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#® Polymer: a long molecule consisting of many similar or identical

monomers linked together

#® Characteristics of a linear polymer chain in dilute solution:

T>0

repulsion, entrop

(good solvent)

——

T<0

attraction

Ry ~ NES
(poor solvent)

Colil-globule transition at ®-point
v = 1/2, Flory exponent
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. GUTENRERG,.
Introduction

#® Polymer: a long molecule consisting of many similar or identical
monomers linked together

#® Characteristics of a linear polymer chain in dilute solution:

repulsion, entrop S attractio
t

T > © (good solvent) T < © (poor solven

In the thermodynamic limit

s Partition sum:
,
Loo(T) N IN7—1 atT > Te

Z ~ s
\ oo (T) NN N1 atT < Te

» Radius of gyration: R, ~ N¥  (chain length N — o0)

oo (T): critical fugacity, «v: entropic exponent, s = (d — 1)/d
In d dimension, b > 1, v: Flory exponent
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#® Algorithm: Pruned-Enriched Rosenbluth Method
P. Grassberger, Phys. Rev. E 56, 3682 (1997)

PHYSICAL REVIEW E VOLUME 56, NUMBER 3 SEPTEMBER 1997

Pruned-enriched Rosenbluth method: Simulations of € polymers of chain length up to 1 000 000

Peter Grassberger
HILRZ, Kernforschungsanlage Julich, D-52425 Julich, Germany
and Department of Theoretical Phvsics, University of Wuppertal, D-42097 Wuppertal, Germany
(Recerved 16 December 1996)

We present an algorithim for simulating flexible chain polymers. It combines the Rosenbluth-Rosenbluth
method with recursive enrichment. Although 1t can be applied also in more general situations. it 1s most
efficient for three-dimensional # polymers on the simple-cubic lattice. There it allows high statistics simula-
tions of chains of length up to N=10°. For storage reasons, this is feasable only for polymers in a finite
volume. For free # polymers m infinite volume, we present very high statistics runs with N¥=10 000. These
simulations fully agree with previous simulations made by Hegger and Grassberger [J. Chem. Phys. 102. 6681
(1995)] with a similar but less efficient algorithm, showing that logarithmic corrections to mean field behavior
are much stronger than predicted by field theory. But the finite volume simulations show that the density mside
a collapsed globule scales with the distance from the # point as predicted by mean field theory, in contrast to
claims in the work mentioned above. In addition to the simple-cubic lattice, we also studied two versions of the
bond fluctuation model., but with much shorter chains. Fmally, we show that our method can be applied also to
off-lattice models, and illustrate this with simulations of a model studied in detail by Freire er a/. [Macromol-
ecules 19, 452 (1986) and later work]. [S1063-651X(97)10308-7]
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#® Algorithm: Pruned-Enriched Rosenbluth Method
P. Grassberger, Phys. Rev. E 56, 3682 (1997)

#® Applications of PERM:

Entropy Attraction

>0

(good solventy, ~N",v>1/2 (poor solventgr, ~ N

partition sum, scaling behavior, phase transition, ...
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Statistical thermodynamics

# Partition sum for a canonical ensemble in thermal equilibrium
Z(B) = ) Qa) =) exp(—BE(a))
s 3 =1/kgT, T: temperature (fixed)
s E(«): the corresponding energy for the o configuration

» Q(a)/Z: the Gibbs-Boltzmann distribution
s (Q(x): the Boltzmann weight

How to estimate the partition sum Z(3) precisely?
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Statistical thermodynamics RS

# Partition sum for a canonical ensemble in thermal equilibrium
Z(B) = ) Q(a) = ) exp(—LE(a))

# If M configurations are independently chosen according to a
randomly chosen probability p(«) (a bias),

1

. X M 1 M i
Z(B) = lim Z |= M;Q(a)/p(a) = ;W(a)_

with modified weights W (a) = Q(a)/p(a)
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- . GUTENRERG,,
Statistical thermodynamics

