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Force and Energy at different scales

Ionic bond, Covalent bond, Metallic 
bond, Van-der-Waals bond.

( )ijr� : interatomic potential

Gravitational interaction between earth and a object

Inter-atomic interaction between atoms or molecules



Schrödinger's Equation:

2 2

2

� �j   = -   + U � 
t 2m x

.� �
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-
G x = � G x � dx .
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��

X- X + e

The ionization potential, ionization energy or EI of an atom or molecule
is the energy required to remove an electron from the isolated atom or ion. 

The electron affinity, Eea, of an atom or molecule is the energy 
required to detach an electron from a singly charged negative ion

X X+ + e

Within an atom or a molecule





Iso-surface of electron distribution 
(the square of wave function)

Atomic Orbital (AO)



Hellmann–Feynman theorem 

= R (Inter-atomic distance)

Hellmann–Feynman Force

Molecular Orbital (MO) of a H2 molecule



Length and Time Scales in Numerical Modeling

(Dynamics simulation)

nm 	m mm

fsec

psec

nsec

msec

Time
Scale

Space
Scale

Molecular
DynamicsQMD

Continuous Mechanics

Statistical
Mechanics

Quantum 
Chemistry

1. Force and velocity are required to get time evolution of the system 

2. A stable integrator the integrate the equation of motion.



Pairwise Potential Many body potential

Interatomic potential
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•Morse potential
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•Lennard-Jones potential

Usually used for describing Van der Waals interaction in 
force-matching method

Usually used for describing a chemical bond in force-
matching method



Potential models for ionic oxides
(J. Phys. C: Solid State Phys.. 18 (1985) 1149-1161.)



Empirical force field for macromolecules

Free software Tinker 
uses this force field



coulvdwdihedralbendingbondtotal
UUUUUU �����

Potentials used in the MD 
simulation for marcomolecules

(Energy Calculation and Dynamics, ENCAD)



(a) bond strength (b) bond bending

(c) bond torsion
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(d) Van der Wail

(e) Coulomb force
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• Many body potential
– Tight-binding potential (Co, Cu, Ti, …)

– Where      is an effective hopping integral
– is the distance between atom i and j

is the first-neighbor distance

�
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Born-Mayer type pairwise term-short
range, repulsive force

Many-body term-long range 
force, attractive force



The Embedded-Atom method (EAM) :
(Materials Science Reports 9 (1993) 251-310)

DFT calculation
Simplified into EAM potential

Embedding Function

Electron gas density
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Clementi and Roetti from HF calculation

Spherical symmetry 

wave function



Embedding Function 



(http://www.ide.titech.ac.jp/~takahak/EAMers/)







Target Function

In order to get the adaptive parameter of potential function(Z), the 
target is used for the purpose.
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Force: total force per atom Global: stresses, energies

kA ,0 
jf ,0 Reference data: from the Ab Initio simulation or 
experiments.

kA 
if : obtained from the potential function which we pick.
W : weight function,    N: data number, � : small and positive data

Force-matching Method implemented in GULP





Molecular Dynamics

•A computer simulation technique that allows 
one to predict the time evolution of a system of 
interacting particles (atoms, molecules,.. etc.)

••Solving a set of classical equations of motionSolving a set of classical equations of motion

( )ijr� : interatomic potential
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Integration Algorithms

1. Verlet Algorithm

2. Leapfrog Algorithm

3. Velocity Verlet Algorithm

4. Gear Predictor-Corrector Algorithm



(7-1)
0.577nm

(11-4)
0.887nm

(13-6)
1.043nm

(14-7-1)
1.122nm

(15-8-1)
1.201nm

Ref Y. Kondo and K. Takayanagi SCIENCE VOL289 ,606 (2000July)

Au nanowire with diameter smaller than 2 nm
Jenn-Sen Lin, Shin-Pon Ju, and  Wen-Jay Lee, Physical Review B 72, 85448 (2005) .

Shin-Pon Ju et al., Nanotechnology 18 (2007) 205706
Wen-Jay Lee, Shin-Pon Ju, Shih-Jye Sun, Meng-Hsiung Weng , Nanotechnology 17 (2006) 3253–3258



Ref V. Rodrigues and D. Ugarte Physical Review B Volume 64, 073405 (2001 January) 
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elongation stage for 7-1 structure at room temperature
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Mechanical Mechanical 
properties properties 
under elongation under elongation 
test with differenttest with different
length/diameter ratio.length/diameter ratio.

