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Abstract :
tures in various macromolecular systems, enlightening the origins of many interesting molecular events

Molecular simulation is an exceptionally useful method for predicting self—assembled struc—

such as protein folding, polymer micellization, and ordering of molten block copolymer. The length scales
of those events ranges widely from sub—nanometer scale to micron—scale or to even larger, which is
the main obstacle to simulate all the events in an ab initio principle. In order to detour this major obstacle
in the molecular simulation approach, a molecular model can be rebuilt by sacrificing some unimportant
molecular details, based on two different perspectives with respect to the resolution of model. These two
perspectives are generally referred to as “atomistic” and “mesoscopic”. This paper reviews various simu—
lation methods for macromolecular self—assembly in both atomistic and mesoscopic perspectives.

Keywords : self—assembly, molecular simulation, atomistic model, mesoscopic model, field theory.
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AE o] F1 e YANEY FH A «drPee g 7]
AR A8 olo] wt ] AR A EE A2 ad
EUF(hamiltonian) A= AAFe] % olux g} ZalAd x|
(potential energy) 2] gro & 7]&wck

R el .
H(r",p ):;2—m+U(r ) (D
A7V m= 1A iR AR | "= (), rp,...1m) 8} p'=
(D1, Po,... po) & SISO A AREE X9} 5ol
st ZEl oUR] = o gafel] o3t el oux| el ¢
AZE 452G A ER TEE] el v 2 Ak
Fel=2 wAE 5 Sl
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i<j i<j<k

AZIA w2 S5 & 93t 2Rl R, (7> 2)+= 9
YA} Alole]] 2R3 AT g oAt o]F d52RE X
Ao Ag oux|9] FFe YA % W 1 &4 (hybridization) T3
Foll whet 38 es} 1 el Eol7ke 26 Al (parameter)
7t A=Al Bk e 1 ARREAL Alell g 2ole 2dER
CHARMM (Chemistry at HARard Macromolecular Mechanics)
A2’ & Jed 1 9] shi’l CHARMM22 ¥arde!
=52 FEE Asta vk

U =U0b 8, @, ¢,0.1;)

= Y kb=bY+ D k(0-0,7+ k,(0-0,)

bonds angle angle

Zk” (v=v,)

Urey—Bradley

+ Zk¢[1+cos(m¢—6 )1+

dihedrals

4% @3

nonbondedy T

+ D As /o) =/ 0 )01+

nonbonded

21 (3) R F 79 7Y & =AUE L A 5719 T
At Ax7F A3 A oY A] (bonded interaction) ol #3F 7191E
oln] T 271¢] 71ol= HAE AR A5 &g oA (nonbonded
interaction) Q18] 217} AU Ao -4 SHAE 317G
(bond stretching)oll TAIE A2 iz AFE A5, b-b
Aglslar Sl YA ARl FHAR st Zlololt). FHA
710J= Aglzt A9 (angle bending) ol AR ZH] k= ZAk
T, -0 BH 24 3709 A3 At BAdshe 29 Afo)
ojth. AHA 7]l FHE o)F= A AL HHo|dol #
st el e FAst Ao R k= olof Uist 549 AR, ot B
Holetzte] slgett), sk UlHA 7]od= A3l HlEH (bond
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A Ex}Aof] F2 20]= AMBER (Assisted Model Building
and Energy Refinement),” OPLS(Optimized Potential for
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U AlE ther 23skaL Q7] wiiEell A9 5/300 wet Adst
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Figure 1. Schematics of various nonbonded interactions: (a)
bond stretching, (b) angle bending, (c) out—of—plane bending,
(d) bond torsion, and (e) Urey—Bradley interaction.
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Figure 2. The ribbon representation of native structure of
apomyoglobin.*?
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Figure 3. The change of apomyoglobin structure and stretching
forces under distance restrained with time.'
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ozM AR 58485 FE Ao)7] Wil 1At sk HEY
AR 29 BAF AIZE] g8/38 1elsh Adst 2] 7S]
2} 437} A éit) ©k8lA (hydrocarbon) 52 o] Fo]%l &
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194 ©]7) 2} GROMOS (GROningen Molecular Simulation) 5,
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“FAP e RISIZF ofet “ARE” Ae] RIfI)lell FEJalr] wleTh).
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Figure 4. “Perspectives” in viewing polyethylene. (a) atomistic
perspective, (b) particle—based mesoscale perspective, and (c¢)
field theory—based mesoscopic perspective.

