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The Scale of Things -- Nanometers and More
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Force and Energy at different scales
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lonic bond, Covalent bond, Metallic
bond, Van-der-Waals bond.

V‘ Separation

Equilibrivm atomic separation
thond-length = r,)

O(p,) : interatomic potential



Within an atom or a molecule

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

X— Xt+e

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
Schroédinger's Equation:




Table 6.1 Normalized Wave Functions of the Hydrogen Atom for n = 1, 2, and 3*
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Iso-surface of electron distribution

(the square of wave function)
Atomic Orbital (AO)
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Molecular Orbital (MO) of a H, molecule

Hellmann—Feynman theorem

oF

) .

ol o OH e ) o
= {5|H|¢} + {fq{,|ﬁ|1‘{,) + {¢|H|m) .= R (Inter-atomic distance)

> Hellmann—Feynman Force

= 5%+ w2 + B2
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Length and Time Scales in Numerical Modeling

(Dynamics simulation)

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

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

Time
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Interatomic potential

Pairwise Potential

Many body potential
O O
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Usually used for describing Van der Waals interaction in
force-matching method

¢(r;.j) = D{exp{—Za(r;j — ro} -2 *exp{—a(rl.j — ro}}

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.)

Table 1. Potential parameters derived using method (a).t

Cation Charge A(eV) o(A)

Ca 2 1227.7 0.3372

Sc 2 838.6 0.3372

6 Ti 2 633.3 0.3372

Ar. Y = . —_. - g % 2 557.8 0.3372
V’I{rﬁ) - AH E}{p( 'rlf/ p) Cf}rlﬁ : Cr 2 619.8 0.3372
Mn 2 B§32.7 0.3372

Fe 2 725.7 0.3372

Co 2 684.9 0.3372

Ni 2 641.2 0.3372

Zn P 700.3 0.3372

Zr 4 1453.8 0.3500

Cd 2 868.3 0.3500

Hf 4 1454.6 0.3500

Ce 4 1017.4 0.3949

Eu 2 6635.2 0.3949

Th 4 905.3 0.3949

Th 4 1144.6 0.3949

U 4 1055.0 .3949




Empirical force field for macromolecules

Lifson 1970's — . Scheraga 1970-
Weizmann Institute, Israel™ " Cornell University

<
D s

\ ECEPP, etc.
Michael Levitt
Stanford
Karplus 1980's Hagler Berendsen

CHAERMmM BIOSYM

Kollman, Pearlman,
Brooks Van Gunsteren »\\einer, UCSF, 1984-
CHARMmM GROMOSET AMBER

GROMACS FF

Momeny, 1985- Jorgensen
Polygen-MSI OPLS
CHARNmM GROMOS96 CDI'nell

AMBERFF

Free software Tinker
uses this force field



Potentials used in the MD
simulation for marcomolecules

Utotal - Ubond T Ubending T Udihedral T Uvdw T Ucoul



(a) bond strength (b) bond bending

N, i . Ny ’- ’.
Vbondlength - NZ;l/Z k‘l’ (b" _b0)2 Vbending - A; ke (ei —90 ) ?
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M
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(c) bond torsion

V i = iK {1-cos[n’ (- @})]}
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Vvdw - [Ascs ij(rﬂﬁ/rij)u —2¢ ij(rﬂij/rii)6 _dew(rii)]
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- (Co, Cu, Ti, ...)

el 3ol

Many-body term-long range -short
force, attractive force range, repulsive force

— Where ¢ is an effective hopping integral
— 1, is the distance between atom /and j
¥, is the first-neighbor distance



The Embedded-Atom method (EAM) :

(Materials Science Reports 9 (1993) 251-310)

FEZ

Z.plr 1 1 r
Emh=G[P] + 2 Ef p( ) dr + Effp(r :Z{ 2) drydry; — E gme

3
/ Simplified into EAM potential )

DFT calculation

v

E. = EG(EPJ(RJ})-I-‘ Y. Uy (R,),

i jlj=i)
Embedding Function/

p=2L,p Hﬂ} p*(R)=n,p,(R)+ngpy(R) ,

Electron gas density



TABLE 1. Parameters defining the effective charges for the pair interactions [Eq. (7)] and atomic
electron density [Eq. (6)]. The last row specifies the atomic configuration used to calculate p; and p;.

