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Abstract

Investigate behavior of nanojet and structure
properties of polymer solution by molecular
dynamics simulation

student : Chien — Chao Hung Advisors :  Jiann-Shing Wu
Rong-Yu Chang

Institute of Applied Chemistry

National Chiao Tung University

Abstract

Duo to plasticity, lightsweight;simpact. resistance and other advantages,
flexible electronics have the huge potential business opportunities .Micro scale
jet printing technology will play:an-important-role since the conductive material
can be printed on a substrate via this-printing process .In addition , the printing
process can also be applied to the packaging of electronic components. If the jet
printing process can achieve nanometer scale, the development of electronic
components will also enter a new territory .In this study a nano-jet printing
technology with a polymer solution as a printing material was investigated using
molecular dynamics and then observed the jet printing process by varying the
operating conditions. Due to its simple structure and wide usage, the
polyethylene oxide was utilized as a printing material to simulate and to
understand the jet printing process, using explicit atoms model (EA) .Morse
potential was chose to represent a potential model for the metal with regards to
the water molecule. Simple point-charge (SPC/Fw) model was used to be a

potential model, due to the reproducibility and consistency in the experimental




Abstract

results for the properties of water. Meanwhile, this SPC/Fw model is the
simplest three-sites model which possesses better computational efficiency,
consequently leading to be suitably applied to the investigation for the large

scale processing simulation.

The process of this study was divided into two steps. The first step was
establish the polymer solution and then discussed the structure solution and
identifies the correctness of the simulation program. Second step was to choose
a proper metal atom to construct a nozzle and to establish a model for the system
of jet flow. Finally, this study aimed to investigate the effect of driving force and

to study the effect of plunger speed on the behavior of jet flow.
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& Three-site model ® - simple point-charge (SPC) model*® ¢ Berendsen
FAEZ > % - B FEE RS B FL (pair potential)y it oK% iR
2 AR o3k A F BRIz R F & e (atomic nuclei)it B A+ B R
% 4 F 4L 2 4 4 i iF F) 2 (constrain)z. 7 ¥ Hew 127 (rigid model)

foit “EF R FE 4 IRA ¥ L Lennard-Jones 3+ & > 1 2 Columbic potential

g
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SPC H4pd B vk s 3 #3521 20 R I3 EERZ
5Bk (bulk) kiR s R EFAEER REEE %
g B3 o oskg Ly F B 4 % fic(self-diffusion constant) 2 4 T ¥ #c

(dielectric constant) & ;2 3 %% & Frds it o
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model®™ » %4 i 22 2 % 4% 932 SPCImodel i F w35 1 & » Apot H v Hiy
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j= 1 (partial chargé) g i -k-A“3 @ £ chik it i £ (self-polarization
energy) o A @ St g T B ARV N 4e I AT ey KA R o B4R SR
bR i R FL T 3

& % e (partial charge) s m 3% 3 7 AR 4P ¢ AL A FE T o doiE BT R

o,
BoAR 2. R Lo

(polarization effects) 43+ A k4

o
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ip gt Bz (constrain) 4 &+ #-4] » FFF VHEY 2 4R g b Ui R E

S NN L ‘\or»t? slgsBEE R G L UFaEL I N IEr 4 7 5o
T riEd 2 SPC ¥ TIP3P model % %2 & - 2k @ # &4 (flexible) » + 53
TR eniE g AL G v A B (rigid) A F A R TR F AR

Foo Tl tlBERa ™ AF P RFERGF LR T2ty F 8
fo 3% 0T A% 7 @ o] copE G B (time-step) 0 Flut 0 v R F S A B4

B oehs 3 R R 2R B 2 (constrain) Rk A& F #0A) o
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Hoe Ry - B2 B4 % 07 F3C model > #2304 dr 221 22 kAL
TUREZEnEE o N FHRET VS (flexible)dit £~ 42 & g
F o REESG L F P T o RS IS B ER T > T IlER
et b adc(A-scale) » P CE IR 2 REGHE T T £ (Repulsive
energy) > A 1 FIR BT L T e 314 A o BFEREHN 0 N EL
Az (long-range) % it ¥ = g 4e 4—*—?;‘%@& PR ERERF Y- 2 a0 it
¥ 3484 (Structural properties) » # f 1 5 (Dynamics properties)£2 4t 4 £ {4
%T(Thermodynamics properties) ¥k ic B Fa e HogRT B A W o ApEOTH WO

IR F Tl o ks a4 BAF S

Levitt % 4 *° #74 & 57 ENCAD Package 2. *f 4 ii 43 3 f% iy & 1%
BoAF LAy B RERS A T RS R Ry TR %Fj
w(EF s34 éﬁ)iei—‘:’i 7 F3C model o 28/ fif k¢
v

s TS EE SR AT T L CRE T %Tﬁﬁﬁwi’ﬁ
2 1 B 4p(heterogeneous)st % j(solution)es= 3 » F]pt i * s E R B (T B
A3 %f?"\iﬁﬂ?ﬁi e ﬁfﬁjﬁiﬁiﬁ"ﬁ*”f@? = Bk

R BT - BoRAFHA S T AR E S IMA DR > R g
CEGT Y ARLGEAREN IR EER B E TR
LF kAT i RhB EER > Yjie £ 4 PR IR ORL D A
BIFF3 G 4 e Bk A 3 2 4 £ W4 s T el ¥ 1 4 1 AEAPREC 1
#(self-diffusion constant)¥2 4 7 ¥ #ic|d (static dielectric constant) 5 f& ¥ <
Lo PEFPEINRAL VT O

H G HA) S B e SPC A B AR B RS Hed (flexibility)
LB ifa Tz P LR Pizei.g’?;}i"‘,]v}%‘r 7} . SPC/Fw % i;
Ao ST F R > SPC Bai B B A E B Al A TR 2 T

H
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frERF RO G a TV REL T2 THERG M o F 3l
¥ % i (harmonic potentials) » & #& & T 74 £ {4 » @ 2L SPC e e & (7

#c(radial-distribution function) = + ## » 3 ¥ & 4 5 ha 45(3 45 BE o
lifetimes) i -k & & B %] en45 & [ (mobility) ™ *% - 22 % 5 #cfic 3| 5 ko F &
AFROREE ¥ - 25 > BFTHERER ATV BBET " o d T
AFLEIHEELT §RRAHARHET = e FE 0 25 37
s B2 o > kRl SPC AR Bt d £ 319 F
MR 0 SPCIFW 0 R ek i ek 3ot SPCIE 2 % 0 T L B A D

