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ABSTRACT

  Monte Carlo simulations were carried out to estimate the free energy of homogeneous

nucleation in supersaturated Lennard-Jones vapor phase.  We suggested a simple model

for the homogeneous nucleation as phase transition between the cluster phase and the

supersaturated vapor phase.  The Monte Carlo simulations were performed to obtain the

cluster phase and the vapor phase separately, and we estimated the free energy of the

nucleation as a difference between the free energies of the each phase.  The Helmholtz free

energy was obtained by the thermodynamic integration.  Such simulations were performed

among 2-80 of the number of particles, 0.01-1.00 /k of the temperature, besides 30, 43.2,

90, 240, and 1000 σ3 of the volume per particle; where the symbols  and σ are the

Lennard-Jones potential parameters.  From the simulation results, we assumed the

equation of state for the Helmholtz free energy of the nucleation as a function of the

number of particles, temperature, and volume per particle.  The equation of state gave the

maximum against the number of particles; the maximum corresponds to the size and the

free energy of the critical nucleus.  Moreover, we rearranged the equation of state for

estimating Gibbs free energy of the nucleation as a function of the number of particles,

temperature, and pressure by taking into consideration the volume dependence of the

thermodynamic properties.  It was concluded that the equation of state could represent

Gibbs free energy of the homogeneous nucleation except for the high-pressure region.

A part of this work is reported:

• Yosuke Kataoka and Yuri Yamada, Fluid Phase Equilibria, 194-197, 207-217 (2002):

Chapter 2.

• Yuri Yamada and Yosuke Kataoka, Bull. Chem. Soc. Jpn., 76, 81-88 (2003): Chapter 3.

• Yuri Yamada and Yosuke Kataoka, Bull. Chem. Soc. Jpn., (2003), in publishing:

Chapters 4 and 5.



- ii -

ACKNOWLEDGEMENTS

  I would like to acknowledge the continuing guidance and encouragement of Professor

Yosuke Kataoka, Department of Materials Chemistry, Faculty of Engineering, Hosei

University.  I also would like to express the appreciation to Professor Hirotake Katayama,

Professor Yusei Maruyama, Professor Hideo Nishiumi, Hosei University, on helpful

discussions about experimental and theoretical backgrounds.  I am grateful to Associate

Professor Syuichi Nosé, Keio University, for their helpful suggestions and observations.

  This work is supported in part by a Grant-in Aid for Scientific Research (No. 12640504)

from the Ministry of Education, Culture, Sports, Science and Technology.  A part of the

calculation at the Super Computer Center, Institute for Solid State Physics, University of

Tokyo.  I thank the Research Center for Computational Science for the use of super

computer.  Some computation was also done at Computational Science Research Center,

Hosei University.

  Several helpful discussions, also light conversations, with the members of our laboratory

of theoretical chemistry are gratefully acknowledged.

  My student life was also my musical life.  I would like to thank classical and jazz music,

orchestra and ensemble, my bassoon, and many friends through the music.

  Lastly, but not least, I wish to thank my uncle and his wife, my father, my brothers, and

my mother Akiko.  I hope your health and happiness.

YAMADA Yuri

March, 2003



- iii -

CONTENTS

ABSTRACT i

AKNOWLEDGEMENTS ii

Chapter 1: INTRODUCTION 1

1.1.  Equilibrium Theory of Phase Transition 2

1.2.  Kinetics of the Homogeneous Nucleation 5

1.2.1.  Gibbs-Thomson's formula for

   the equilibrium pressure of the cluster 5

1.2.2.  Classical nucleation theory 8

1.2.3.  Nucleation rate 10

1.3.  Purpose of This Study 11

Chapter 2: SUMMARY OF MONTE CARLO SIMULATION 13

2.1.  Lennard-Jones Potential Function 13

2.2.  Model of Homogeneous Nucleation 15

2.3.  Monte Carlo Procedure 17

2.4.  Free Energy Estimation 23

Chapter 3: MONTE CARLO SIMULATIONS

UNDER A FIXED VOLUME PER PARTICLE 25

3.1.  Monte Carlo Results 25

3.2.  Approximated Functions for the Equation of State 33

Chapter 4: MONTE CARLO SIMULATIONS

UNDER VARIOUS VOLUMES PER PARTICLE 41



- iv -

Chapter 5: EQUATION OF STATE 45

5.1.  Volume Dependence of the Thermodynamic Properties 45

5.1.1.  Monomer phase 45

5.1.2.  Cluster phase 53

5.2.  Equation of State for the Nucleation Free Energy 60

5.3.  Comparison with the Classical Nucleation Theory

  and Other Simulations 74

Chapter 6:  CONCLUSION 79

REFERENCES 81

Appendix A:  GIBBS-THOMSON'S FORMULA 83

Appendix B:  STABLE STRUCTURE AND

THE MAGIC NUMBER OF SMALL-SIZE CLUSTER 85