Cu Ag Au Ni Pd Pt
Z, 11.0 11.0 11.0 10.0 10.0 10.0
a 1.7227 2.1395 1.4475 1.8633 1.2950 1.2663
B 0.1609 1.3529 0.1269 0.8957 0.0595 0.1305
v 2 2 2 1 1 1
n, 1.000 1.6760 1.0809 1.5166 0.8478 1.0571
Atomic 3d'%s! 4d°%5s* 5d%s! 3d%4s? 4d°%5s! 5d°%s!

configuration

#£3.2 NP e L 00, (D ARAGES om™ )

Clementi and Roetti from HF calculation
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Embedding Function
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Fig. 1. Embedding energy for Ni as a function of the background electron density.



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

(san id d with -.':unl.nhutmn tatio 7, and 72,)

Atomic density of Roothaan Hartree Fock
Rose’s universal function

1..H. Rose, 1. R. Smith, F. Guinea and 1. Ferrante,
Phys. Rev. B, 29, 2063-2960 (1984).

v

Embedding function

Pair potential term
Effective charge distribution function

9y (Ry)=Z;(Ry)Z;(R; ) Ry

History of EAM series

LI-MEAM; M.I.Baskes, Phys.Rev.Let. 83, 2592-2595 (1999)
Determination of MEAM parameters for Ni

M.L.Baskes, Mater. Chemist. and Phys., 50, 152-158 {1997)
Atomistic calculation of composite interface

M.L.Baskes, 1.E.Angelo, and C.L.Bisson,

Modellingg Simul. Mater. Sci. Eng., 2, 505-518 (1994)
MEAM for HCP metals. M.LBaskes and R.A.Johnson,
Modelling Simul. Mater. Sdi. Eng., 2, 147-163 (1994).

03 EAM: a review of theory and application.

M. 5. Daw, S. M. Foiles and M. I. Baskes,

Mater. Sci. Rep., 9, 251-310 (1993).

MEAM for cubic mat.and impurities.

M. L. Baskes, Phys. Rev. B, 46, 2727-2742 (1992).

9 MEAM for covalent Si and Ge.

M. I. Baskes, J. 5. Nelson and A. F. Wright,
Phys. Rev. B, 40, 6085-6100 (1989).

7 MEAM for covalent Si.

M. 1. Baskes, Phys. Rev. Lett., 59, 2666-2669 (1987).
EAM for fcc metals Cu, Ag, Au, Ni, Pd, Pt and their alloys.
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Phys. Rev. B, 29, 6443-6453 (1984).

EAM for H in Metals. M. S. Daw and M. 1. Baskes,

Phys. Rev. Lett., 50, 1285-1288 (1983).




EAM hYpGﬂ'IESiS LI-MEAM; M.I.Ea:skes, Phys.Rev.Let. 83, 2592-2595 (1999)
» Determination of MEAM parameters for Ni
pedding energy term + Two body term M.LBaskes, Mater. Chemist. and Phys., 50, 152-158 (1997)
Atomistic calculation of composite interface
— 1
E. =Y E |E =F(p,)+ 3 > 0,(R)) M.LBaskes, J.E.Angelo, and C.L.Bisson,
i Jli=f) Modellingg Simul. Mater. Sci. Eng., 2, 505-518 (1994)
E b d d f t. MEAM for HCP metals. M.I.Baskes and R.A. Johnson,
mbedding Tunction Modelling Simul. Mater. Sci. Eng., 2, 147-163 (1994).
Fixed ‘ EAM: a review of theory and application.

E.I o . d - M. 5. Daw, S. M. Foiles and M. 1. Baskes,
ectronic EHSIW Mater. Sci. Rep., 9, 251-310 (1993).

Superimposition of atomie density MEAM for cubic mat.and impurities.
5 . Rev. - 92).
S, Ds d:,f SYIT'lmEtrY M. I. Baskes, Phys. Rev. B, 46, 2727-2742 (1992)

Parameterized atomic density

M. I. Baskes, J. S. Nelson and A. F. Wright,
Pair potenti al term Phys. Rev. B, 40, 6085-6100 (1989).

; I 0k MEAM for covalent Si and Ge
(ﬁffzzrg}o,ri}y or covalent Si and Ge.
1=0

M. I. Baskes, Phys. Rev. Lett., 59, 2666-2669 (1987).
EAM for fcc metals Cu, Ag, Au, Ni, Pd, Pt and their alloys.
S. M. Foiles, M. 1. Baskes and M. 5. Daw,

Phys. Rev. B, 33, 7983-7991 (1986).

EAM for H in Metals. M. 5. Daw and M. 1. Baskes,
Screening function Phys. Rev. B, 29, 6443-6453 (1984).