FE AT Rk AT T2 R R E IO e i o

&J

Bos B OF v kg A4 * Three-sitesmodel » #8382 % 2 R+ 2
SEEARPRRIEN S Ao BERHE A SA R O-H ZEE- B
H-O-H 4t & ¥ %23 if & 3B B2 F05 SN0 4o #r5

: k >k 2
intra bond 0 bend 0
U = ;n (rOH —lon ) + 5 (eéHOH ~ ZHOH )

all pairs o 12 o 2 ( 31 )
U inter _ Z 45” (_IJJ _[_u} +ﬂ

ij

1;[ g Umtraa[_\, By A F\ ’%‘L , Uinter E'J :‘% A Fg} 3 :; T rC())H l_;)—:, HEHOH I V"‘J
TR E B TEEE oG DR TS R RO RIER 5 H oy s
Lennard-Jones %% > ¢, B % #% 4 T j= (partial charge) % #c -
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Models

Properties SPC SPCIE TIP3P SPC/Fd F3C TIP3PIFs SPCIFw Expt.
{ron) (A) 10000 1,0000 0.9527 LOTOS (10°%) 10386 (10°%)  0.9779 (107%) 10310 (10°%) 0970
(B mon) (deg) 109.47 109.47 104.52 10471 (0.35) 10597 (0.19) 9791 (0.39)  107.69 (0.33) 106"
() (D) 2275 2352 2348 247 (0.20) 246 (021)  257(021)  239(0.19) 2%
» (g/em') 0977 (D.O18)  0.999 (0.017) 0986 (0.019)  1.O10(0.017) 1004 (0.016) 1034 (0.018)  1.012 (0.016)  0.997"
n, (R=33A) 4.8 434 4.35 437 436 4.53 435 4.26°
"y (R,=55A) 2201 2259 2210 22.58 2258 23.24 22.86 22,3¢°
-.\Hw, (keal mol™ K~') 10.56 ((.11) 1076 (0.11) 10007 (0.10) 10.58 (0.12) 10.69 (0.12) 10,43 (0.12) 10,72 (0.12) 10,52
C; feal mol~ K1) 17.26 18.55 16,52 27.76 2359 26.71 27.37 17.99¢
D, (107 em®s™")  4020.01) 241 (008)  530(007)  276(007)  262(001) 353001 232005 @ 23"
& 66.20 (1.35)  76.66 (1.40)  100.00 (220) 10181 (247) 10204 (263)  193.18 (4.68)  79.63 (1.62)  78.5°
[} 3,79 (0.02) 4.02 (0.03) 5.35 (0.06) 487 (0.09) 487 (0,100 8.27 (0.15) 398 (0.05)
@ 2,55 (0.01) 2,70 (0.02) 3.58 (0.04) 3.26 (0.06) 3.27 (00T 533 (0.10) 2.67 ((L03) 290
™ (ps) 571 9.54 5091 11.23 11.85 16,08 9.50 8.3
M (ps) 319 435 1.90 300 335 220 390
L (ps) 115 1.89 0.93 1.7 1.68 1.02 201 20t
s (ps) an 456 205 351 344 284 417
o ips) 1.17 1.86 087 1.39 1.39 101 1.86 195
it (ps) 295 498 229 421 361 370 470
L (ps) 1.05 1.58 0.93 146 1.40 110 172 19"
#r (107% aum') 461 4.46 495 4.54 400 815 4.50 4.58"
« (107 K) 7.51 504 8.56 5.08 545 781 498 20"
M2 k) (cp) 0.40 072 0.31 0.54 0.61 0.51 075 0.85¢
T (ps) 13 23 10 15 2.1 14 2.2
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JHHGW$“¢+%*§wﬁNT%$mP” LAy ~dRrEE > T
T MaAn MR R R ﬂﬁ&a%ﬁmﬁﬂ’m%Zﬁﬁiﬂw%%
Foo Bl AR TE Y RBA A TR ¢ G ELELHA  HET
&4 l?ﬁ‘iﬁiﬁ§%?§’@?$@ﬂ%’afﬁﬁﬁﬁkﬁi
ST MR FRAAXBAFIRRF BT ZHIAE DE

=t

B4+ MRS ¢ (R3¢ =, Polyethylene oxide, PEO or poly
oxyethylene, POE) # % z = p% (Polyethylene glycol, PEG) » & = + PEO
R oM AR EIR o RSEH L F A F o PEO 2 PEG &
B L% 24pk e £ Wt PEG &3 £ & 20000 g/mol 27 » @ PEO
R FP A AR PG ot R e B G4 B ERR

moitFEEANT APl g

BF L EEATRS B ERA L] 0 fRETHE PR
EXE NI 28 L TSR E I NSy Aot RN Eal i e R
R T B AlBRY AT RE T B R R T m s e
REPE GGG (blocompatlblhty)40 Log o4 pbl2 77 2 %

< g RS 2 LN :!é_ ] gL /‘?f\% L JTJF f@ * R )§i(|ength)ﬁf_‘—ﬂlj s
;Z o
s34 BY gt mmﬁrs/\—*’ﬁf'mi;”l’?}iffﬁiﬂ'ﬁf_

v

& > 4~ %] i Explicit atom (EA) model, United atom (UA) model %
Coarse-grained (CG) model - EAmodel = = iﬁ P it 3R e o %
A M-t RS A S - BEEGIte) T B T EY o F L T4 AT D

i R geiimdy i o UA model 7] 5 EA model s i #03] - 1 & SR R
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+ 2 HgER2 & RF ARG - R BE(site) ) JE T fPid ot B oo
Pl E_T Aok iy ik 4 3 4 fiCA] s BB B united atoms 2 B B4R 5 -

A s
FEHRE L - BERGIR)EFTE - eI HRY P EER LY R
R - > Ra A E RS T RE T 2 RER HEET P R E

oA S 4 7 Aerdi RS > PR B 5 H EA model 0 EF i EF R
5 B enid B B aE R ROE-R)E # UAmodel -