A (DelA 71sd e 4 9 Wge ArAstd 7] 24
Aol Aoz 2AYS 7 I =2F vl 4 (3¢ 24

FE, 127 el Aolel] 283k wleo]
BLs ouX), 2E ofuAwtes ERE 4 (D9 A Ead
Fpell So/R= A= B el sl TaiAe} Agol wet
He | AR 71Eae

21 A% A wAkERE dold
ol

28] el 3l 7lsd JAF ZA Hlx AL B 7
2 SRRl S8l ALl dAE 71sshe Flo)7] widel
A1 gt FAEEE, BEHFREE BARPHO] IR A
ot 2E7REE WO Aeels YRIAIe] Aol &
ot o] opjeba] EAbEE gl Hisle] 259} 22 4
9] HETA 5, IE A9 (ensemble constant) 32710
AEE 714 TARRE AAathe 5948 A9 33ks
o] ofe} ARRERro R WEslohs BAPPE 7Fst] 5 o]
23t BALE Azl 2E71=Z (lattice Monte Carlo) 2ka g}

A RS 7P izl REEA] Giapg o R T}
e AP wiz AAY mdolt) A} e uEAR=
AR S A Fel2 REsy ojnf AAE 7 AxPEe 1148
H B IAE oJulgit). ojuf FEIA x| HidlojakA FEIA
S AR} AdellA ZARE 8l B4 A AR 1ke] AE A

—

X
T
)

]

)
pus A
3
S

oJoIE)

2 wEe

L

SUkS wEsh TRk 9x] ¥k S8t EEHIFIER Al F
Hof|= Verdier—Stockmayer 2112]%,'% slithering snake 21

£ bond fluctuation L1125 59)'%1Y melo] zekw]o] 9]
ol AR BElE Axte] APEA wiite] AE BEo] Y ©es

o] Qan web ;i AR vIAl A% HAL] B Aol
QAT AA YA A9 elFo] AR IS 1 Aol
- wherhs Held 2 93] gk

oL 7143 4k A9 Wz el Welol) olgh WAl A

=2/, A30¢¥ #A6=, 2006

=

A%
Ale) el (state) 7} THSHE 71 kel AIsh £ EL 9]
Aol )3 FALCHEAEE 9125} 25, Bl IER

of
2 9)Ael| oJelint FFFLE). o]gh= 2] oldlelA thE HE o]
E(field theory) FE2 AFo] Wz ~AY FalZA Ao JelE
38l el = (chemical potential field) Y W% = (density
field) 9} 2-& A (field) ofl 28l 7<= mllo]h ! 7] =
B 33 X9 rEA] RdEE EE4 ol ojes 3=
o]& Rdle] 7)¢: WAL TR Al (multi—component system) ©]l
A B 3RS w3 R o9 e JRE Fed 5
3] m&7dol St} 71 oAl 1EAF EU=2] AE(phase
structure) & 7t 2329] WE7F $Ixol| wh ofgA| =Tt
st e oJ8f F8] 7sE 9l o] A dAEely 7]
o Juot ok
w2 AY B
HAlof] Ak &
offgHA| = Zoltk g
Ao AdE HAske art gl Aa 2AY BElelA iRt
oA Wz 2ALRS] AZgo] sleka AFEANE ks 7
olg} st & o] FHEe] HPgS 71 114 U2 Ul
H QX BALE AR, YAF Sl mE URe] F7H (B
s} xeld ) & iAlshs Aol & 5 Qlth(Figure 4).

T o] rdle] Alef st A4 71 WA Al 2] 7]
SEHE AT o) 7|ERo M3 BYe Aun HA olsiE 4
Atk oE 501 ARF 2] BelollM wle] 55 YRk T3 E e
=AY YA m el st 3hEjA <= (configurational parti—
tion function) Z & tha# o] ZdHrt

Ze= Ia?“ exp[- 2 UG 8

A7 p=1/(kpT) oItk 2 (8) 2] TEA T kel We I
= p) 9 348 Teld A= ) o] g8 2o 53 FFo

2 7ledrh

Z. =JDijwexp [-6FCo,w) )

71 Fi &k Bdlold HT o] ez o] Wl A-Ssh=
2 ouRjol [ Dxs FE x2] 3 A (functional integral),
= A7) Wgsle] 7R 5= Qe BE x gloll thet HE-S oJn)dh
t}h FoekA R e x| el a4 (8) T A (9) =N

