_“,e-‘\)
B = = i <~ F

}‘%y fL %‘f,};ﬂ;‘zrz"«i—

AR B RS RE DR BT 2

Rouse-Mooney ##-3¢

The Rouse-Mooney Model for Dynamic Structure Factor of

Single Chains Well Entangled in Polymer Melts

g4 E

HE 2T SR S



BB BRI bR E fs B ]S 2

Rouse-Mooney -3¢

The Rouse-Mooney Model for Dynamic Structure Factor of
Single Chains Well Entangled in Polymer Melts

P T Student : C.-F. Huang
iR HREEE L Advisor : Dr.Y.-H. Lin
Bz 2 <~ 7

f’{t&y it g;_z:;z g

AL 2

A Thesis
Submitted to Institute of Applied Chemistry
College of Science
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in
Applied Chemistry

November 2008

Hsinchu, Taiwan, Republic of China



3 = AT b AR RIS EVERFAR P4 Rouse-Mooney f81

CERE L R PR

Eg Qﬂ—l\ﬁi‘—’r‘gﬂj E}F—'W £

Rouse segemt E5ELHETTH Gy = q A9Bi(g PAFFRL [ E (@Y™ ]
LR R [ 53 25 TR - PR BT S

Rouse Ffifusdf > 7 g’a’ [idd q°R* 5> © Eﬁ(aéﬁf R 57l ¥ % entanglement distance =¢
end-to-end distance 1" UL H5 i) o it qEL ™ ER [rl I SR Jiﬁ[’[ﬁ'ﬂl[’ “‘E@n—%_ﬁ%ﬁﬁ}'fﬁ

PVPIEMS QTSR - SR P PBh T ST L R 2



O U = FREipf [Ia&k’F’ fj=%4!'| reduced Rouse variable (q°(Zt )0'5 ) Ry

o SRS BRI AR R+ D Q B e

—Fi

F’?IFLE*/FIJ}V i T AN SIS A B U T o B [ PHRER R
PRURERARATNY [ SOOI T asEE 15 B i~ 01 <q’ (Zt)" <~ 4
FCT TR R e t <oy dTR) » o PRSP st e ety — 11« Sl 507 ]

{8 PVE ﬁﬁ,pmﬁm@? EIFASEIEGE L F o pIGE - R

HEHEE] S AR fif C ooney model ﬁ’?}‘ﬁiﬁﬁlfjﬁﬂ

URIEIRS - 4. RS [ SRR 55 [/ o 53 f R= BURLUN

II



The Rouse-Mooney Model for Dynamic Structure Factor of

Single Chains Well Entangled in Polymer Melts

Student : C.-F. Huang Advisor : Dr.Y.-H. Lin

Dynamic structure fz . anctions of s ingle (labeled) chains well-entangled
in polymer melts derived from the Langevin equation of the Rouse - Mooney model in
both discrete and continuous forms have been compared with the results of Monte Carlo
simulations and of experiments. The procedure involved in carrying out the simulations,
whose results are in close agreement with the theoretical curves, illustrates the physical
meaning of the Rouse - Mooney model. It is shown that for all practical purposes, it is

sufficient to use the continuous form to analyze experimental results in the “safe” q
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region (q being the magnitude of the scattering wave vector ) where the
Rouse-segment-based theories are applicable. The DSF function reduces to the same
limiting form as that of the free Rouse chain as g*a’or (°’R> — o (aandR being the
entanglement distance and the root mean square end-to-end distance, respectively),
confirming what has bee expected physically. The natural reduction to the limiting form
allows the full range of DSF curves to be displayed in terms of the reduced Rouse
variable q° (Z dt)o'5 in a unified way. The displayed«full range represents a framework or
“map”, with respect to which effects; occurringsin different regions of the DSF may be
located and.studied in a-consistentsmanner. One effect is the significant or noticeable
deviations_of the theoretical DSF ‘cutves' from the limiting curve in the region
~0.1<q’ (Zd'[)o'5 <~ 4 (a timesregion where t<z{) to the faster side as ga is in the
range 1~5. This is- supportéd by the comparison of the experimental results of an
entangled PVE (poly(vinylethylene)) sampleswith the theoretical curves. The DSF
functional forms predict plateaus with heights depending on the scattering wave vector
g—4q-split plateaus—as can be experimentally observed in the time region greater than
the relaxation time of the lowest Rouse-Mooney mode, (7 ), when ga (a being the
entanglement distance) falls between ~1 and ~7. High sensitivity of the distribution of
the g-split plateaus to a enables its value to be extracted from matching the calculated