A3 RF ¢ a7 0 UA model 2 EA model e 3 2% & jic > @ CG
model™ 4p Lt ¥ k= K PIBE A Ko TR 4G i £ AT L hF ok
- EAmodel 3 & d Smith®* 2 Neyertz"’ @ B4 7 8§ #r& = > Smith %
AopzE = iy 2 # anRiIFR F ¢ JT.: A BT TR RET - R
ik % o Neyertz % 4 Rl EE M & 2 B R NBHLT - 4E1s Zon £ 4
r1 Neyertz #7i£ = 9% 5 2 AR@E 7 UAmodel % 5t > & 7435 5§08t 308
(scattering function) ¥ ¥2 ¢ 3 $ré¢ @ Bk &%k = & - ZAm Neyertz 2 Zon % 4
ST Y P TG R T JTF Kk Flt i3 UAmodel £0-k0% % BF 2
iR g o Fgt o AP TER Smith B o 2 R E o R A -

Smith % + *:1993 # © § 3 4 H(ab inito) % A#E > 1, 2-- 7 § &
LA 4 B Sl FIF BN RS (7 S8 © 1996 £ Smith
LR RRERY C FORET L > D8] & B 3 40 (SANS)F % &
PERTHREREAAH PRI ASHE 1, 2-27 F A RiE
701998 £ © g 3 it L A ]+ Lennard-Jones 4 it B F ¢ k2
Fene 3 (% 4 o 5gTr 1999 & ©a2 2 L83 ok R A RF ¢

Fenies 4 ffic> TEERRELTE AT SRS Bl R -

i
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3.3.% Fefin

TR ReET T S G 0 1993 & Koplik & Banavar®

% & 4 (Rupture) =3 > B 3-1 5 ©# PR R b ETAEA) 2 5% if o
AR 0k ded - Bdpehip s = 5 Fl3k

éﬁ%ﬁ’ﬁﬁﬁﬁﬂﬁ
TR T A e R 27 AN TE A A i o 1 F

Bl 3-1 i 4ok f2 | *°

1998 & Kawano™ -+ & {7 7 R Lt ® A EF3erFT 7 > # 4v 4 7

\“"
b

B T et B f74 & i f 3 4 i Koplik £7 Banavar® fi“’ﬁ H
Ao @ T RTA S AR § o e RS P R IRt A

@ Kawano
» #4527 Rayleigh ens (@44 i > 2 3405 245 % o
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B 3-2 tétapis 2B (Kawano) *°

2000 # Moseler - Landman'%i& i3 251 v i 7 > 18 19 & 7 el i
FHE IR A > A ARERRIDAE R LY g o T
B4 e A o % LE (Lubrication-Equation) 4c } — i it 57838 = 5 SLE
( Stochastic Lubrication Equation.)., = o #1{8 e7 SLE 27 & 3+ fi 2t fie - 7 3
oS HERAP - £ eni % o B 3-3 Landman % A friCERenE F R R
Ao gAY A F EE G R (Wetting) % > d BlP T DRAE R
B NIRRT P UEFEF AT A ARG FHRY
— S L eh 3V E K- Navier-Stokes = 4238 i 14 = — MghiHAL 0 Fet Arp o
WARY FERGEZ LT ORI BARG AT Z Bl S N T ook

2

ﬁaﬁaﬁfﬁm’@{ﬁ%&+i§%&%’%*ﬁéaﬁ¥4%é;

'

E#7i 3| eni % & w0 % o SLE #H2 9718 7 eh
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(a) Cylindrical injector (b) 45 degree convergent injector
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4.1. 45 F 8+ B1m

AR LT SR T PR O T P R O S
ﬁi:fﬁ"‘:;‘é’:?ﬁ-}ﬁlj;@_—)- _,_F_F'“\:1 'gﬁvmmﬁjx‘ 5B, -ﬁ '/T’IE'FAV/Q-

1. *”T’ﬁ B PR T A ER T E
2. BF2ZRITIEH B RE o SF FFLFEG FEF XTI - A
BB NI IR R BN GG E T 4 A 6O %

BIE S o2 % 2 #2538 (potential function) iy ik > A KEF g

3N

BIBEE R T FE RS A R S AR R

4 B R4 Heha N (force field)md v ig § cilici@ g 2= A3 64 8§

4.2.% 5 53]

oo SBcEA T B BN S  ERG Y E TR PR EAR
*F1°“‘ﬁﬁ%ﬂ”mﬂ%\@Eﬁﬁﬁﬂﬁ%ﬁﬁﬁiﬁéfﬁo
d‘lﬁmbé” /%/&brg/w /%/ﬁsjif%’ﬂ‘é%f }p«%"‘ﬂg‘ al'a‘—T j{j&_

AomA -~ 3 A2 & Fodi dodico
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4.2.1.°k & 3 Fag #3)

A E R ORIELAH O H* Yjie £ 4 18 iz 0 SPC/Fw model - 2

A B S5V S AR Lt ehthree-sites water model 0 & Ft gt G0N Ao
1. & F4ap #® iv#* 4 (Bond-Stretching interaction)

Upong :kb?nd(rori _rgH )2 ( 4.1 )

B F P EEREE L. TR MBEEEE R e T 4EE
o B P Ky 5 Bl 15, BT LR o

Y

2. A 4%t d i¥% 4 (Angle-Bending interaction)

2

k n
U bend — %(ezHOH - QEHOH ) ( 4.2 )

Yol e T 4 0 7 P AR A & b E R o B Y K, B RN
ﬁ’t’ ZHOH f‘" @5‘%%‘ °

3. ™#X # 4 (Van der Waal force)

4 i A 5 B AERE(short-range)® sl 4 0 5 B 1E-1E(B RS )~ B R

R )E AATE RE o il 3N e T

2

H¢ ¥ o % Lennard-Jones %-#c -
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4, R &# 7 4 (Coulomb force)
oY AR ET 2 Bt 3 iR 4 o TR LA T B LA o

g M LA, (4.4)

i 472'80 I’“

#B e oq Rl 5384 % 4w (partial charge) -8k o b it 2 Fa S8 £ 41

4

\\

422.%F ¢ §¥&

AELEY LR 4m’mﬁﬁ$6%’ﬁ?5mmiA4%w%mﬁ
EAmodel » &ét+ % 4 4 &2 SPCIRW-Z 2 4RfF > o *T R 484 F B 5 AQH = f
&
9

Bm Bo e & > Bt AR AR

2

PR 20 S RN

= 7

U orsion = —0.523: a, cos(kg) (45)