Adeh= ozt

It
B gatell 278 BAPE whe] At XSS
ZE o] 2o A% BAk= Wes} 8l o] teksl 3k
= WA= Aol RS & Stk BE o2 2| 9
AR A4 F7He @] 7 unit space) ol 28l ZAx13}3E o]
S3t(discrete space) o A E=d] olu] Az} &Y ¥
o] =7} mNEkaL 3P 4] (9) 2] o33 o] ZARTh

bR

)

nde

Z zj.dp'“J.dW‘“ exp [ £ F] 103



aRAA A7 Y ] AAE BA

21 (10) oA p7= (o1, p2.... ) & W= (w1, wo,... W) m7ll
o] T} 9AelM 9] 2 e, 38 XLelES s (i 7 Y
ZoMe] E2lE oF x5 ¥AIh) [ x9 o Aas kst

so] HAT Aotk 4 102 At wsle] 2718 283l ot
2 Ao o) mAe) AUES AN EREE 2T 9SS B
ol oI So] A §A9) B WAEA] EASH= T
PIE QAe] S pe WEe|E HHo AP FEOR A F
2] @9l B2k m BT B BN ) wEel 4] 1009 FR

W2lo] 2 (8) 2] AR R SEA] itk & 1HE ¥4 A9
7492 HAlllE HE o6 ZAS vz 2AIY BAPT AP
HZ 2 AY TARRL R g8 Holghs AMLS HojFEL

Azst oz 2 (8)—(10)¢] FF2 FE o] BAL] e 7=
(state description)©] W% =g} 3pehEeld Ao oghs W
g Tt o] F 9 = 1 S AR diste] 5-AR1 A
o] oftt. 71 olE S0l oW m]A HAA rielM e Y=t
o1 olekal Fbd 1 e ¢ pro] HA ks A el ¥t 1
FH Aol A = 1 P& vRZERolo F, vAA
oA Axe} sk rld S MRS A4sta qivka wE Qe
o] oju] W% d=o} sjshxrld JE 71 o]t AAE A7)
A (self—-consistent) "8} E&H 3T}

TEvhd 2 10) o AT HAF AR 7l oW ZI171? BA)
At BARRE AR 1P 9 A A 1G] AdEgle] A (B), (9) oF 22
A 0 v AES AR flEl A (state) & 71Eshe
o HFES (AR, A 4E 3JehrEld Ju) F45] A
7= 582 IHE 7 A Qlek olelet WAl BS Bl 4
A} She #A5H] AYshd] H1f (thermodynamic average) & 9
< 7 Ut ok AelA Al viel o] Yapdale o] Ay
of] oJsp7] wiell s Ao Ak AER T A o) A
HHolx At 18y dE o) BdoM= AEE Teshe T
el dx, & A el sehyald Jur) 53¥o)x] Kahal
2192V S 287wl A A wgol Hastel = 171€]
Al (o, w)E ek i Alzle] e ddrks wlo] Qlok =;
719] B3t FE o] & (self—consistent mean field theory) 2242
olgfst W& IdSAIZ] YFe] Hit HE o] (mean field
theory) 16| 77 32 thg Aof|A ¥33 AN approximation)
o <AL Sk

Ol
r ol

\

Ze = J.DPJ.DW exp [~ #FCp ,w)]|= exp [~ £ F( ox,w)]
A==gF"1InZ. =~ F( ox,w*)

(11)

4714 Ax dEZ= AU A] (Helmholtz free energy) ©]al
pr, s TR alite]] 71 2 71915 3= p, wel 3ol 19
2L 2% (fluctuation) & &7, 5, g, wx ©)Qe] T p w
e BT FAIskE W 2= SAHmean field approximation)
ol olgjgt AR QaiA] R oUA] F= A9 Aol
A7 ZAREA] Ak o714 Agskal A 212 3t = (mean
field) pr, wxell aFah= YAk 29 el 24 & 78] B

=<3
2 BS7} ek Al 5 4 (D9 B 2kt @ wal
Ak e 2B 0= Yk Pl s BAH 2 ®)9) o A

bl mElene vz 2AY 2] 459

= Hdl MA@ el el exp[-pULGN =] 02 ZAKRE =
ek Zloltr(e]edt offrelM o d= Ak B2 359
Aell &3t ZARE AlgshARE Bt 93] AR 18A] ).
w2 @)l 2ARE A o) BAPF e s 848t
 2lolekd 2 (1D 9] Hat = Al gJgh ik Bak= Ao
HIA] A= pr, weg ek olet & = lv ol d e 2
E AR QEEwL Ao F AR Al A g Al
e WRIAE uEAt ERIE, E5IT9A &8 Al T
&2 i A Aelxs 11 gedo] est Wrolth
Ae=dt pob w 3] A7 |AA] WAl FdAHrelUA] FRE
i glor T FAS Attt 2 Zlsdk W des)
SEdld A he] A |AAPdE Aoz Koly] flsl 1t