Mechanical properties Mechanical properties 
under compression under compression 
test with differenttest with different
length/diameter ratio.length/diameter ratio.



The collective motion of carbon atoms 
in a (10,10) single wall carbon 

nanotube under axial tensile strain

JAP, 2009 (in press)
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(Silicon Carbide Nanotubes) 

, :
1. (Single-Wall Silicon Carbide 

Nanotubes)
2. (Muti-Wall Silicon Carbide 

Nanotubes)

Single-Wall Silicon 
Carbide Nanotubes

Muti-Wall Silicon 
Carbide Nanotubes
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J.A.C.S., 124, 14464 (2002)

SiO2(99.95%)+MWCNT SiCNT

B1 B2

B3 B4
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•Introduction & Motivation (Previous work)

Nano letters, 3, 1481 (2003)

Si:C=1:1

(DFT )
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Advantage:
1.High thermal conductivity.
2.High  radiation resistance
3.Good semiconductor 

Difference with CNT:
1.In armchair configuration, it is always 
semiconductor.
2.For some gas molecules, it have good sensitivity, 
like CO2

* NO NO2
** HCN***.

(4,4)armchair SiCNT

J. Chem. Theory Com., 5 ,1099 (2009)
J. Chem. Theory Com., 4 ,1690 (2008)
J. Phys. Chem. C, 112, 15985 (2008)

*
**

***



•Simulation Modeling
Dangling bonding 

Dangling bonding 
40



•Simulation Modeling

Atom numbers : 128
Stoichiometry : C56Si56H16

Fixed Fixed 

41



•Result and Discussion ( )

51.87GPa

42

11%
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•Result and Discussion

Radial Buckling 
:

Sic rr ��-

( -Radial Buckling)

rc rSi



•Result and Discussion( - )

Radial buckling
44

Radial buckling
11% 11%



11
%

•Result and Discussion( -Radial Buckling)

4 Radial 
buckling HOMO-
LUMO Gap
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•Result and Discussion

Total Electron Density Single Electron Density

-

=

Deformation density

( -deformation density)
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7
(a) =0% (b) =6% (c) =11%

(d) =12% (e) =14% (f) =16%

•Result and Discussion( -deformation density& BO)

(a) (b) (c)

(d) (e) (f)
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•Introduction & Motivation

Advantage:
1. High thermal stability.
2. High oxidation resistance
3. Good semiconductor 
4. Good carrier for H2 storage.*
5. Excellent candidates for field-emission device.**

Difference with CNT:
1.In armchair and zigzag configuration, it is always semiconductor.

(4,4)armchair BNNT

Applied physic letters., 94 ,183110 (2009)
Nanotechnology., 20 ,085704 (2009)

*
**

Application:
1.Fule storage*
2.Semiconductor



(a) single wall  Zig-zag (8,0) BN Nanotube

(b) single wall Armchair (5,5) BN Nanotube



*And the red line shows HOMO-LUMO gap variation with different 
strains.
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(a)                                                          (b)

The stress-strain profiles for (a)(8,0) Zigzag BN nanotube and 
(b)(5,5) Armchair BN nanotube.
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•Introduction & Motivation

Advantage:
1. Wide direct band gap of 3.37 eV
2. Large exciton binding energy of 60 MeV
3. Good semiconductor 

Application:
1.  Gas Sensor1

2.  Photo Catalysts2

3.  Transparent Conductive Oxide 3

(4,4)armchair SiCNT

J Phys Chem C, 111, 1900 (2007)
J Phys Chem B, 104,  319 (2000). 
J Phys D-Appl Phys, 36, 152 (2003) 

1
2
3



•Result and Discussion ( )

53

Solid line shows uni-axial stress-strain curve for (4,4) armchair ZNONT. 
Dashed line shows HOMO-LUMO gap variation with different strains. 



•Result and Discussion( - )

54

Variation of the radial buckling and 
bond lengths at different strains. 