Hda o b g fdc kP AR S fpdc (fold) > 4 5 B
b2 &R o

L f 4 Z_2 Lennard-Jones exp-6 #5 it » = 23V 4o T AT
C;
Alexp( I] u) Tej (46)
ij

HYoarBCy 5B Sl Ptz B 2B L 4279 o
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4.2.3. & & i

AMEFT R Y £ RS IFE HCE 4 > Morse potential model ~ EAM
(Embedded-atom method) ¢ TB (Tight-binding model)®>* > 2 8. % &4 & &
FEG(ETRIHRIBEY 4) HY EAM 2 TB 3 5 4% (Many
body potential) - % %84 i a2t 5 s R 7% 4 EpF K,ért TEERT RS RS
2 B g ¥R (4o L) model - 45) > B RS- BRI B H B hR T 0
IR > iz 2 P M o A TS B Y e r T RS
S Syt 0 30 R I REREE
DT T RE L Rt B R HRE RS

7R AR > T AR T % Morse $ti; &nst ¥ 5 4% Doyama % < %°

\F‘lﬂ

4—’@"—*5‘*#17 pr_ﬁ

SR Y g RS Sl e AN SR H o A 0 SN deT Ao

\

Unore = Dlexp(=2a(r - 1)) 2exp(= adr = 1)) (4.7)

HY Daginm & 28 MEZ g 287>t 4 437° o

424306 A5 TAE

I Pz G B3 iR 4 i E AR Ay PR
M MR AEL G LA E A AR R e F A E R R R
aEAnmmkgtmﬁgju@kiﬁiffr%mﬁﬁnSmmwﬁk“a&%%

K/a\ 1511/}?3’“

ﬁ«”?
T
I
e
T
7~
&
44
i
b H
¥
W
’%’*

i ¥ R B) 4

1
440 Fthen &R+ 8 %ﬁiﬁﬁi?ﬁijﬁ%Jﬁiggg,mmg




U Au-0 = Do [EXp(_ Zﬁo (I‘ — Ty ))_ 2 exp(— :Bo (I‘ — Ty ))] ( 4.8 )
Au H 7D0 EXp( ZIBH (I‘ — e )) ( 4.9 )

Z\«i‘ d SpOhI‘58 m_'-a[»i »h y b'a Morse ?%‘L P #B 47 o _:g/ j‘%f'] L ‘%C—_-?‘ , '.ﬂ;”‘

Fge i FIRERG 0 £ v B M S #(Switch function)™ i& 7 i

It
%

Uie S Bioay LRI TR B&?&E,gg‘_ﬁ?; AT L R

Uaio =S auolr)

1 r<r,

s(r)= (rofcf —rz)z(rozff +2r? —3r02n) )

(4.10)

Fop <I<T,
3 on off
(rosz_rozn)
He s ZBMB IS r s BEEE g 5 MPFEJT o

¥ - %G o &R 8 RE o v 2F (£% 4 4% Lorentz-Berthelot

Mixing Rule & {7 » B % 7\4c8F #5550
=0, +0g)l2 (4.11)
€ag TV EACE (4.12)

iz * Lennard-Jones 12-6 %' 5t 37 it » 28734 43¢ o
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Bk

% 4.1 SPC/Fw model %5 % #ic 8

k
_ _bond 0
Ubond - %(rOH - r.OH)Z

Bonds
Kyong (kcal /mol / A?) i3 (A)
O-H 1059.162 1.012
Keen 2
Upena = %(QZHOH - HEHOH )
Bends
Kpens (kcal /mol /rad?) 65, (deg)
H-O-H 75.90 113.24
we _al(@) ()], 1 g
Nonbonded U —4{[ rij] [rJ ]+ FE—
interaction .
glkeal /mol) oA q,(ec.)
@) 0.1554253 3.165492 -0.82
H 0 - 0.41
OH 0 s, -
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B

% 4.2 Poly (ethylene oxide) ¥2 1,2-dimethoxyethane % i %#ic# >4

o fror, )

Ubond :?
Bonds

Kyong (k3 /Mol / A?) ro(A)
C-C 2587.4 1.513
Cc-0 3094.0 1.390
C-H 2742.4 1.090

K 2

Ubend :?6(0_90)
Bends

Kyong (kJ /mol / rad) 6¢.(A)
C-C-H 359.2 109.49
H-C-H 322.6 108.30
O-C-C 498.2 109.04
O-C-H 468.9 111.07
C-0-C 623.8 111.56

UTorsiun =-05 3 a COS(k¢)
Torsions (K3 /mol) kz‘:’ k

aO al aZ a3
O-C-C-H 1.164 0.000 0.000 -1.164
H-C-O-H 1.164 0.000 0.000 -1.164
C-0O-C-H 3.382 0.000 0.000 -3.382
O-C-C-0 10.886 0.209 -10.676 0.000
C-0-C-C 8.457 -4.187 -2.931 -1.340

U, =4 exp(— Bij"ij)_CTisj L 5%
Nonbonded o Are
Interaction A;(kd/mol)  B,(A) c,(ki/molA®) g (ec)
C-C 62701.5 3.090 2682.9 -0.163
0-0 317547.0 4.063 1670.0 -0.256
H-H 11093.3 3.70 114.6 0.097
C-H 18087.0 3.415 578.8 --
C-O 141105.2 3.577 2116.7 --
O-H 59352.0 3.902 437.4 --
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Bk

% 43 AudpmEi 2 2

U o = Dlexp(=2a(r -1, ) 2exp(- a(r -1, ))]

A . .
; of ) o(4) D(ev)
Au-Au 3.1132 2.8909 0.15479
U Au-0 — Do [exp(— Zﬂo (I’ - rel )) -2 EXp(_ ﬂo (I’ - rel ))]
H20 UA“‘H ....... : 7D° exp(— Zﬂ H (r e ))
D,ev)  p(AY) (At 4(A)
Au-H 6.68x10% 1.3 3.7 0.2
Au-O 6.68x10% 1.3 -1 --
o] 2]
PEO [ T i
£(kJ /mol) o(A)
Au-H 0.782 3.058
Au-C 2.436 3.280
Au-O 3.535 2.982