ﬂ' = SN
2F A2 Al T A1YA] D o]l sl T Audos
AZ5E Al 9 Rl §§ 55 TEEA Al A|dA H=
WA AS olstollA] AekaAtl sk Al B 502 A A
q o]F BE=F5 ¥ (linear diblock copolymer) oA 1+23}e
T TZFA Y 7T Nolal A WA o B IR Sl dist &
o] e & vl E5353A 25 Aol dish 2] g Al
ke o] mHPTEHH
2
9r,s) _ ﬂvz q(r,s)—wlr,s)q(r, s)
os 6 (12)
9g*(r,5) = —&V2 qg*(t,)+w(r,s)g*(r,s)
0s
o)/, +£@)  forO<s<f
(r,5)= {;(p,\(r)/,aO +&r)  forf<s<l (13)
ﬂOVJ.fQ(r, $)q*(r, s)ds
o (1) = 2
Iq(r, S)g*(r, s)dr
. (14
ﬂOVJ. q(r, s)g*(r, s)ds
25(0) = {

j a(r, s)q+(r, )t

A7 ¢t = 7 EF FE AR SR el st ElA
S, b 1A el Qsto] Aol| Ao, 4= A, B @A)
7] Flory Aa2-4 vl2hulE, p= 7 @41 U (7 =A/B), p
© WAL i X (p=patm), & AlY B 1E pE
FAAN = T HT) 14 AlQ] Yujoln] AL o] 9] W4
9l 5= 0< s<19 MYE ZH=t) 2] (12 -1 oM 2 5 %
o] W A p9l Elydd A pi= 2l miE S 2P|

Ax AIE 7HIA Fok olEs AR A (12) -1 E
AT 2, {a@), w)}E F glo] Bon T3l sdshs
T2 FHE oA F57F IS 5 ArHel= Al dEHE Tsshe
AR ¥ (configuration) 7} F=310] e A A-3sh= Zlolth).
ol T ¥ A= A 1 DE WA= 28 px(0), w1+
ZRA 2 {a@, w}tel dste] HAzsAFle gste] 4 5
M Hl a2 A Wl o124 AT EH? A

Polymer (Korea), Vol. 30, No. 6, 2006



460

)

B gt A wpgol itk ol&A A WL pr (),
w0 E T7] 8 el Fe Hislshe BgollA ofuwst &
H F2EE 7Msal 1 72E TolA E Havt e 72 Y
el 7 ARE {p@), wi)} S A Ee= A, weka o
SH 72 vl 7Pdst SR F2E FollA vhedl Hal =3 &
H FERES APE ARdoY 7o el o)Est 4 bl ¢l
The w3 7R AL Qltk olof] wiste] WAt BARe] o &
B RS 7P ¢l AztslE oik It SR {p ),
wn) & sk el o8l FE HAsslo] pr(), w@) &
A Ak ol {p), wn)}e WYL o5 A IA3, =
ol $iFo] AR tE o] A= AAE o]83le] ),
wr) & LUZ HIAIEA A (12)—14) ol 28l 2] dAde
WESS= (o), w)} S a2 245 W] dag]Eo] o]
St 5 FI7EE (Picard) B9 darglso] ol ARg-HTh

27| GA] ot D= o]&of AT dAak BaRs 1UE 9 a@ak
o] AR FAERE A9 o] %5 G| 34 92 Ale] S
]9~ gsHA| oS5tk dRlo] glont Al BAL 3] dhare]
ol ARl Ale] 4 W3t = Fe| wiEel B3el ol
A A%, & T4 Ass oS etk Wlo] itk Figure 5
T A1YA] Bt LT o]Ref| JFsle] A &5 ESST A
o A7)1x7] Fxolek

T o]& Rulg o] 43k Wik BARS] A 423 W
713t A7 |19A] Hak FE o] HES HIREte] A9 &4

iy 1-}\

Mo
4o

4

o,
H
rlr

@

A A . .
(b)

Figure 5. (a) Lamellar and (b) hexagonal morphologies in diblock
copolymer melt simulated by field theoretic simulation with
self—consistent mean field theory.?’
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Figure 6. Micelle formation of T—shaped graft block copolymer
consisting of solvophobic backbone and solvophilic side chain.*
(a) rigidity of backbone. k=0, (b) k=10 (c) k=107 and
(d) k=10%
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Figure 7. Pinned micelles and holey layers formed by polymers
grafted onto solid nonadsorbing surface.®' (a) Grafting density
0=0.003, (b) 6=0.015, (¢) 6=0.03, (d) 6=0.05, (e) 6=0.07,
and () 6=0.08.
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Figure 8. Dynamic evolution of block copolymer melt (a) under

shear field?” and (b) under electric field. Both shear and
electric field were applied in the arrow direction.
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Figure 9. Dynamic evolution of block copolymer melt under

moving temperature gradient.”” Grey horizontal line represents
the heating line that moves vertically. (a) the moving speed
v=0.01 and (b) v=0.04.
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