EAM for H in Metals. M. 5. Daw and M. 1. Baskes
? .
to neQIECt farther atoms Phys. Rev. Lett., 50, 1285-1288 (1983).

Reference structure pf® = erJ - ﬁiff}[% -1
Rose’s universal function I T

1. H. Rose, 1. R. Smith, F. Guinea and J. Ferrante,
Phys. Rev. B, 29, 2963-2969 (1984).

A } MEAM for covalent Si.
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Force-matching Method implemented in GULP

Target Function

In order to get the adaptive parameter of potential function(Z), the
target is used for the purpose.

ZAHZ
N, (f. —f ) (A4, AOk)
:Z Z W, - > - ZW
P Jo, t€&; Ay +‘9k
Force: total force per atom Global: stresses, energies

Ao,k f 0.i« Reference data: from the Ab Initio simulation or

experiments.

Ak f;-a : obtained from the potential function which we pick.

W : weight function, N: data number, & :small and positive data
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LETTERS b
Numerical Investigations into the Vol g No. 2
Tensile Behavior of TiO, Nanowires: 576.582
Structural Deformation, Mechanical s

Properties, and Size Effects
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Molecular Dynamics

*A computer simulation technique that allows
one to predict the time evolution of
(atoms, molecules,.. etc.)

*Solving a set of classical equations of motion

m};.:F.

I

. Interatomic potential
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Integration Algorithms

Verlet Algorithm
Leapfrog Algorithm
Velocity Verlet Algorithm

Gear Predictor-Corrector Algorithm



Jenn-Sen Lin, Shin-Pon Ju, and Wen-Jay Lee, Physical Review B 72, 85448 (2005) .

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

(7-1)
0.577nm
(11-4)
0.887nm
(13-6)
1.043nm
(14-7-1)
1.122nm

(15-8-1)
1.20Inm

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




Ref : V. Rodrigues and D. Ugarte Physical Review B Volume 64, 073405 (2001 January)
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B Lattice: FCG H Lattice: HCP

b

@ e
PE B®

Fig. 5. (a) Snapshots of deformed nanowires showing B and H lattices at a
strain of 0.3, (b) Mustration of B and H lattices, 1. FCC and HCP
structures, respectively.



Atomic configurations of gold nanowire at selected
elongation stage for 7-1 structure at room temperature

2
Temp=300K
B strain rate=0.0016%/ps |
7-1
©
o 1 -
e
(2}
[0
o _
n
0.5 — _
0 N |
| | | |

0 0.1 0.2 0.3 04 0.5
Strain



'-,'-'.'3:i!-','i'a'.’,i'i'{»"-."x.i:':3,4:;,1'-,"I-?Z-l'l-’.-I’:'Z".'Z':".':':' 6 el LD Cohesive Young's Yield Yield | breaking Maximum | Elongate
. Energy(eV) | Modulus(GPa) | Stress(GPa strain Force(nN strain Length
Mechanical gy(eV) (GPa) (GPa) (nN) g
pro pe rtles . 7 3.432 165.978 6.588 0.066 1.393 0.931 35.843
: 11 A4 143.504 .984 . 1.52 981 .
under elongatlon 3.456 3.50 6.98 0.069 526 0.98 59.350
- - . 115. 4, .04 1.272 4 23.44
test Wlth dlfferent 4 7 3.530 5.683 036 0.046 7 0.408 3.448
11 3.541 112.784 3.904 0.043 1.302 0.408 36.846
7 3.578 105.287 4.441 0.063 1.322 0.264 19.255
14-7-1
11 3.585 91.897 4.306 0.059 1.465 0.194 22.042
6nm[100] 3.714 42.704 5.182 0.097 — 0.892 53.52
6nm[111] 3.718 101.737 4.578 0.047 1.305 1.728 103.68
FCC
Nanowrie — 40-100[16] 2-8[16] — — — —
Bulk 3.77[27] 79[15] 0.2[15] o — — —
L/D Young'’s Yielding Yielding Buckle Buckle
Modulus (GPa) Stress (GPa) strain Stress (GPa) strain
7 192.404 10.358 0.046 — —
. - 7-1
Mechanical properties 11 191.752 — — 3.162 0.032
under compression " 7 151.118 5.064 0.031 — —
test Wlth dlffe re nt 11 144.664 — — 1.771 0.025
- - 7 139.750 9.766 0.0631 — —
length/diameter ratio. |, ,
11 140.610 — — 2.327 0.031
6nm[100] 59.628 2.082 0.056 — —
FCC
6nm[111] 101.078 8.098 0.059 — —