with experimental results. The thus obtained value for a well-entangled PEB-2
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(poly(ethylene-co-butene)) polymer is close agreement with the rheological result. It is

shown that the fixed-end boundary conditions in the Rouse-Mooney model are

responsible for the correct prediction of the distribution of the g-split plateaus.
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value)is 3.3 « i M /MM S T - R (M /M) “55Z B 1o iy -2l s
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JI PR S < B SRER Jﬂ?ﬁiﬁ,ﬁ@qfﬁ V(T e Jpjrég],l T, E’?ﬁ 3=
ElfJ;ﬂﬁff%?JFj% ) EFrJ‘}iE,IH“» R (M /M)~ (SER Q’ﬁ%*ﬁjﬁé [23] o HEJREE
polystyrene Jt ilj 7+ | ¥ PR 73~ Ry (M/M,)pus5 Al - @ EIM /M, > 10
FiR (M /M,) % 1711 3.3 % [FIB R - ] (order of magnitude) « T et

FT‘JR M/M)pJﬁ]‘Tu}Hl 331@‘,

L3l Boohf=e i i
Fl ) figes LA T B R TGO i U R [ECR VAR -
17 {4 (neutron scattering) Wi Ay B 2O AT - 3 7O SRS 0T )
(RIS g iﬁﬁﬁl@ﬁéﬂ‘lﬁilﬂ o Bl pli= fie i R ffl’?%%bﬁﬁ@ﬁq 73— 3E
ELE] 55 *’Tﬁ’i i © Rouse model 5 PRSI =2 | iy 73 5 O] = Bhaa i i i
lq| <1.5nm ™ iV ES[H " F’?%ﬁfﬁfﬁ %FFEJFI {12],[261.[271 - i[5y 53~ PEB-2
I e oy B UIIC ) [28) > I i FH 1 250 = B RLT 79 3010
LG ﬁ;g Tl R PO ESRESRRS P (dynamic structure factor) Hf B I 25 :"*Fij%
K55 B ) o (ES5THTG() B Z[iY extended reptation theory f[1%% Rouse-Mooney
model [IY g, (1) E1% » 11 35 7] il FRE TSR Ao NI BT TS
ff’ﬁﬂﬁ’%gﬁ@‘;ﬂ[ﬁ“\%ﬁqﬁl?} Rouse-Mooney model [Ff i ERIFVIEET) - I %‘ LA

it » ™ 1'] Rouse-Mooney model 73 ﬁf[li'ﬁ@fﬁ?ﬁﬁ?ﬁﬁlﬁ%%’ o
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time(ns)
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D R P R

2.1 [l e R
F 1 T B OB RS AR P (S (@0 AP PPkl 53 5 953 R
EEIEIRE - S 1SN, RIS g B S@O R

S(q,t)=— xp|iq- ™ (29)

TN Oy

la|=2|q,,|sin (gj (30)
2w
lq,,|= - (€29)

055 FHFILU TN TP RIS £ o A BRSO o q i b ERE

Yy o (P g ) o BIHA T q ST B 0 = i
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B AN a PRI B R - IETREEIIE T mz[_}i' THEIR, =R
F”FTJI - WHEEE T E]S(q,t) fuFen 20 o TN 175 ﬁﬁg%k Rouse model =*

Rouse-Mooney model A Z[Jfi S(q,t) F=-=¢ »

2.2 ZUFEAY K ¢ Rouse model

Fiv (R, (D) -R,(0)) ﬂﬁ.ﬁ’ﬁﬁ%(Gaussian statistics)[F|HE T, (O AFI[ YA B

(R, =R, (0)) s L i Q) IR E[12]

(32)

F[|¥'| Rouse el [ Langevin equation =%, nal mode transformation i< i’ ']