Variation of the bond angles 
are shown with  the different strains. 
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•Result and Discussion( -charge transfer)

0% O30 Zn32
0.705eV

-0.705eV
O30 Zn32

The solid line shows charge variation of O(30), 
and the dashed line shows Zn(32).
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Deformation density and Mayer bond orders shown at different strains: 
(a)strain=0%,  (b)strain=7.5%,  (c)strain=15% 

•Result and Discussion( -deformation density& BO)

(a)

(b) (c)

(e) (f)

(b) (c)







Methods to find the lowest-energy 
nanoparticle structure

• Genetic algorithm (GA)
• Basin-Hopping (BH) method
• Big Bang method (BB)
• Generalized Simulated Annealing (by MC and 

MD )----- usually for very small nanoparticles
(<10 atoms)

All are based on Stochastic Method and potential function is required to 
describe the interaction between atoms !!!!



Genetic Algorithm
J. Chem. Soc., Dalton Trans., 2002, 4375–4388 (TB potential)



GM Structures by tight-binding potential 



GM structures by different potential 
functions



Basin-Hopping method
(J. Phys. Chem. A 1997, 101, 5111-5116)

MC+MS (CG)



Fig.1 The (AuAg)n Geometries 20, 24, 40, 
and 50



Comparing to the our simulation result



Statistical evaluation of the big bang 
search algorithm

(1. PRL (2004). 2.Computational Materials Science (2006))

1. Put atoms in a very small space.

2. Using molecular statics (LBFGS) to find local minimal structure.

3. Independent initial compressed structure and good for parallel calculation.



Our Study- Find the chemical reaction 
sites of a (AuAg)n nanoparticle

(Big Bang + Basin-Hopping methods)
(AuAg)10

(AuAg)19

Fukui Function (+) Fukui Function (-)

Fukui Function (+) Fukui Function (-)



Atomic structure evolution of Zr-Ni Bulk Metallic 
Material (BMG) during severe deformation by HA 

pair analysis
1. P. J. Hsieh, Yu-Chieh Lo, Chung-Ting Wang, J. C. Huang , and Shin-Pon Ju, intermetallic (2007) 
2. Yu-Chieh Lo, J. C. Huang, Shin-Pon Ju, and X. H. Du Physical Review B (2007)



Strain rate:
0.4-0.8 s-1 2 seconds

Zr 50 at% +Ni 50 at%



Zr

40 cycles

100 cycles80 cycles

60 cycles



MD simulations
Ni Zr

Ni

Zr

Initial

1 F&R

2 F&R



3 F&R

4 F&R

5 F&R

6 F&R



Potential Energy via various F&R cycles
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• During different ARB cycles : Variation of HA index of  Zr-Ni alloys

(a) HA index : 
1421 and 1422

(b) HA index :

1431, 1541 and 1551

(c) HA index :

1441, 1661 and 1321

• HA (Honeycutt & Anderson) pairs 



The importance of the interface exists in 
materials

Multilayers Bi-crystal1Multilayers Bi-crystal1

Poly-crystalPoly-crystal

�

�

76irregular  boundary

tilt  boundary twin  boundary



strain 0 strain 2

strain 7 strain 10

Yinmin Wang, Ju Li, Alex V. Hamza and Troy W. Barbee, Jr., Proc. Natl. Acad. Sci. USA 104 (2007) 
11155-11160. 
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Schiotz, J. and Jacobsen, K.W., Science,301,1357-1359(2003)

Lu, L., Chen, X., Huang, X., and Lu, K., Science,323,607-610(2009)78
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• Single Crystal Cu(100)

• Bicrystal Cu(100)/Cu(110)

• Sinlge Crystal Cu(110)

• Bicrystal Cu(110)/Cu(100) 120 Å

88 Å

120 Å

40 Å

22 Å

64 Å

81

40 Å
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N  The number of the first neighbor atoms of atom i

The bond length between atoms i and j before the indentation

The bond length between atoms i and j before the indentation
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Cu(100)

Cu(110)

Cu(100)/Cu(110)

Cu(110)/Cu(100)

83
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Young’s Modulus (GPa)

Simulation Ref.