VIGIECUIBFEERGINEEHING E2I90IEoNs



The collective motion of carbon atoms
in a (10,10) single wall carbon
nanotube under axial tensile strain

13.34

Slip vector

1 &Gy .
1024 S =—Z(r“ﬂ —roaﬂ)
n

s o

L - JAP, 2009 (in press)
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APPLIED PHYSICS LETTERS 94, 261106 (2009)

Photocurrent properties of freely suspended carbon nanotubes
under uniaxial strain

S M. Kaniber,' L. Song, J. P. Kotthaus,® and A. W. Holleitner"*®

Departmem of Physik and Walter Schottky Institut, Technische Universitit Miinchen, Am Coulombwall 3,
D 85748 Garching, Germany

2 Fakultdt fiir Physik and Center for NanoScience, Ludwig-Maximilians-Universitiit,
Geschwister-Scholl-Platz 1, D-80539 Miinchen, Germany

T "SI B =

—

a1

=)
1

FIG. 1. (Color online) Schematic side {u} and top (b} view ol a Si/ 80, FIG. 3. (Color anline) (a} f5y and AP simulaneously measured,
sample with o “T-slit und freely suspended single-walled CNTs mounted on across CNTs as a function of laboratory time, when Vygo,, is increased from
a piecoelecine stock. Applving a voltage Vpgeq o the plescelectnic stuck 0o 30V i six steps of 5V (g ere=T14 nm, V=450 mV, fruop
allows applying vniaxial strain o the CNTs [{e)={e)] SEM images of CNTs =912 Hz. BT). [k} and ()] Photocurrent image of A% of a bundle of
al Vpgpzo=0, 15, und 30 ¥V at KT CNT: close to a metal contact (A yge=T14 nm, Vi,=+530 mV, fuoe

=912 He, RT). (d} Maximum values of A7 ™ gken from encireled area
in (k) and (e} and Turther photocurrent scans as a lunction of Veggeo.
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Mechanical, Electrical, and Magnetic Properties

of Ni Nanocontacts
First-Principles Caleolations on the Emission Properties of Pristine and S -Doped Carhon ) ‘
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- & Ab&y 7 5K & (Silicon Carbide Nanotubes) & &
BT BRE BT R Z B AR ST R 8 &
# PETR RBAEERBORET 5 A:
1.3 Bz fb sy & 5 4% (Single-Wall Silicon Carbide
Nanotubes)
2. % B AL &y 2 3k & (Muti-Wall Silicon Carbide
Nanotubes)




J.A.C.S., 124, 14464 (2002)

Water out Furnace Water
A Alumina tube l -'1\
L

water in Waterin - Pumping
Figure 1. The schematic diagram of the synthesis apparatos.

Si0,(99.95%)+MWCNT — SiCNT

37



eIntroduction & Motivation (Previous work)

Nano letters, 3, 1481 (2003)

ENergy
case stolchiometry total (Hartree) B. E./atom (eV)
I Czg —2142 066127 B.229
IT Css51 —2393.355348 H.126
IT1 Cza5iz —2644.667359 B.035
IV — 2644 660102 B5.031
W — 2644 GTOGG] B.040
VI CysSlyz —5158.006401 7.226
VI Caa5iay —8174.380358 6. 466
WIII —82173.830303 G.171
X Cagsizg —0179.983654 G.241

Figure 1. DFT optumized geometries of finite-sized, single-walled
silicon—carbon nanomwbes (SICNT) with vanous SuC ratios.
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(4,4)armchair SiCNT

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 CO," ~ NO ~ NO,” ~ HCN™™,

« J. Chem. Theory Com., 5 ,1099 (2009)
«x J. Chem. Theory Com., 4 ,1690 (2008)
wxx J. Phys. Chem. C, 112, 15985 (2008) 39



*Simulation Modeling
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*Simulation Modeling

leed Fixed

,‘M

'l :.O@s L.
» Q Y Y Y. Y.

o™

Atom numbers : 128

Stoichiometry : C.Sis.H,
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*Result and Discussion
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*Result and Discussion

Radial Buckling B sb 23 RINALEHEE & TITHREEL -
o F A
IB — rc - rSi

Hdr, o g T 69348 > mrgBey R a3 F4E -




*Result and Discussion
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*Result and Discussion
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Result and Discussion

Total Electron Density

Single Electron Density
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-Result and Dlscussmn
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Introduction & Motivation

(4,4)armchair BNNT

Advantage:

. High thermal stability.