]
S(gq,t)= N—eXp(—q2 Dgt) %

0

N, N 2 , 2 2p2 Nl t
ZZexp{—q?|m—n|b —;TZ[f(m, p, N[ f(n, p,NO)]{l—exp{—T—]” 3

n=1 m=1 0 p=l p

Dg ELE TR -
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(34)

Ny-1
f(m p:N ) ZN_SIH(

s=1 Np

)

2 20 2

p
12k, T sin’ i
2N

(36)

7119 Rouse model [~ £ :

T, =N @Be)y ) {*

ﬁ .
E: ul’

o §N02b2 B M2
p 3kBT7Z_2 p2 3 p2

(38)

M (37) R 2 38) AN [ il Rouse model # Uil [12]-

17



3 A[FEZA © Rouse-Mooney model
T M SR MR SRR G 5 RS R 2 e )
5| Rouse-Mooney model %&ﬁ]‘l’—ﬁff\% 29] - JJIf\l entanglement strands [—f' E| N, [
Rouse segments » — f% r‘jﬁ fli! Rouse segments [ Jﬁ I3 [El | N=N;/N, {lit
entanglement strands ° [l Rouse-Mooney model ]@I% entanglement points £l 7
HURRIN I fﬁj entanglement strands [ |[IV3E s A [P o Eﬁ”ﬁ,’J 73 Y S(q,t) ' &

E5[29] -

N

N c
1 m=
N

Mz

1 N
S(q’t):N_z
0 k=

1 N
:N_z

0 k=1 m=1 n=

Lexo i3 1R 0)) )

—_
1l

n=1

(exp[ia-(RL () -RE)])

=z

J 3

iexp[iq(R;(t))}Xi exp[—iq-(R'n(O))]>

1 n=1

g
<exp[iq-(Rm (tH)-R, (O))}>

) NLO <iiexp(iq,ka(t))><§:iexp(—iq~R|n(0))>

=l n=l

Niog<iexp(iq-R;(t))><iexp( iq R ( ))>

=1

(39)

>

R =2 R! 88Tk » 371 i entanglement strands - » 3Tm #137n i Rouse segments
pm‘ 0 ’54 gR >>1E3J‘(i* NN TS - 3 EHJ: R=[R| > JIE'TE[E[%‘EE"F{ o) 0 4(39)
FERFREIT ] L R s - B GO [ -
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S(@.0 =2 > (exoia- (R, -R,0))]) (40)

e m=l n=1

entanglement strands [ 1(R,,(t)—R,(0)) @qjﬁ.ui’??ﬁ?]' R CIOTTN R S

1NN q
S(q,t)=N—e;nz;exp{—?«Rm(t)—Rn(O)» .
B jéﬁl = J\}%@?J%‘% {Rn} [y
%FEJ o segment R, (t) A& i
— {[#' Ro o Ry LT S feesoh
ot [ w0 2T Il R RR

“Ee 5T B AUERLEIS {5 entanglemen

(i entanglement strand" [V ent strand [IV end-to-end vector(R ) fi' %

)

TELR, —R, o R BRSSO 55 0 T R (R) = Nb? = a? sk

A BT TSI A normal mode transformation it #Z]S(a,) 15

[29],[30](% B4 A) -
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e p=l
fp

TN qz , qzbz N, -1
N—ZZCXP —?|m—n|b _6Tzh(m3 ps Ne)h(m9 p’ Ne)ll_exp(_%]:u
(42)

Ne
sin [p”}
2N
(43)

(44)

FLI S s

fe = ;Ne2b2 = Mez
b3k, Tap’ 3p’

(46)

$C EFE$\ SHEY S5
FU(45)=251 (46) AT ¥ [ 151581 Rouse-Mooney model fHZ[[HVA#HN - $(29],[30] = =5 "]
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i IR T Rouse-Mooney model i £[[{Y=¢(45) » [AE] entanglement points
BT PR T=R 20 Dy F’Téﬁ‘fﬁ ’ :\LnﬁlIﬁ%EﬁJ?\‘(37)EUFﬁ"EJ D, IV [EF] o =9
Rouse-Mooney model =%~" » [IF* boundary conditions fielsigh » =X (37)f[Ifi*J cos &¥T')

sin 713V (45)3H o

24 OB S O

F ri‘”“]ﬁ]‘ >>1H @*Nb® >>1 & [@l '] iy
S(q.1) gL \ ‘ i 2 - S BT)EES)