10 Å 20 Å 30 Å I II

Cu(100) 135.95 134.595 82.305 77.5 67.1

Cu(110) 196.051 135.001 137.939 137.0 163

Cu(100)/Cu(110) 166.390 154.679 142.667 -- --

Cu(110)/Cu(100) 162.529 161.944 151.017 -- --

I.  Tsuru, T. and Shibutani, Y. Physical Review B,75(2007)
II.  Liang, H.Y., et al., Cmes-Computer Modeling in Engineering & Sciences,6,105-114(2004)

85





Nanohelical Microstructure

100nm

RuO4 stained
PS: dark region
PLLA: bright region

PS

PLLA

Left-handed helix (M-form)

=15.6nm

Dproj=34.4nm

Ddomain.=50.6nm

P=43.8nm

R. M. Ho et al., J. Am. Chem. Soc., 
(2004)



Self assembly of PS-PLLA

Require a more efficient method to find the equilibrium state for this 
system with such a large amount of degree of freedom !!!



Different levels for coarse-grained model



Dissipative Particle Dynamic  (DPD)





Modeling of polyethylene and poly (L-lactide) polymer blends and 
diblock copolymer: Chain length and volume fraction effects on 
structural arrangement

Shin-Pon Ju et al., J. Chem. Phys .127, 064902 (2007)
Shin-Pon Ju et al., Journal of Nanoscience and Nanotechnology (2008) (in press)
Shin-Pon Ju et al., J. Chem. Phys ., 2009 (in press)



Disorder P. Lamellae Cluster

LamellaeGyroidCylinder



Molecular engineering laboratory

-

3
Chen, X. H.,Song, H. H., "Multi walled carbon nanotube filled SBR 
rubber composites" New Carbon Mater., 19, 214-218 (2004) 



Molecular engineering laboratory

SWNT - bundles

Uchida, T.,Kumar, S., "Single wall carbon nanotube dispersion and 
exfoliation in polymers" J. Appl. Polym. Sci., 98, 985-989 (2005) 

• (interfacial bonding)

5

SWNT 5% SWNT

PAN

SWNT 10% SWNT
15%SWNT PBO



Molecular engineering laboratory

6

Zhang, Y. C.,Broekhuis, A. A.,Stuart, M. C. A.,Landaluce, T. F.,Fausti, D.,Rudolf, 
P.,Picchioni, F., "Cross-linking of multiwalled carbon nanotubes with polymeric amines" 
Macromolecules, 41, 6141-6146 (2008) 

Chakraborty, A. K.,Coleman, K. S.,Dhanak, V. 
R., "The electronic fine structure of 4-
nitrophenyl functionalized single-walled 
carbon nanotubes" Nanotechnology, 20, 6 
(2009)

SWNTs chemically modified with 4-
nitropheny groups, 4-NO2-SWNT 

PA MWNTs
MWNTs LDPE



Molecular engineering laboratory

SWNTs - PE

Pulikkathara, M. X., Kuznetsov, O.V, Peralta, I. R. G., Wei, X., 
Khabashesku, V. N., "Medium density polyethylene composites
with functionalized carbon nanotubes
" Nanotechnology, 20, 195602 (2009) 

7

Medium density polyethylene

(MDPE) size
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Groot, R. D.,Warren, P. B., "Dissipative particle dynamics: Bridging the gap between 
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Flory-Huggins parameter -

polymer-solvent polymer-polymer

Polymer                                       Solvent           T, x 

Polystyrene
Polystyrene
Polyisoprene
Cellulose nitrate
Cellulose nitrate                          
Poly(ethylene oxide)
Poly(dimethyl siloxane)
Polythylene
Poly(butadiene-stat-styrene)
Poly(ethylene oxide)

Toluene                             
Cyclohexane
Benzene                              
Acetone                             
n-Propylacetate
Benzene                             
Toluene                               
n-Heptane
Toluene                                
Water

25
34
25
20
20
70
20
109
25
25

0.37
0.5
0.4

0.14
-0.38
0.19
0.45
0.29
0.39
0.4

Sperling, L. H., "Introduction to Physical Polymer 
Science, 4th Edition"; John Wiley & Sons: New 
York, (2006). 
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Molecular 
Dynamics
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Simulation Model
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Conclusion : current study
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