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Motivations

@ How to generate nearly equilibrated initial melt conflguratlons7
(based on the bond fluctuation model)

Polymer melts: Bead-spring model in the continuum

1. Generate Gaussian chains (switch off the excluded volume interactions) and
arrange these chains randomly in a simulation box

2. Switch on gradually the excluded volume interactions
= chain deformation (self-screening, correlation hole effects)

Auhl et al., J. Chem. Phys. 119, 12718 (2003).
Moreira et al. unpublished (2014)
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Motivations

@ How to generate nearly equilibrated initial melt configurations?
(based on the bond fluctuation model)
Test the pre-packing strategy
before the excluded volume interactions is switched on

Polymer melts: Bead-spring model in the continuum

1. Generate Gaussian chains (switch off the excluded volume interactions) and
arrange these chains randomly in a simulation box

Solution: Pre-packing = reduce the local density fluctuation
(rearrange Gaussian chains in the box)

2. Switch on gradually the excluded volume interactions
= chain deformation (self-screening, correlation hole effects)

Auhl et al., J. Chem. Phys. 119, 12718 (2003).
Moreira et al. unpublished (2014)
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Motivations

@ How to generate nearly equilibrated initial melt configurations?
(based on the bond fluctuation model)
Test the pre-packing strategy
before the excluded volume interactions is switched on

@ Check the effects of chain stiffness on the conformations of
polymer chains in a melt  non-Gaussian corrections

Why polymer chains in a melt are not random walks
J. P. Wittmer et al., EPL 77, 56003 (2007)
“The deviations (from ideality) come from the interplay of chain connectivity

and the incompressibility of the melt, leading to an effective repulsion
. o 2 _ K2
between chain segments of all size R?(s) = b3(s — ¢s/v/s)

Flory ideality hypothesis (1949): “Chains in a melt are (nearly) ideal”

intrachain “="" interchain excluded volume interactions ~ R?(s) = b?s
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Bond fluctuation model (BFM)

@ 3D SAWs on a simple cubic
lattice with bond constraints

|

e 108 bond vectors b are from:

{(£2, 0, 0), (£2, £1, 0),
(£2, 1, +1), (£2, +2, +1),
(£3, 0, 0), (£3, +1, 0)}

HI T including all permutations
2 <[ b|< VIO

@ 387 bond angles
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Carmesin & Kremer, Macromolecules 21, 2819 (1988)
Wittmann & Kremer, Comp. Phys. Commun. 61, 309 (1990)
Deutsch & Binder, J. Chem. Phys. 94, 2294 (1991)

Paul et al., J. Phys. Il 1, 37 (1991)
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Bond fluctuation model (BFM)

@ 3D SAWs on a simple cubic
lattice with bond constraints

e 108 bond vectors b are from:

{(£2, 0, 0), (£2, £1, 0),
(£2, 1, +1), (£2, +2, +1),
(£3, 0, 0), (£3, +1, 0)}

i including all permutations
2 <[ b|< VIO

@ 387 bond angles

<t

TN
T

RN

RNIIAA

Linear polymers in a melt

“=" 3D SAWs based on the BFM at a volume fraction ¢ = 0.5
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Simulation techniques
Set up the system
o Lattice size:
V = [3 =128 (periodic b.c.)
@ Monomer density:
P = (b/8 == 05/8 — Ntot/L3
@ Total number of monomers:
Niot = ncN = 131072 ~ 10°
n.: # of chains
N: # of monomers per chain
@ Bond bending potential:
Up = ep(1 — cos )
(chain stiffness)

START

Switch off
excluded volume
interactions
Generate n.
Gaussian chains

Switch on
excluded volume
interactions
Push off overlapping
effective monomers

Equilibrate SAWs

in a melt

|

END

—>( Pre—packing

Lattice Monte Carlo simulations of polymer melts p.7



Simulation techniques
Generate n. NRRWs of size N

@ Chain growth algorithm:
Polymer chains are built like non-reversal
random walks (NRRWs) by adding one
monomer at each step until all n. chains

reaching the required size V

START

Switch off
excluded volume
interactions
Generate n.
Gaussian chains

Switch on
excluded volume
interactions
Push off overlapping
effective monomers

Equilibrate SAWs
in a melt

|

END

Lattice Monte Carlo simulations of polymer melts
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Simulation techniques