FURRL = TebRlp A7) ARSI LR T S N p TR

(47)

2gn£mEZJgn(EEZ]=um[£ﬂ:ﬂﬁ£ﬁj_um[(n+”0p”j
N, N, N, N, 5)

A SR B @SRV S@ O Fip - m I n I s

Sy FHRA12] ¢
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S(q.0) =

e amess) Lol o L (%J{I"[Lm “9)

€

e 0 p

HTHRE = mIfIEIR > T 0

(50)

(1

(52)

M fEEG0RZ, J‘T'(IF'F{T[E\T [ TJ TRV R AV T
B ?‘I’ij%?zﬁfjiﬁ (st N Pz i S o F{ t<<r ¥ t<<r [ segments fIUEighmaal L]
[KIF=segments & T f—*ﬁ?iﬂ?ﬂ;’:ﬂ?@ IFLE&EJH”EET I'Iq’Nyb? >>1F|‘/q N b? >> 1 [
[BIE o PR A [ PR B 5T o (R U [ [ entanglement points ¥
PENEIPSoE 2 e sy - AT | gy fef=e | BHEECS @) VAIEGISE ™ o i

RLPVER 2 i35 T IR S0) HA « PISH i ZI5050) £ a7 (Z,0)" ol
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T t)o'5 Y2 E b 5 (A £ reduced Rouse variable » I'] 55 %
- B » Ty = d 2 b
GO

e i g =3 =, = 1 o :_‘Apf’zd_u,[\ %JEIJ
2 GO A1) 2o B = AR 2 IR S 2,

1|
incoherent scattering( S, (q,t) ) ¥RV FEWE! < I[N #]"| Rouse-Mooney model F

mnc

A8, (@) 1 ¢

mnc

1 ' ' (53)
Sinc (qst) = N_Z< A

Sinc (qat) = (54)
E
sin U= ZFI ) 2 I Fis
2 Neb2 % 1 _tp2
Sinc(qit) = exp{_%TIdpF{l—eXp( Tle (55)
0

S5 FEER FTEEF FIIZN(52) [ » S, (qu. 1) P FIES
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) _q_2 zt 12
Sinc(qat)—exp|: 3 ( Jn ) ] (56)

SO TIEN S, (@) AT Z + a ¥ IOFHT PRI << 7))o
Sie (1) WERIAEFEAN WZ Z, 1o 30 (SO)E =8 (37) t << 7, I A Y20
EIFSRE AT | URLE =8 QTR IR | 1/2 2V % cos® (pan/ N, ) Fi[12] =

Y i -] Jig{‘ﬁjﬁ\ﬂjﬁﬂﬁ[ﬁ,\ ik #a#f . incoherent scattering {555 ATl =07 (5

ded reptation theory 73

equivalent) £ » '] ™

(R*)=Np* =K, M (57)
K, T F R e BBl o (R )22 Mo (120 [31] < 3~ Hp124(57)

] DK, R

M

b> =K,
NO

=K, M, (58)
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S8 T FA3) 2 RS2 A -

_ K 3K/
k,Tz’b*  7°Z,

(59)

SEPO il AR K AL > BRSSOV 5 KR 2 S B - S

Hay O P KR @) T b ol 236 [k oI ] Ryt -

EEET - K- g 1 TSR 2, T RS P i
HERE 7, I 70 0 gl S S L 4 e PIB

B B < s e IS R Z, 1957 PR

R e 12,5 T 1D P

57 [1Z]] Rouse-Mooney model {'S(q,t)/S(q,0) {¥& ™ - IR )12
T (45T O SSYR R0 [ SR b - T R 5 s
@S)l1g ~ N {fi20]] o7 (Z,t)" A asgom i T £ =0 4s)
| ot qa AU AR« PRI S5 T U g - ) et g sy
RR AT e T [ RGOS PR T T 2] S(a,1)/ S(q, 0) BT Y ga {5

