear’s predictor-corrector method
is also sometimes used

Integration of Newton’s EquationIntegration of Newton’s Equation

Basic Cell

Replica

Replica

ReplicaReplicaReplica

Replica

Replica Replica

Potential must be
Cut-Off at L/2

Ewald sum method
for Coulomb Term

Boundary Condition (Periodic)Boundary Condition (Periodic)
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Mirror Boundary
=Simple ReflectionExample

Periodic Boundary

Boundary Condition (Gas)Boundary Condition (Gas)
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Phantom
molecules

Fixed
molecules
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Anderson method [Anderson (1980)]

Velocity Scaling

Nosé-Hoover Thermostat [Nosé(1984), Hoover(1985)]

Replace Velocity of Randomly Selected Molecule to
Maxwell-Boltzmann Distribution

Temperature ControlTemperature Control

Parrinello and Rahman (1980, 1981)

Andersen (1980)

Berendsen et al. (1984)

Extension of Anderson: Change Shape of Box
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Change Box Size as if Piston is Connected

Pressure & Stress ControlPressure & Stress Control
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kB : Boltzmann Constant, 1.38066×10-23 J/K
NA : Avogadro Number, 6.02205×1023 1/mol
R0 : Universal Gas Constant, 8.31433 J/(mol K)
m’: Molecular Weight  (kg/mol)
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Liquid Droplet

Flat Interface
Liquid-Vapor InterfaceLiquid-Vapor Interface
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2-D Density Distributions for L-J Droplet2-D Density Distributions for L-J Droplet
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Asymptotic Macro-SystemAsymptotic Macro-System
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Experiments by Satish G. KANDLIKAR
Rochester Institute of Technology

Experiments by Satish G. KANDLIKAR
Rochester Institute of Technology

m = 1.15 x10-6 kg,  α = 0º, T = 22°C, and θ = 22.05º.
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System Configuration
(water droplet on fcc(111) platinum surface)

System Configuration
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α = 0.8
σO-Pt = 2.70 Å, εO-Pt = 6.64×10-21 J, cO-Pt = 1.28
σH-Pt = 2.55 Å, εH-Pt = 3.91×10-21 J, cH-Pt = 1.2

Water-Platinum Potential (ZP Potential)Water-Platinum Potential (ZP Potential)

S.-B. Zhu and M. R. Philpott (1994)
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Snapshots of Water Droplet on Platinum Surface
(N=2048, fcc(111), ZP Potential)

Snapshots of Water Droplet on Platinum Surface
(N=2048, fcc(111), ZP Potential)
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Comparison of Surface Structure (Z-P Potential, N=864)Comparison of Surface Structure (Z-P Potential, N=864)
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Water Droplet on GraphiteWater Droplet on Graphite

Liquid

Gas

Gas

Vacuum

50 nm

Y. Gogotsi et al., APL (2001).

2.8 nm

T. Kimura & S. Maruyama (2002).

Liquid in Carbon NanotubeLiquid in Carbon Nanotube
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Molecular Dynamics Simulation of Water in Carbon NanotubeMolecular Dynamics Simulation of Water in Carbon Nanotube

2.77 nm

Water
SPC/E

Carbon
Rigid

Water-Carbon
Lennard-Jones(O-C)

ε = 1.08×10-21 J
σ = 0.316 nm

Molecular Dynamics Simulation of Water in Carbon NanotubeMolecular Dynamics Simulation of Water in Carbon Nanotube

64 water in (10,10)
d=1.39 nm

216 water in (16,16)
d=2.22 nm

512 water in (20,20)
d=2.77 nm
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Molecular Dynamics Simulation of Ice Water in Carbon NanotubeMolecular Dynamics Simulation of Ice Water in Carbon Nanotube

(14,14)  D=1.11 nm ?

(15,15)  D=1.19 nm ?

(16,16)  D=1.26 nm ?

K. Koga, et al., Nature, 2001

50~500 MPa

Ice Water in Carbon NanotubeIce Water in Carbon Nanotube
“Phase Transition in Confined Water Inside Carbon Nanotubes”
Y. Maniwa, et al., J. Phys. Soc. Jpn., 2002.

X-ray diffraction
water adsorption in single-walled carbon nanotube

phase transition at 235K
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System ConfigurationSystem Configuration
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Water-Carbon PotentialWater-Carbon Potential
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Final Shape of Ice Nanotube in SWNT

case 1 case 2

0.68 nm
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Critical Radius & Free EnergyCritical Radius & Free Energy
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Note on Stability of Nano-BubbleNote on Stability of Nano-Bubble
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Note on Stability of Nano-BubbleNote on Stability of Nano-Bubble
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