% 4.4 Polyethylene — Water % i % et

G
PEO-SPC Ti T

g(kcal / mol) o(A)
W-H 0.0750 3.0263
W-C 0.2335 3.2429
W-O 0.3389 2.9488
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A3. 44 =B 2 B A

g B e S| F LG - U] 0 A e e S IR el T Een
ﬂ&’w%%%%éﬁ@"m@%%?ié%.ﬁ&;ﬂﬂiﬁﬁﬁﬁ
el o PREEFE SO AR SRR AR € g e - &
DFEE-E Y Rt S ﬂﬁﬁﬂ’@#iﬁﬁwﬁﬁﬁ
WA an s FE A (SC) -z 33ff (BCC)r doww 233
(HCC)z » # s pdafy (HCC)e »+ 84 EH3gY » v 5 NE - £/
R R RS Y PR SRR LR
CER S AT o T B AT OA R R ERHEETIE > A
P F R T o

‘.3;

PRCS

Rl

@K»?‘\i

b

B

Maxwell & & & & @ 4 07 E R ek i o
5—"@’ufﬁpﬁ#§% P HCHERFE R BTGB
R FZBEHINEIERT I R RRAFE LT TG A
LR EAEE N 8 S A P L
1 N
v?ew:(mivi—ﬁ k mkvkj/mi (4.13)
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hAaFE4 BY 5 g RBILF Y h MERF RN R ¥ Rep
#p A & 5] 5 NVE ensemble ~ NVT ensemble 2 NPT ensemble - NVE
ensemble T4+ #c (N) ~ 884 (V) 2 pi (B) ZEZE - ad sk efing
g lu® g {7 NVT ensemble f& v i av i 50 2818 7

V%ﬁ /;:i ﬁ:dlz;é o

4.4.1. % B

WP BT Moyt B pta B TR, o R AR Rk s F ik 5
Egask 3+ e & 't g {é‘_af;#&? FHEE R (Periodic

boundary condition) * t#stt (bulk) B > doB T o BB E 0
SR RTIAEE b LB A L R R o
TRERE D ME £ Rl N A

1 R+ i P e fhFaad hup - e g dpIgre inda
oA

L = system boundary length
when r>L, r=r-L (4.14)
when <0, r=r+L

2. Bl LG RO RHEEREF  F RS TG £ L I 2 F
B 5 FEES D Pl ECEIEAEe P E S 0 MY kT B Flao RS o
FREIRIEI LGB TG R - BRRY X HER

P T OUARIE G e g ECLAE W il kMerle s FZ R R Y o B
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B

when Zr >L/2, inf:inf—L

3 (4.15)
when Zr <Ll2, >t Zr +L
L
when  x; <—?X, X =% + L
VbR mEURE FHBER 0 22 %ﬁmfﬁﬂ’ﬁ%#brku
BRI B m? R > Adidkdeh hehmgd s ¥ S Ak p B Py
ende 3 o
4.4.2. % iR
1. Simple Velocity Scaling :
R4 e %
3
Ek :EkBT
Ek,a _T_a
Bro o (4.16)
ﬂﬂng B R%£%E§°
Td
v =y L 4,17
v, 2 (4.17)

GRS ZAPE I E G SR A RO EKE o iTHR

Foo FptE ot 2 Wt A7 L R EOREARN RELREFREY o

34



2. Nose Hoover thermostat :

B iiﬁ@iﬁ_’ AR TE- HeH o 2% FE ArT
mi
pP=F-2p (418)

35



B

45 BB 7E 2

As B4 B kF L BiFh 2 5 Gear’s 7 F# predictor-corrector
% velocity verlet =& fé#cid = ;£ > A5 3 & * Gear’s 7 F# predictor-corrector »
Fle 3% 27 UEE R DIER] o FE A S 2 BIA 0 4B L

| (Prediction) ~ 3+ & (Evaluation) f=i2 & (Correction) » i 424cT :

1. g (Prediction)

-

TER| PR & * Taylor-series T Fg 5T Y o fdvdn it 2180 Ffd @

BB IR R T - BRERFEOEE SRR E S ERE o RN aEE S

_§+My 1 At LA %m3%m4%mﬁ“§%_
t+At
o 0 1 A= At A 4.At4 é)t
ri(t+At) iy 3 | r'(t)
m — 0 0 1 At Z!At 3!At (3)
A g o o T B A |0 (4.19)
v 2 (4)
rV(t+at) 00 0 0 1 At | T (t)
Vi+a)] o 0 0 oo 1 o)
2. 3% (Evaluation)

%ﬁiﬁ&ﬂé@ﬁmﬁéfiﬁﬁagﬁw G Ny DRIk TR T ep
45 BT H B A L AR o

3. it (Correction)

d PR BN R AR EE R RT L F R R B

,/

g éﬁ&_ﬁﬁﬁjfé ’ _’]i?l’y’ ] []};-4‘: }’imé =8 ﬁo _E = Eﬂﬂﬁﬁ:xﬁ.f‘f o
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Byt

’2 (4.20)

r r oy
VAL VAL a
Srliat? LrlAt? al
1 . MAe3 | =1 3 2
—3'!r At —:;IrmAt + a3 AR (421)
SrVatt | [ GrVatt | | a,
__]5-|rVAt5_e _%rVAtS_ _a5_

;¢ eha, ~a v a, ~a ~a, % a; » Gear’s 7§ Predictor-Corrector ¥

Bl o EUEFIFRYE A (Q) F oA doT A AT

+ 4.5 = A3 r# Gear Predict-Cortector Algorithm % #c

a, g.=3 g=4 g=>5
ES 19 3
o, 6 120 16
5 3 251
a, 6 4 360
a, 1 1 1
1 1 11
(o 3 2 18
1 1
a, - 12 6
1
(o8 - -- 60
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=k

AR BEXATIER S

L 4
v
F% 4 a3 R paiTr d ¥ Z eI -
FRA ARG S o FR TGRS - LaE R
4.6.2.4 F Fi A
J.E%‘Lﬁ‘ij‘ji*i_’_j_g&f%?JE&,*Q%%%B —%ﬁi}\.i\.lra 1
PYTEEM < 3 — TR R B iR R enficiE by o) o F)

® A %L T (Truncated potential)e

oM IER S R R R

S R F R (vr 4 R

/«T‘\T'LE o e

Lo i o2y

§ Fd S U LA R

e U ST

Mo kA g < B and B R

£ Neighbor List 2 Cell-Linking i# » § 4c e = s

RN Y IE - RTLE LR Il e

24

* 4 I #% (shifted-force potential) : 4 # %74 iy {2

TR R BT (ER i )