B R 7 B S(a.D/S(q.0) MR VT A~ L - BTN qa=2.5 B



S(q,t>>77)/S(q,0) XTIH 0.83 » 7t ga =105 S(q,t >> )/ S(q,0) FILE (4 0.075 -
SERPYE D S(a,0/5(a,0) 7 [ IR iy US4 & k- T 7
(plateau) = = ) & P qa [ VAR o A A 1 e R ga dg ]
T Pl B AE T AR & BT G - AR @S)ERIT ¢
PRI T IRl Y deRessi il - =5 PRI SR 20 (45) PRy H 2] a
i RS (1A SURT 5 2 PEB-2(poly(ethylene-co-butene) 100 fi C (17 2 f
othyl 73 A% V1 R [ [ = e e

1D RLES (47 (S0)) | @ (2 )b L OISR P IHIF 110 ) 51159 (45)
T @7 (Zgt) A o Hi-ga ] R 2T (50), 1 5 0.2 < q*(Zt)” <~3 .1
79(45y% 25(S0)AF D £ P IR T SR S | i aa = 1~ SO 45)
PRER SOV R e PRy - IR LRI ga=2.5 fvz (45)=5 (S0) it - 7 ’E‘??*UF'FJ

g

—fi
i

AR f[ﬁ{ﬁ?ﬁlﬁﬁfj’*‘\ﬁi BP0 = SRR R ’xﬁl[ﬁ‘—??ﬁf[ (R [
rrrel “F'ﬁJF%J” E'E'Iﬂﬁ'fﬁﬂ o YTHATIRI R = “F'aﬂ?gf” ’ i?;l’[ﬁ éﬁ“ﬁ'ﬁﬁﬁﬁ% TTATE]
FIRE[[=H] IR | entanglement strands [ORGHRT P EREIE T - g
#! entanglement length af~—= ﬁ[ﬁ[rﬁ qa=2.5 ° YN “Fﬁiﬁj” S [ | ’iﬁl’[ﬁ'
FRRPUEARE LR T2 B3 QR >> 1. 7 i Rouse model [IU3ETEY © 522 50 [{if19
PR PR OR >> 1+ T FRERAR PR S RO s i 1) 7% (50) ) AL

ol « HRIRIAY (8] R & Pda=2.5 0 D 0 (SO B ¢ Ao

26



e o SE R BT HEREE (S0) M 7 ga=2.5 “#ER” [19S(q,1)/S(q.0) IR
B Z, ST - S MR o PR QR>> 1 F Tl apy R T
(SO FEFHEFI Z, [T RIS » ARl ™ 2 RO I R 20 2, s
IR Z, o PISETLOOEIT 7 ga = 2.5 LS (SRR - 7

5 1M fﬁél%“& ga=2.5 F 5P plaas s d 0.2 < q*(Z, t) <3 prdEE = (50)

S o PIRBETGE B PR AR OREAE [ T L T U
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S(9.1)/S(a.0)

. 101 -~ 1Q0 10t 102 103 104 10°
time steps
). S(Q,0AS(a, 0)FIFAASFIHINT=I005b = 0.5 0m > a=5 nm (A7 FAR

—)==A BN FFN, =100 » b=0.5nm > a=35 nms (Fa- EhE )i o F‘ﬂﬁgﬁ?ﬁ

le’xz-le;j/r;n;o
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S(q.1)/5(a.0)

0.0 — e —
101 10° 101 102

qz(Zdt)O'S
HE). 1) 02 (Z,t)" He R F A 38 (45) o ALYAAES)F]PIN, =100 » b=0.5 nm >
a=5nm HEFUFEN - g FEINEL 05 1.0 ZF 2.0nm™ o (O) NAR Y (45)FH]
N, =50 > b=0.707 nm > a=5 nm HEJAUFHN > gl HE™ 5052 1.0 % 2.0nm ™" -
(@) F&F(45)F|#IN, =100 > b=1.0 nm - a=10 nm HEJFVFHN > q I FE]™

0.25~0.5% 1.0nm™ » qa2 | FRyEE A -
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1.0

0.6 |

S(q.1)/5(a.0)