High oxidation resistance

Good semiconductor

Good carrier for H, storage.*

Excellent candidates for field-emission device.**

Difference with CNT:

1.In armchair and zigzag configuration, it 1s always semiconductor.
Application:

1.Fule storage*

2.Semiconductor « Applied physic letters., 94 ,183110 (2009)
«x Nanotechnology., 20 ,085704 (2009)

N



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



stress(Gpa)

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

160 | | 4 160 , 4.7
| Stress4strain curve ;\ Stress-strain curve | -
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(a) (b)
* And the red line shows HOMO-LUMO gap variation with different
strains.



0.03 0.09

----- (8,0)BNNT Radial Buckling
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The Radial Buckling of (8,0) and (5,5) BN Nanotube.



Introduction & Motivation

(4,4)armchair SiCNT

Advantage:

1. Wide direct band gap of 3.37 eV

2. Large exciton binding energy of 60 MeV
3. Good semiconductor

Application:

1. Gas Sensor!

2. Photo Catalysts® 1 JPhys Chem C, 111, 1900 (2007)
3. Transparent Conductive Oxide 3 2 J Phys Chem B, 104, 319 (2000).

3 J Phys D-Appl Phys, 36, 152 (2003)



*Result and Discussion
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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
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*Result and Discussion
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Result and Discussion

Deformation density and Mayer bond orders shown at different strains:
(a)strain=0%, (b)strain=7.5%, (c)strain=15%
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CHEMISTRY

Precious little catalyst

D. Wayne Goodman

In gold catalysis, less is more. Bulk gold is aninert metal, but tiny particles
containing as few as 55 gold atoms are effective at catalysing the targeted

oxidation of hydrocarbons.

doi:10.1038 /nature07194

Selective oxidation with dioxygen by gold
nanoparticle catalysts derived from 55-atom clusters

Mark Turner!, Vladimir B. Golovko'f, Owain P. H. Vaughan', Pavel Abdulkin', Angel Berenguer-Murcia’,
Mintcho S. Tikhov', Brian F. G. Johnson' & Richard M. Lambert'



10 15 20 25 30 3505 10 15 20 25 30 B35
Particle diameter (nm) Particle diameter (nm)
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Particle diameter (nm) Particle diameter (nm)

Figure 1| High-resolution TEM images overlaid with corresponding
particle size distributions for unsupported and supported Auss. a, Freshly
made, unsupported Auss; b, 0.6-wt% Auss/BN; ¢, 0.6-wt% Auss/SiOa;

d, 6-wt% Auss/Si0,. Distributions are coloured to emphasize (green) the
presence of particles of diameter <2 nm, which correlates with observed
catalvtic activity in the partial oxidation of stvrene by O, alone.



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)

(PLPd )y

(PP

(PtPd)z; (PtPd}z [PtPd)sr (PtPd)2e

Fig. 5 GM for Pi-Pd nanoalloy clusters (PtPd j—(P1Pd s, using Pt—Pd parameter set . Colour scheme as in Figs. | and 3 (green = Pi: blue =P



GM Structures by tight-binding potential

70 EL

Figure 3, Typlcal geomatries of (AgAu), nanoalloys with 20 -76 atoms. Gold atoms are
shown In yellow.
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GM structures by different potential

functions
%‘iﬁ*

=
fullerenes metal clusters ﬁﬁ" df ﬁ % ‘k%

O+ 9 %‘f %%ﬁb

Fig. 13 Enantiomers of (Mg** 0%

ionic clusters molecular clusters

Fig. 1 Examples of some cluster types.



Basin-Hopping method

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

Energy

Figure 2. A schematic diagram illustrating the effects of our energy
transformation for a one-dimensional example. The solid line is the
energy of the original surface and the dashed line is the transformed
energy E.

E(X) = min{ E(X)}

MC+MS (CG)



|
TABLE 2. Energies and Structures of Putative Global
Minima for Ag— Au Nanoalloys Using the Gupta Potential”

N m V. eV mo tif
20 0 —59.8055 twinnedlh,,
22 0 —66.0641 twinnedlh,,
24 0 —724511  twinned lhy,
26 0 —78.7359 twinnedlh,,
28 0 —85.1242 twinnedlhy,
30 0 —91.4427  twinnedh,,
32 0 —97.8645 twinned lhy,
34 0 —1042488 twinned Ih,;
36 0 —1106621 twinned lh,,
38 0 —1173134 10
40 0 —1235324 |he
42 1 —129.9734 twinned lh,,
44 1 —=136.2704 |hg

40 50 46 0 —1428379 Ihg
48 1 —1493340 |hg
50 1 —1557478 twinned Dh



Nom Vg /W motif -72.45108
20 0 —59.8055 twinned Ih,;

24 0 —=724511  twinned lhy,

40 0 —123534 |hg

50 1 —1557478 twinned Dh

— | -155.9334]




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.