(4.22)

~ Y 1T = =%
EREIVAR- N VALY 2

aE 2

YN I B ﬁ_.‘f_;“ﬁé?—ﬂiiﬁ,ﬁ @

ET RV R R BN SIS TR o
I T T

SEL O FPFRNE A TG A
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B

i =l (4.23)

HY AF=—F(r,) > » i}u{ shifted-force - £E F A F A 67 M EF B B

fs eg g > AR50 o

J'OUSdUS =—J':°(‘?j—$jr+(%—gjr dr (4.24)

shifted-force potential

x 05+ \
3
=
2
2 o0 E—
o | l
= | =
2 05+ '- : \
5 .
a \ /
\ full LJ potential
1.0 ~
-1.5 T T 1
0.5 1.0 15 2.0 25

distance between two atoms, r*

B 4-1 #tic Lennard-Jones 12-6 shifted potential -+ &, B

2. Long-range correction: &2 7% g L jo 2 b ey o] o R HE R %
B A EERET > PR T2 % 2 R S RS B L
g Wy X T2 b e ) o e EE R b F g S R R

Z o Long-range i3 &t i 4-4Hiz g3k B A2 nig it oo
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B

Ye o[ ulrlglr)reor (4.26)
B poa B R o) LA i Sl 483 ¢ /i % o

Switch function: § & * # %4 5 pF > ¥ 12 % * B B 3 # (Switch
function)” & AR E Menig 1 o § A3 FIERRFGE > AP A E

enip i DR B A SRR R R R Y - B
NG R TEER TR o 424 32 ﬁ?SPOhr P sb £
21§ 2 e R A9 0 20 7 Angstrom 2 R4 R E S 0 2 163

11Angstrom 2. FF B 72 0 3% > JH e Sffea T ¥ an® I T 0 R Ui

BEFER > AR 4-2 477

2.0

Au-H20 potential

0.5 =

0.0

054 \

1.0 B

potential energy, u*

switch function

-2.0 T T ¥ T T T T
2 4 6 8 10

distance between two atoms, r*

Bl 4-2 @ * Switch function 2. Spohr %t 7 3, B >

d B 4-2 ¥ 113 3> Switch function 12 1+ $ 3 4p $FFEAEHGR g 5 o

R SR SN & ¥ @%g@%@&z%’ﬂwaﬁﬁxaﬁ%
H

S|
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Unuo =S auo(r)

1 o 4.27
2
S(r): (rosz —rz) (rozﬁ +2r? —Srozn) - ( . )
5 AT Fon <T =T
(roff _ron)
4.6.3. 8837 5| 4 &
A B E AR > WE e R RN FE

BAEF RS Hep iX S S0 LB T s o] % (Neighborlist
method) “4c:g 33 o

BATH R E A AL 0 B iP hiz- A3 5 BB Flais 3 e

F’EEP\ %iﬁi] gJ“'\ ’ iaP%“tL_F}";Fﬁ}FIE&P\ , ﬂ’l"év\—:j-f__ %‘ff% @jﬂgﬁfiﬁj
AFE TR 4 T Uy SERRsm s S F

= E:Tj,ﬁ SUE o '{’Eﬁﬁj’:‘,{% i "‘% %FIT:%? Q

®

Bl 4-3 MiT7 & E 7 & B

HRIT 7| 4 gE e % B gE o A s+ 0 54 2 (List Distance ,r)p e
4ﬁﬂﬂﬁﬁﬂ’&ﬁT%ﬁ%@@Wﬂ’Aéifﬁﬁ H P oA 50

BEAEE o I - (AR 0 @ BT A R R R e
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B 54X e fed E 4 s AT B P RO LRE L
o WA AL E s SR T AT RFHE LATE s PEL T R
N LR R S E E R R R

|
I$
b3
5
W
W
N
gﬁ
ik
N
)@.\
=i
S
ﬁ N
44
E
-
b
\_.
dor
o
17,
iy
<
33
"
oY
=
A
e

kIR A e R F - AT RN
F A S IS R BT L A AR £ Rl B o i
T 0 F T RAFERCEIE B R AOF 2T A Y g R
ES

YTRESE o z:sa’«'grwﬁw;;;rsg{r;asgjr;q%;é P ® >

O

o
C){b 6<ﬁ3

Qo

O

B 4-4 Cell-Linking i# 7+ % B
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4.6.5.57) 4 %4 ;2 (tabulated potential method)

2, 4L

B A SLE TR TP BEE 2P > EEI & S

exponentiation % error function pF-4< 3 e~ RE HPERF o AFTE P KB

m /MIQ*“*{&%@F?K Feogier Ewald sum3#ERE 44 5 54 FR
erf onAT g @ i * $) Morse 2 Lennard-Jones exp-6 #tip 0 + & Hu@ ¥ 3]
ﬁ%?%@ﬁ&&,g%ﬁﬁ&ﬁﬁ%ﬁ%%ﬁ%ﬂ%,ﬁﬁﬁuﬁii
ok 2 ST R S L L L E e ER R N L
é%@&@ﬁﬁﬁa,a¢%Wa?uugﬁ@g¢%@,,?%J%é

dEREL T Lk o AT P ¢ ErfcoExp 2 = & Sl S| AEE > T A2

ZHg EL o B 45 i erfc o iT LB

Complementary errar function

RN B, TRIN RN USRI NS
DEI 10000 20000 20000 40000 20000
X

Bl 4-5 # = Ewald sum i¢ * 2_ complementary error function 71| % % it 7+ & Bl
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4.7.long-range interaction

Fugp aiE 5 ¢ o ¢ 35 Lennard-Jones 2 Morse potential ‘¥ >t short-range
interaction > #X @ & %4t f& >t long-range interaction pF » — 4L gud 5 2 N T 7

i I oFE Ry i 0 A & 3t 4e e EJT long-range interaction i & o

t short-range interaction 3+ & Bk 425 » ¢ S sphig * 441 3% 2
FHHEREE S RS F WL B FEOEA R AT 0 F]M LF R T 4.6.2 47
B ARG RS kT KB S e e A ¥ long-range
interaction @ % > AP e IR > VK- B R TIE BT B 20 Fm?‘}*k—l- A
o A AP ETE S AL TREEL Z A p AR FER o