Pre-packing:
keep chain structures (NRRWs)
rearrange chains

Switch off
excluded volume
interactions
Generate n.
Gaussian chains

@ Monte Carlo moves:
Local 26 moves, Pivot moves
(pivot point: center of mass)

—>( Pre—packing

Switch on
excluded volume
interactions
Push off overlapping
effective monomers

Pivot move Equilibrate SAWs
R TTTTrITTTTS in a melt

|

END
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Simulation techniques

Pre-packing: .
keep chain structures (NRRWs) £5=00 —s—
. g=1.0 -t
rearrange chains 2 =20 s
< 10 £,=3.0
N/\
@ Monte Carlo moves: g
A
Local 26 moves, Pivot moves % Ll *&E
(pivot point: center of mass) 05 |
@ Cost function: 1 100 1000
= Monte Carlo steps

average local density fluctuation

Ule) = (n(0)?) — (n(0))?
1 Moot 1 Moot 2
_ 2
- o (5 3500)

Ntot 1
Niot 0, forx <0
ni(o) = Z H(o ru)vH(X):{ 1,forx>0
oL -
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Simulation techniques

Push off

overlapping effective monomers
blocking the same lattice sites

Switch off
excluded volume
interactions
Generate n.
Gaussian chains

@ Monte Carlo moves:
Local 26 moves
Slithering snake moves

—>( Pre—packing

Switch on
excluded volume
interactions
Push off overlapping
effective monomers

@ Criterion:

» Bond constraints

» Chain stiffness
exp(—AUp) > r
0 < r < 1, random number

ANgyer <0 Equilibrate SAWs
in a melt

|

END
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Simulation techniques

Push off
overlapping effective monomers
blocking the same lattice sites

@ Monte Carlo moves: o ‘ ‘
10° F S &, =00
LocaI 26 moves AN (fully flexible chains)
Slithering snake moves 5 .3
2 10
e Criterion: %
» Bond constraints w0l
» Chain stiffness ; ‘ ‘ ‘ 1
exp(—AUp) > r 10 102 10®°  10*  10®  10°
0 < r < 1, random number Lol e b
ANgyer <0

NRRWSs (Noyer > 0) = SAWSs (Nyyer = 0)
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Simulation techniques

@ Monte Carlo moves:
» Local 26 moves
> slithering snake moves

b pivot moves:
48 symmetric operators
(no change, rotation by 90°,
180°, reflections, inversions)
@ Criterion:
» Bond constraints

» Chain stiffness
exp(—AUp) > r
0 < r < 1, random number

» Self- and mutual-avoidance

START

Switch off
excluded volume
interactions
Generate n.
Gaussian chains

Switch on
excluded volume
interactions
Push off overlapping
effective monomers

Equilibrate SAWs

in a melt

|

END
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Simulation techniques

@ Monte Carlo moves:

\ fi
» Local 26 moves o LA A/// o L6
\ 1 — \l/
> slithering snake moves A
. ) » o+o L26
> pivot moves: S Ul

48 symmetric operators

(no change, rotation by 90°, /’\

180°, reflections, inversions) W
o Criterion: Slithering snake moves

» Bond constraints

» Chain stiffness
exp(—AUp) > r
0 < r < 1, random number Pivot moves

» Self- and mutual-avoidance

Lattice Monte Carlo simulations of polymer melts p.14



Collective structure factor S(q)

@ Representing the conformations of the whole polymer system

at different stages

e -7~ 1))

Sc(q), NRRWs -
NRRWs —a— |
Pre-packing -+
Pre-packing+EV --a-
EV oo |

-1

Latti
8b lP gpaacicneg]
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€p = 2.0

3.0 6.60
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tot i—0 j=0
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Mean square internal distance R(s)

@ Initial configurations of SAWs

1 Nne ]. N—s
R = (23 |7y Xy~ T
Ne n =g [N =555
6 ’Pre-packing+‘EV o g;)
EV  +
5 Equilibrium 3.0
Lo
@2
~ 4 B
A
0D 2.0
OR8> ]
'
Vo, 1.0 |
— OIO
1 ‘ ‘ ]
1 10 100 1000

S
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Mean square internal distance R(s)

o Fully flexible chains in a melt

b2=3.244° /{\ y)
s=j—1i
10
w
A
w
o 971 ne= 256,N=512 =@
o
v no= 512,N=256 -
ne=1024,N=128 =«
8| n.=2048,N= 64 «x
Ne =4096,N= 32