Fig. 5 Lowest energy prolate and compact structures for 510 for g = 20-27, The symmetry of the structurnes is given, along with the cohesive encrgy
per atom in eV,



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

(Big Bang + Basin-Hopping methods)

(AuAg),, 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)
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FIG. 2. Equilibrium phase diagrams for Zr-MNi (Ref. 37).
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MD simulations







Potential Energy via various F&R cycles
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* HA (Honeycutt & Anderson) pairs
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FIG. 1. The schematic drawing of the related HA pairs (Ref.
36).
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| Pure nanocrysialline Cu

True Strain

Yinmin Wang, Ju Li, Alex V. Hamza and
11155-11160.
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Single Crystal Cu(100)

Bicrystal Cu(100)/Cu(110) §\

Sinlge Crystal Cu(110)

Bicrystal Cu(110)/Cu(100)

N Ol
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w Averaoe bhond lenoeth

N | 2
Z (Rij N RlJ )
5 _ i=1
N
N — The number of the first neighbor atoms of atom 1
E,-j — The bond length between atoms 1 and j before the indentation
Rij' — The bond length between atoms 1 and j before the indentation
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Cu(100)

Cu(110)

Cu(100)/Cu(110)

Cu(110)/Cu(100)
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Youno s Modulus

Young’s Modulus (GPa)
Simulation Ref.
10 A 20 A 30 A I 11
Cu(100) 135.95 134.595 82.305 TS5 67.1

Cu(110) 196.051  135.001  137.939 137.0 163

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

[. 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)
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First principles studies of an Si tip on an
Si(100)2 x 1 reconstructed surface

Dung @ Ly, Leonid Paramonov and Charalampos Makatsoris

1

1 Vacuum gap

Tip-surface distance h

Figure 2 Bond lengths and buckling lengths for the reconstructed
Figure 1. Side view of a supercell containing tip, slab and vacuum Si{100)2 > 1 surface obtained from LDA {a) and GGA

gap. A ball-and-stick model of our system with H atoms represented (b) calculatioss.
by the brighter colourad balls.



R. M. Ho et al., J. Am. Chem. Soc.,

Nanohelical Microstructure oo

Left-handed helix (M-form)

Dyroj
>

=34.4nm

P A=15.6nm

PS

D 50.6nm

domain.

RuOs stained

PS: dark region
PLLA: bright region




Self assembly of PS-PLLA

250 |-

200 -

V2

150 =
100 =

a0 -

0.00019901

1 !
100

V1

L 1 L
200

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

Atomistic
Molecular
Dynamics

Coarse Grain
Molecular
Dynamics -

Dissipative & .
Particle ‘g %
Dynamics g%




Dissipative Particle Dynamic (DPD)




Using Box Length Search Algorithm to Predict Copolymer
Structures

| ameliae Cylinders

. -

Disﬂrder

-

Penratecl Lamellas



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

TABLE IIl. Cohesive energy density, y parameters, and ay; for binary polymer blends of PE/PLLA at different
volume fractions.

PE(1)PLLA(9] PE{3JPLLA(T7) PE(SIPLLAIS) PE(T)PLLA(3) PE(9IPLLA(1)

E (kcal/(mol A%)) 374 3R89 59.48 59.6 55.6
ay 3443 3318 64,68 BR.74 47.91
X 646 11.2 13.75 18.06 9.9

TABLE IV. Morphologies for PE/PLLA systems at different volume fractions, bead numbers, and mixing types
(PE/PLLA diblock copolymer and PE/PLLA polymer blends), C and B standing for the PE-h-PLLA diblock
copolymer, and the PE'PLLA polymer blends, respectively.

PE(1)PLLA(9) PE(3)PLLA(T) PE(5)PLLA(S)
Bead number C B C B C B
10 Disorder Cluster Gyroid Perforated Lamellas Lamellae
amellae

20 Cluster Cluster Perforated Cylinders Lamellae Lamellae
lamellae

50 Cluster Cluster Perforated Cylinders Lamellae Lamellae
lamellae

60 Cluster Cluster Perforated Cylinders Lamellae Lamellae
lamellas

100 Cluster Cluster Perforated Cylinders Lamellae Lamellae
lamellae

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




(b)