B LRFR Y R ETZLEE S TRE WLt long-range correlation A¢
RO B2 AL L gk o R TE B A st D At AR
4.6.2 = long-range correlation =14 i3 1+ ;5 ¢ FFE A o § d>3PF > B B
X0 R TEZRBEGEN  HTeW A S FAPHIES B 4 pF > B

T ORE R {0 FMFL = long-range interaction > ]yt » & 4.2 ¢ 3% ¥ 0

E‘Lﬁ-

g
N

Y

pas
[}

7
~

& # (charge —charge, r) & ¥ % 4> long-range interaction °

\\

B G A B A B A i deB 46 AT o R UTEERS
7| Lennard-Jones A 2 % > @ B4 4 PR T ARy S lkE
B BT b e R T AP ehg fg,\o FAROANPTLE FREP] -
L /z,‘]}q\;;.gh‘ RE BT 0 Ra o Wik THcE 2K 2 8
stKJﬂ/z—f“‘b-QT\ P B A e r i endeid 2 2R P E RO S K

2T AT BEARIES R ARG

.\

-mlk
=

g
4 ek g ,gw

LN
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B

20

—— Coulombic
154 |~ Lennard-Jones|

0.5+

(i ) L O

-0.54

-1.04

-1.5 T T T T

B 4-6 " #iE 4 4 27 Lennard-Jones %t s: "% M 3 F 4R R

4.7.1.Ewald sum

Ewald sum £ 3 o (eI on A > 8 SSAR R L i g Tk AL
long-range interaction =38 & SE¥PERL Aom S 0 FERL Tk AP ~ B Rt

B ¥t g o TR 4 T s T A

Uy == Z’ L sy 49, (4.28)

472'80 i=1 J_l‘rj +n‘

He qiqikFafmes tii- =224 Pn=(nL nL nL)3 4
T He® o Bdn vn 2n 5 FHE LA RER - Vb g
Fl R 4o Solic b die s RAEIE Y £ An=0" i=janrtE o %3 40
% 1% iy ag (conditionally convergent) » #-¢ ik e 4% if i SLernB~4-2R R (n)
3T o — LA P S s kS BB RT3V kR AR
LR e th g o B4 A n=(0,002+ B n=(+L00) ~ n=(0, £L,0) %

=0, £L,0) B 23T F - BB R AT KT - @A kkanzka) ki doR] 4-7
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Bk

T
-
=

o

_———__ Sphere surrounding

.

.

/ \\\

Bl 47 i S ® (5 #rad = enzka) ks Rz hendia R 2 4 A
AR ¥ Be,

(‘H}

interaction =7 error function 35 3¢ -

<\

R 3E ot % v m gE A (s 0 % 3 e » F) (canceling) sh R dF A T A K
FAE om I B EEE E#EHE T BT F(reciprocal space) % v
f R E Ry PIE R 3 R (real space) # 17 A TR E o ¥ 4o d g 30

ZRBENR AP B3 p P r - R4 d o FI PR FEEGRE RS

(s

—\\
L

- 38 self-term » &1 7 #5132 AR IR e
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Bk

© eﬁc@dri4—np
Qdj—————
|n|=0 ‘rij+n‘
Uy =23 K* 4.29
o =522 +(ﬂL3jk§qq exp[ o jcos(korij) (4.29)
K N
_£ﬂ1/2);qi2+(3|_3quu i
# Kf.ﬁ_,ﬁﬂ’#&f kel ;F’*iﬁmerrorfunctlon R RE R g 6
REHTL AR ERS > SRLERLINRNIFREZES B
kspaceo— ;’iéé’#&;ﬁ-ﬁé Z R fn= Of'r*v]t%ftia‘ TR FPEE o

Fh4v o FUEEBY Vo - BBug=5/L 0 BEF AR EL L2 &N

4
@ﬁﬁ%@ﬁzﬁ’%é,4& pleR R D -
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B

48.1.8 %

VA R kg o R & (Temperature) %k p 3t R chi@ ds o A 5 B

~

FF g S AR T hin g 2 B8 ks
FHME BT L E RS A
3

Ek :EkBT

32N<ZV V> (4.30)

Ho Eknf"% "N & . ,\_\—”'ﬁi’kg.‘»/}i“ﬁ #&’Tmm_ﬁi

48274

& 4 (Pressure)

s

i<j

He p i Tl FTG 2 R REE IR 0P L ARSI F

I AEH AT PB4 R 08 RS B IEY 4 R4 clong-range
-

correction 7>t

Pr _ —2mp (> dU(r) 2 32
T T gy e (4.32)

BPY paBR kg m %k 8O TLZERE > Ul S Sl o) 52
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B ST & A5

4.8.3. 0% A i Sk

BB R R B R PR LA G TS
HROTRRTH 2 B AR LR RSk FN A &

L= % o RDF 2 8¢ — fidof Lo %

N, (r,Ar)

o(r)= (4.33)

M

VR
TSN NgE

ijv(r,Ar)

N (r,Ar) & & & time-step ABEI r~r Arzk 27 DRk 5 fo N 5 Ak
FH phr ANTIERR V(A & BRI ~T + Ar IR BRI M S M A
time-stepse H 2 K 5 — BRAF S NRAEY - BT T or~r+Arif s
FEOEF - Lz KRR J‘!%’ﬁé Joaph BRI B R F  g howoan

ik S
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) G, 4L
ol St

5.1.-k& B 4§ ¢ J:,T“p KA B A A

AL B PR AB DA TR R BE T
EREePBa 2 (8 0 M SHAKBIRERS L kB RS RREFEFY o

Kip i R A R A4 Yujie ¥ 4t 2006 B £ 2 2 Bpoxaz e &
o AP kG NVT ensemble > d & i@ * 216 %5 k4 + » T B2 W
F3F R R 5 lg/em® o Ao tT R 5-1 o 0 T HTE Bk iR R Y
Nose-Hoover #7414 B B » @B B %3 A% 8 298.16 K5 & * ¥ (g Rt
g ;ﬁ MR B R 0 $13 short-range interaction i@ * £ #rgag 2 ¥ R
%l j5 % 9 Angstrom- ¥ ¢t fong-range interaction 2. & 4 + B]i * Ewald sum
PECHP G FERRELUE LRIt S kB 601 * Fifth-order Gear’s
predictor-corrector B > 2 AT B P-— B i pE R (time-step) = 0.4
fs > i HE5 = 3 {7 2 ns (5000000 time-step) » 1 ns i s s 3| T > £ H 7 1
ns i@f'?ﬁ’\%,%‘élﬁ o 2%k KLPCHERIE ) b w34 51 ¢ o