1 4 16 64 256 1024 4096

s
Theoretical prediction:

R%(s)/s = b2(1 — c;/\/s) for 1<s< N

_ (be = 3.244, ¢, = 0.412)
Wittmer et al., Phys. Rev. E 76, 011803 (2007)



Mean square internal distance R(s)

o Fully flexible and semi-flexible chains in a melt

10 ‘
N=128 o
N = 256 c
N=512 = b

FRC - it sssssase 3 ()

1.0

0.0

1 10 100 1000
s
Freely rotating chains (FRC):

1+ (cosf)  2(cos®)(1— (cosh)®)
RZ — 2 o
(s)/s =L (1 — (cos §) s(1 — (cos#))?




Persistence length /7,
@ Bond-bond orientational correlation function:

(cosf) ox exp(—slp/lp), (Gaussian chains)

b
<*\;;)

s=j—1i

€ Ip Iplaie
0.0 1.18 2.63
1.0 252 2.62
2.0 430 2.62
3.0 6.60 2.61
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Persistence length /7,
@ Bond-bond orientational correlation function:

(cosf) xs32 s* <s< N (dense melts , © point)

b,
1 ‘ iy z)
i E‘ ] e=3.0 <~L)\\> J
J

s=j—1i

X b + 0O

€ Ip Iplaie
0.0 1.18 2.63
1.0 252 2.62
2.0 430 2.62
3.0 6.60 2.61
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Collective structure factor S(q)

@ The scattering from polymer melts in equilibrium

6

8b=0.0 —a—
8b=1 0 S

ne=256, N=512

}
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Collective structure factor S(q)

@ The scattering from polymer melts in equilibrium

6

8b=0.0 —a—

Ne=256, N=512

i

Mean inter-particle distance
~ 2 [lattice spacings|

Bragg peak
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Collective structure factor S(q)

@ The scattering from polymer melts in equilibrium
6

i

8b=0.0 —a—

gg=1.0 - Ng=256, N=512

“Dimensionless
compressibility"
= pkB TI{T = Cg
RT

_ 1) (av
=—(7) (%)
(isothermal
compressibility)

Mean inter-particle distance Bragg peak
~ 2 [lattice spacings|
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Structure factor S.(q)

@ The scattering from single chains in a melt in equilibrium

-2 8b=0.0 —a—

8b=1 0 HR—
8b=2‘0 ...... N, E
£b=3.0 X

Guinier

100 ¢
2 np2
= N(1-9°<Rg>/3
~3 10 ¢
[4p)
1 L
n.=256, N=512
0.1 :
0.01 0.1

@ Gaussian coils:
(ideal chains)

S(q) ~q?

e Rigid-rod:
S(q)~q™
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Kratky-plot: ¢°S.(q) vs. g

Debye function describes the scattering from Gaussian chains

2 (1 exp(=n) | -
Spebye(q) = <l_+ with n=q*(R
N =512
NS,
1 m—
7 s £, I
§ 0.0 1.18
° £,=0.0 —&— 655>
8b=1.0 ————— R . c
€p=2.0 -t 2.0 4.30
01+ £,=3.0 ~x ] 30 660
‘ Debye —
0.01 0.1 1
q
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Probability distribution of R,

—

P(R.) obeys the Gaussian distribution for ideal chains

. 3 \¥? 3R, .
Py (Re) = 27’1’7/\/@2) exp —2/\/6% s / 47TR§PN(§e)dRe =1
0
| _ Sb =0.0 o}
1 N=512 e =10 A
0.8 g=20 =4
3 Eb =3.0 X
= 0.6
£
04t
0.2

0 0.5 1 1.5 2 25

3/2 2
3r2 )
ex Y ="hn(r, . .
271') P ( 2 w(re) normalized histogram
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Conclusion

@ Pre-packing strategy:
bead-spring model — bond fluctuation model
= efficient for preparing quasi-equilibrium configurations of large
polymer systems (marginally incomplete elimination of excluded
volume violations is allowed)

@ The deviations from Gaussian statistics found for fully flexible
chains in a melt is confirmed

@ Conformational properties of semiflexible polymer chains in a
melt are investigated in detail

= check the effect of chain stiffness for the non-Gaussian
corrections
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