2
20 R0

Cylinder ' Lamellae




B R-R KB T R A

1. S3atda R

2. AL RG

3. MM EL

>~ = N2y

4. f& A

5. ZARELR

6. RAKER=—1mE

1. A SRS

Table Physical properties of rubber composites

E Tensile Extension E Shore Tear Abrasion Volumic Surface Impact
. No. strength at breat o handness strength vl (161 k) -1 resistivity resistivity elasticity
- #/MPa e/ = Hs a/kN "m™! A ' oy/f} em 25/f1 em e/
= MWNTs-10 w/ % 4.8 2531 " W 25.9 0.22 1.2x 104 6.0 10 47
= MWNTs-20 w/% 5.1 288.1 =
= MWNTs-30 w/% 5.2 303.7 =
» NI0-10 w/ % 9.4 774 52 22.6 0. 4% 2. 2% 104 4.5 10" 48

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

“r B YL B - F Rl 69 1) d 3R 4 (1nterfac1a1 bonding) ~ # & 5 E 8B E

a2 % m+ﬁﬁ%&ﬁﬁ

P 7 ﬁu SWNT 9 K Au5% SWNT % TABLE II
Mechanical Properties of PBO and SWNT/PBO
PAN r_% h\% 3’3‘ %i}ﬂ_ ;E% *;fk‘]‘i ﬁé‘ Lb $§i Composite Fibers
Mechanical Properties of PAN and SWNT/PAN Tensile modulus Tensile strength
Composite Fibers'” SWINT (wt %) (GPa) (GPa)
Tensile modulus Tensile strength 0 138 = 20 2603
SWINT (wit ) (GPa) (GPa) 10 167 =15 42+05
15 108 =10 2005
0 79 04 023 +0.03 i i
5 142 + 0.6 036+002  kFHMWMSWNT ~ HAwl0% SWNT
® MR 7> PBO % 748 & HH B b

} !\ k,"
i ’ W ﬂ*%

Uchida, T. JKumar, S "Smgle wall carbon nanotube d1sper31on and 5

exfoliation in polymers" J. Appl. Polym. Sci., 98, 985-@%9 (2005) . )
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T e LT
T | T | X
L1
im fu,f] "#';} .I:f] 4@ vo,  Chakraborty, A. K.,Coleman, K. S.,Dhanak, V.
b fi,nq NS BF 4 ff 0 R., "The electronic fine structure of 4-
- Ll . . . .
fr',II'I;E:[ ﬁJTL]r | nitrophenyl functionalized single-walled
S8 84 [XX
iqir(dt Voo fH‘ 4@7%2 carbon nanotubes" Nanotechnology, 20, 6
'I [ I
L L L ineenl
(seesl R (2009)
SWNT 4-NO,-SWNT
MWNTs-COOH MWNTs-COCI
HNO,
W A
O o]
Polyketones NH: polyamines

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) 6
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B 5 & &' et SWNTs - PE

Table 2. AFM height and length analysis data for the papoibes. v esensnnsnnns

Average tube  Average tube  Average aspect = Average rope  Average aspect

MNanotube length (nm) height (nm) ratio of tubes height (nm) ratio of ropes
HiPCO 418.1 +£38.9 0994 0.04 444.7 7.84+0.34 171.0
F-SWNTs 26824+ 160 09741004 3133 16.7 4+ .08 40.3

F-SWNT-C;Has 2657100  1.03£0.02 283.5
F-SWNT-C;F,H, 2940479 1.06 £+ 0.01 296.0

9.3+ 0.52 714
5.4+0.13 92.7

Table 5. Mechanical properties of MDPE and MDPE n::-::nmpn::site;s filled with 1 wi% nanotubes.

Properties MDPE SWNT F-SWNT F-SWNT-C; Hy; F-SWNT-Cy,F, Hy

—
Tensile strength (MPa) 433+028 4824041 3.75+£0.23 E 5.010 £ 0.31 6.60 £ 0.458 .
Young's modulus (MPa) 6386155 76244£205 5907218« 819.2+15.1 T40.1 £ 28.5 .
Elongation (%) l.64 +£0.19 1.O5S £ 0.13 1.93+£0.27 = 1.11+£0.06 1.95 4+ 0.19 .
Aspect ratio of ropes 171.0 40.3 = 714 0927 E
- v

Pulikkathara, M. X., Kuznetsov, O.V, Peralta, I. R. G., Wel, X.,
Khabashesku, V. N., "Medium density polyethylene composites
with functionalized carbon nanotubes 7

" Nanotechnology, 20, 195602 (2009)
Molecul . T |
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MDAt 348 - COMPASS