Vb R ¢ eha 3R K 4 T R TR E 0 1945 Smith & 4

43-46, 61 _ TR ',‘lﬁgﬂé_é};ﬁg,z BiExY 1, 2--7 5 Az
(DME) &% % & itk 2 A a0 ¢ 3RF ¢ 2 g kL Baies 4
WEAFEF L 2229 F Ao gy S &l I 343K ¢
J"TJF SPREAT Y o FIMEAE L 2-2 " § A RRBREFY Z o 4
SR D 2 BRI R G T AR 0 i NVT ensemble > @ * 3 /7 e
SRR E R 0 A B G X =018,072 5 8 £ F (4 W 5 46 iF DME “4c 200 %f
kA3 2 77 i DME 4ct 30 3f-kA 3) > 4oBl#7m o B TMA REHERAR L
1.122g/cm® (% ke £ ¥ 5 23.5 Angstrom) » I ¥ 4008 B %45 B 318 K o fik
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HoHR & S
i 2 2 {7 0.8 ns (2000000 time-step) » 0.1 ns & % ki 3|-T = £ 3 7 0.7ns

AR R o P RERIE A4 5209

U

B 5-1 216 B kA 5 (HO) 2T firfised # 4 sz an 3 o 27 Fd R3

25 hdsd

H20 0O
H20H
Peo O
Peo C
Peo H

Bl 5-245i51,2-2 9 § &2 % (DME) 2 200 %5k & F (X, =018) 2

@5‘@ %‘L 3 § ,:lﬁ L= I/Q\.ﬁ- i
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) G, 4L
ol St

WP RN S IR SR EF ST

Model SPC/Fw

Ensemble NVT

Molecular numbers 216 H,0

Density 1 g/cm? (L is 18.6 Angstrom)
Temperature 298.16 K

Thermostat Nose-Hoover

Algorithm Fifth-order Gear’s predictor-corrector
Long-range interaction  Ewald sum

reciprocal space of k 6

Real space of cut-off L/2 (L is system of boundary length)
Short-range of cutt-off | 9 Angstrom

Total simulation time

2 ns (5,000,000 time-steps)

Equilibrium time
Sampling time
Time-step

1 ns (2,500,000 time-steps)
1 ns (2,500,000 time-steps)
0.4 fs

# 5.2 P Bt DME VKB R 2 oiif (vif 2

Model

Explicit atoms-(by Smith et al.)

Ensemble

NVT

Molecular numbers

30 DME & 200 H,0 X .- =0.18
77 DME & 30 H,0 X e =0.72

Density 1.122 g/lem® (L is 23.5 Angstrom)
Temperature 318 K

Thermostat Nose-Hoover

Algorithm Fifth-order Gear’s predictor-corrector
Long-range interaction  Ewald sum

reciprocal space of k 6

Real space of cut-off

L/2 (L is system of boundary length)

Short-range of cutt-off

9 Angstrom

Total simulation time

0.8 ns (2,000,000 time-steps)

Equilibrium time
Sampling time
Time-step

0.1 ns (250,000 time-steps)
0.7 ns (1,750,000 time-steps)
0.4fs
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B
Neighbor List &
Cell-Linking

12 2, 45

v

AR R 8 BB

v

R i B R A kiR B

v

BEELEGHE ARFRIIEA A
A0 ke e ik B

v

™+ A ~ rP e+ AN 8 rY (14 AY)

FHr(+ AN~ F(t+ A1) ~ E(+ALD

v

WRENTHAEME

AT BH
Neighbor List & Cell-Linking

5

| e RIGHE A Sl FRIERA A
> Sk K

}:t””(f'l"ﬁf) & .":.”\'I’{)'+A.") Eﬁ-f-f}l\:'{f"'"&")

15 IE (1 + A1) ~ 7(1+ A1) ~ F(14Ar) ~

HESSTERLE - BE

Bl 5-3 .7 okt AT

53



HoHe 0 5

5.2.3 A3 Rk ki

KB i avp AR 54 S f R &R 5
FCC100] £ 7]a = » FERI-E ~ | 5 E & 88 23 ~ 3 /25 8 & i chlfilfs
U FEAMIEL 654 N 354 kﬁiiﬁl%°”

FH4c® 5-5

l}'

gl ATIT o

L

3\1%
—
P
=
T,
-
G
|4
e
G
N
(‘m\
=

dNFAHRA A I BRI RS RF AT e

F?’”ﬁﬁg%ﬁﬁ%?’Eﬁipiﬁ%%ﬁ%%ﬁﬁﬁﬁiL%L
BRI s A RAPMAT T 2 A AH o kiR * 6240 3ok A T

‘-’r

6 HERER 12 RF e A (ERF At 5 0.0275%) « it 7 of if Hioke

(w,
=)

R T R AR Bl e da0E AR S 2 P o F LR
S B 0 B T R A 0 B TR A

EERIE R 4 SRR BEREGTAMFEER S CEL T L
LR GE BB REAHFE » i > T2 (7 0.2ns FHB & v i 1)
TR

&
=

—\\
L

N
\ VS

=
s

AT GREARY o P IR A FRIRE P AR A R o
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HOBR 6 st

W A R G AR A 2 R (Wetting) e & > T Gk G T ohir )
BBE R R o LR A & % chE_Nose-Hoover i {7 £78 » of w284 4§ 7

AR AR 5 25T AL 0 F]et # % Simple velocity scaling #78 -

BAef Ao > # B R R AN E 2 TR AR - AR
PERTS A SRR R A T R &R

F A HEE - FAE P TR dEHa L o

8.04nm
1.25nm I VurLume.o.94nm
1.25nm
I NUMBER: 15198
S8 | MATERIAL:GOLD
6.056nm & | 9.1680m

SENENE
SEsieannn

.
RREBEERE RS BA A

Terese
EezuEelnie

0.612nm#*

B 5-5 A A P T L E
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*3—*5( 2N JU

£
Neighbor List &
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