04 r

0.2

0.0 L L IR T SO T T | L L IR T SR N S B | L 1 % olaadgole 1 1 |
101 10° 10t 102

q*(Zt)"°

. HEOHI=05 1% 2nm (qa=2.5 + 5 % 10) it fgos]
Q2 (Z,0)" FT o HOAELAE5) AL (84) o BIER(-) ELS (50) SRR T

q’ (1-18'[)‘1 — g (z-lt)o.s =q’a’/x ] r’j"[_F“'F'[' 0 ﬁ]EJ_I—FﬁWFj;fQﬁ q° (th) =6 1t PF' 0
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T R AR o

7+ Rouse model [[1 > potential energy ’—"l’?iﬁ’?*} F BB > BT] Langevin
equation fi' Il IS4 PRIy )k @?U?j%ﬁ{Rn} FY 53 T 2] o fF E@?Eﬁtl‘i&ﬁﬁ [y

Fraenkel potential ] » {71431 | 54 (B0 B[R, } 0.0 i » S f o

Monte Carlo f5 o 2SR (I‘;%@%ﬁ%ﬁ%ﬁl

= Rouse-Mooney model

D=——-— (60)

it (61)

d A AL~ 5 random walk FFSEARUERES - (7)Y Langevin equation i’
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INEES- SO

R, (i+1)=R, (i)—%[an(i)—Rn_l(i) -R,,,(H]+d, () (62)
B

(63)

(d,(i)=0

(d, (Dd, ()= 0715,,8;- : (64)

I {3 W] (R, )} 130
APl e il
PrRElpu s R end-to-end vector( R )i time
correlation function £% 7] :
1
<R(t) : R(O)> = N—Z R,(0)-R, (t) ensemble average (65)
A k=1
1 time
R(t)-R(0)=—— | R(t,))-R(t, +t)dt, time average
(©)-R(0) ﬁme! (t)-R(t, +1)dt, g )
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#- N, (Avogadro's number) % ,‘Jy']‘ = f R(t)- R0 5 F'Ig LRI P 173 At

3t time RV F i (time 4R LS ) o T ASURERG S (60) [ A AL -

R(i)-R(0)=— ZR(I )-R(iy +1) (67)

ip=1

| SRR E Y- Wi (iteration)  FUERAVAFHN [ 1 JE‘”%FFU fitT=4if » Rouse model 175

il“E'J normal mode transformati

(63)
F.ergz;c i o 2  timg p FlUsA 30
%o _
At
6d? sin2£ Pz J
2N, 69)

A 1= (9) R = R i AE D [« B e RO T A 15

T FEIE[32] o AN IR (SO o T ?U%Tu— REERAE N A g

32 AR PREHF PO
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25 P b RS0 0 (R, ()] PIE TR S (@ D) -4 (29)

F|I*'] Euler’s formula [i* {*#%

S(q.t)= NL<ZOZ [cos (q-R, (t))+isin(q R (t))] x Z_O:[cos(q ‘R, (0))—isin(q-R, (0))]>

0 \m=l

L

N, @%s(q-Rma))}[icos(q-nnw»}{ism(q-kma»}[ian(q-Rn<o>)}>

(70)
- Q)_>+N—<hs(q,t)hs(q,0)> . : (71)

i

(6.0 = Y cos(q-R, (1) (72)

(.0 =Y sin(q-R, () (73)
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CEABLEER 1] scattering vector F@“’E@ :

qsim = (09 09 qz) (74)

-

q.,, r“%ﬁ]}%ﬁﬂj‘ FrH | fY scattering vector > ¢, #<71- £ scattering vector it z f{lIfi 5 & o

ARHEH R TR 1

(75)

3.3 FRE-FAREITERG RGP Ul

SRR T~ H' ] Rouse-Mooney model f:7 R et i Ff AUz Flp R - 1)
;{g‘j It ﬁ%ﬂ/['fﬁ Iy, 70431 Rouse-Mooney model [IVE(E o Z5 ! ﬂﬂfj’ﬁiﬁ%ﬁ%ﬁ[ =
ﬂz’[r%[‘ﬂ,lj 532 Ak ] ¥ i entanglement strand > H Hlﬁﬂﬁ segments {Ro Ry } g

SRENE a’=Npb’- }{%]’ R, %* R, i1} entanglement points £+ %<}l entanglement
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points [ifilE > FY [’f"i;{g‘j R, ¥R,

P
2
Bt

R, (i+1) =R (i) (76)

R, (i+1)=Ry (i) (77)