B =, [kz (b-b,) +k,(b-b,) +k,(b—b,) J+ bonding
ilkz 0-6,) +k,(0-6,) +k,(0-6, )4J+ bending
26: [k (1=cos ¢)+ k, (1 - cos 2¢) + k; (1 - cos 3¢)] + torsion
i k,x* + x: out of plane angle
> k(bbb ~b;)+ bond-bond
%k(b —b,)O0-6,)+ bond-bend
i(b — by [k, cos g+ k, cos 2¢ + k, cos 34|+ bond-torsion
%k(@ — 0, |k, cos @+ k, cos 2¢ + k, cos 34|+ bend-torsion
%k(el =65 )(9 —6,)+ > k(6-0, )(6? -0, )cos ¢+ bend-bend
5.6 0.9

0 0

9 6
Z%‘L‘ = Zgy{z[iJ _3[7/’4) } Coulomb

o V.. 7.
Van der waals

i,] ij ij l]
11




E % 1&§(Compressibility parameter > K )

* RAPATRE

300K B9NVT '
?ﬁgﬁ‘: ? ‘?‘4‘% 3000 —
200ps

- 5 I/ AL
HATNPT & 4% >
BT #1494
F HZ AR E 0 R L=
h o BEE =
300K » 2t 85
fs] 2 400ps '

Pressure
(bar)
2
8
I

0.054 0.056 0.058 0.06
number density
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Groot, R. D.,Warren, P. B., "Dissipative particle dynamics: Bridging the gap between
atomistic and mesoscopic simulation" J. Chem. Phys., 107, 4423-4435 (1997)

oo 2
p = pkyT+aap -1 2aap (K‘_l -~ l)k T
4 . ] 8p k— =1+ a. = B
k= (=)r epT 2op
k,T Op
P : Pressure a;=19.66
g
5 5 o &
= o 5
& 14
0 I I -Molecular engineering laboratory

0.054 0.056 0.058 0.06
number density



75 R FE 23 (Solubility Parameter)

PIT 3R 649 75 AR L 2% > PP R [id A (cohesive energy) 2 48 #5 Lu A
WFH A o EPE A TRIRIRAE > MV AR 2%
B - BRESHE A —AFTHRERARSPRNEMERETTL
A8 7R 6 45 AR
isolated periodic
Enb = Enb

5= -
V A
PE

caee®? YE-CNT

AE (T) = ¢ ECOh + ¢ Ecoh = Ecoh
mix A V B V V
pureA pureB blend

T

15




Flory-Huggins parameter - ,

hiE RS M EHEZHANEL AE (T)
% i polymer-solvent ~ polymer-polymer Xerr =Vieas =
B 1E R KT
Polymer Solvent T, C X
Polystyrene Toluene 25 0.37
Polystyrene Cyclohexane 34 0.5
Polyisoprene Benzene 25 0.4
Cellulose nitrate Acetone 20 0.14
Cellulose nitrate n-Propylacetate 20 -0.38
Poly(ethylene oxide) Benzene 70 0.19
Poly(dimethyl siloxane) Toluene 20 0.45
Polythylene n-Heptane 109 0.29
Poly(butadiene-stat-styrene)  Toluene 25 0.39
Poly(ethylene oxide) Water 25 0.4
Sperling, L. H., "Introduction to Physical Polymer 16
Science, 4th Edition"; John Wiley & Sons: New
York, (2006). <Molecular engineering laboratory
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Coarse grain MD = DPD
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Simulation Model

T « 2 %, #3000 FEDPDzk F FR
20 AR,

R ENRE BT

PE#CNT
/L "PE$2CNT 4 - — #4241 o
1238DPDzk T 48 %
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AR o BT AR 00 B

CNNT:FE 1:1 1:4 1:6 1:14 1:20
Ay 27.7 26.79 24.781 26.723 26.471
equilibrium Lamellae Cvhnder Cvlnder Cylhnder Cvhnder
phase . . . . .
=
v

26



#Ed &

0B REALIR TR T X MR S #

u: % % AE R w8 645 1) 1 .
4 ) >, L |

n. Z&F 23 e -3 S : 1:1

0.8 |- : '

1:4
—  3cos’ -1 |

P = (cos@=u-n) i | 16

7 . ! 1:14
< |
= B |
[~ |
S |
S 04 '
(. |
Q |
L |
l
0.2 - Il\‘ :
(H 7~y @ ) ()
| §
0 A | : | . | 1 | 1
18 20 22 24 26 28
aij
27
Molecul ) TR |




R RBETRILRARTZI T QBT TH]




Conclusion : current study
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