IFE”fl ﬁifl l f—ﬁﬁfﬁ‘l_prtj:k

PHES(q,1) © JEE N EE R TR entanglement strand [~ R, -

TIERR, P I

(78)
NB

ht(.h) =Y sin(q-R, () (79)
m=1

T [fil entanglement strands ¥ #[UR, [ B 5 T“ TR o B ES

[P I L1 E ] entanglement strand _Fi% segments RSB - ABELA [y £l > i (et

i entanglement strand o AR {5 e [ IR )N 2
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R' .« cosg —sing O0)(1 O 0 R.x
R'y |=|sing cos¢g 0|0 cosd -—siné || R,
R' 0 0 1)\0 sin@ cosf@ )\ R, (80)

SR (= AR, I VRCR [0 A5 5 EIRLRE ) e x W0 B> F )iz il g
BLP)HEIpOFr e R R R > 92 08 0~ 27 IR HOCE YRR R

{RO ---RNe}‘g'*éﬂﬁJ— A g~ O NEER R T HE]- [W#HY entanglement strand o FTT

RS NG RN

SICPES (81)
H
S, (G, 1) = (82)

o BT R VB Tﬁ%ﬁiﬁw*&(42)ftﬂffflfjﬁﬁ'ﬁ%‘\'ﬂ['ﬁ%‘|'(‘° YA o FS R
ESREA A R ARV B ERARRE T [l o PR G R T

l—[:IJ I %Ti s Irui =./N b [JN%’Z‘ LJ FEE entanglement length ﬁ' 71{

R =2k (R, >=Neb2 Fost THRRTHIORER » 2 BT REPI=E o BERR S

G PSR B R 2 = e (RS LRSS P9 A e I A S
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S(9,t)/S(q,0)
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0.0- 1 L1 1l 1 L1l 1 L1111 7Y any v
10 100 10t 102 103 10¢

time steps
B (). UAlRRRY S(g,0)/ S(q,O)@%E*?i'FEF%EU%ﬁ d HAS(—)[NATI N, =15 ~
b=1.255 nm 1= IFEF%,%&L,:&‘(33) » TR | =2000x15000 - A[SF (7] d =034
FRTER © OFS 7T di= 0.05 BHEEIUAHF! EH‘F[? =S HIR#*q=04-0.6-0.8 -

1.0~1.5-20~3.0%4.0nm™" -
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q\%ﬂ(-‘* ). Rouse-Mooney model S(q,t)/S(q,0) Tﬂ%ﬁgfﬂﬁﬁﬁﬁ% o BB —) [N A4 (42)
FIIMIN, =15 > b=1.29nm > d = 0.3FF f e O SARBUZRUHHI (1 x 1, =6000x1500)
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P 1 e PR P I BRI

RUIARE AT i (L R el

RAA T 20 2 ] R T SR PSR L - g

=

FUFE- W %’F’ﬁ‘:ﬁ‘*ﬂé" Feo g o o RSN o 2SI e
HRRIETEY Q87 S ATREEIN IS SRR AT (82 i W% 4 R ER I - 1 - |

]%EJJE? glassy-relaxation(a-relaxation)fi- 81 k& Fl 54 ] izﬁkﬁzgliﬂﬂ;zu , ﬁgj 53 SR RS
| #1761 Rouse model #5357k « [l P a9l Heg e s be > Z, 17 | RLE
[ ¢ B R o pACHRRE ORI ELAS Rouse segment ff [ » 7l | 7 L4
upﬁ IRETGE 5] el o Péra,; SRR 2 R PSR  PIB fr%iFﬁ[h
[277% Rousemodel {1k ik W qu ISR [R5 7 ﬁ@léjrﬁg;@

S 7 lgﬂ}y:h_; uﬂn e o/ |&F. }{:‘[ll;ﬂ—““ﬂiﬂj 1 Fjar‘gn leagfj PVE[33]%
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4y -U-X=—3k—BIUT ‘M-U-X+U"-G (A13)
dt ¢b
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(%37 p {# mode :
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v(0,0) =

-z

F'1 stretching polymer IV S(q,t) i) {f4 7 2 fEif5i (Fourier transfer) f £ v(s,t) :
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vN, 1 s* e 2
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