# Partition sum for a canonical ensemble in thermal equilibrium
Z(B) = ) Q(a) = ) exp(—LE(a))

# If M configurations are independently chosen according to a
randomly chosen probability p(«) (a bias),

1

. X M 1 M i
Z(B) = lim Z |= M;Q(a)/p(a) = ;Wm)_

with modified weights W (a) = Q(a)/p(a)
Using p(a) x exp(—BE(a)) [Gibbs sampling]

= W (a) = const “importance sampling”

— each contribution to Z,, has the same weight
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GUT >
Statistical thermodynamics RS

# Partition sum for a canonical ensemble in thermal equilibrium
Z(B) = )  Q(a) = ) exp(—LE(a))

# If M configurations are independently chosen according to a
randomly chosen probability p(«) (a bias),

2(8) = lim 7 |= >~ Qe)/p(e) = — > W)

with modified weights W (a) = Q(a)/p(a)

# For any observable A: y
Ala)W
(A) = lim (A)M = lim Za:]]‘v[ (0)W(a)
M—s M—oo M W(q)

Polymer simulations with PERM | — p. 4



: GUTENRERGar
Coarse-grained model
A linear polymer chain of (INV 4 1) monomers in an implicit solvent
“=" an interacting self-avoiding walk (ISAW) of IN steps on a simple
(hyper-) cubic lattice of dimensions d |

# Monomers are supposed to sit
on lattice sites, connected by
bonds of length one (| £, |= 1)

#® Multiple visits to the same site are

not allowed (excluded volume effect) non—bonded
nearest—neighbor pair

#® Attractive interactions (energies € < 0)
between non-bonded monomers occupying
neighboring lattice sites are considered
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GUT °
Coarse-grained model ARG

A linear polymer chain of (INV 4 1) monomers in an implicit solvent
“=" an interacting self-avoiding walk (ISAW) of IN steps on a simple
(hyper-) cubic lattice of dimensions d

® Partition sum:

Zn(g) = ) q"

walks

with ¢ = exp(—Le¢), 8 = 1/kgT

g. the Boltzmann factor, e < 0 non-bonded
_ nearest—neighbor pair
T': temperature (solvent quality)

m. total number of non-bonded nearest neighbor pairs

AsT — oo, q = 1 = SAW (good solvent)
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Algorithm: PERM GUTENRERG,

Pruned-Enriched Rosenbluth Method

#® Chain growth algorithm with Rosenbluth-like bias
# Resampling (“population control”)

® Depth-first implementation

Rosenbluth-Rosenbluth method, J. Chem. Phys. 23, 356 (1959)

Enrichment algorithm, J. Chem. Phys. 30, 637 (1957); 30, 634 (1959)
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GUTENRERS,,.

# Chain growth algorithm:

o Polymer chains of length N are built like random walks by
adding one monomer at each step

[ U I A
— Initial configuration

Conventional Monte Carlo method

Self-avoiding walks (SAW) ind = 2

Polymer simulations with PERM | —p. 7



GUTENRERS,,.

# Chain growth algorithm:

o Polymer chains of length N are built like random walks by
adding one monomer at each step

end flip -
| [

Conventional Monte Carlo method

Self-avoiding walks (SAW) ind = 2
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GUTENRERS,,.

# Chain growth algorithm:

o Polymer chains of length N are built like random walks by
adding one monomer at each step

-corner flip —
[

Conventional Monte Carlo method

Self-avoiding walks (SAW) ind = 2
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GUTENRERS,.
# Chain growth algorithm:

o Polymer chains of length N are built like random walks by
adding one monomer at each step

_pivot rotationl I I I I

Conventional Monte Carlo method

Self-avoiding walks (SAW) ind = 2
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# Chain growth algorithm:

o Polymer chains of length N are built like random walks by
adding one monomer at each step

Conventional Monte Carlo method

Self-avoiding walks (SAW) ind = 2
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# Chain growth algorithm:

GUTENRERS,,.

o Polymer chains of length N are built like random walks by

adding one monomer at each step

Conventiona

Monte Carlo method

~ Step

0

C

nain growt

Self-avoiding walks (SAW) ind = 2

N algorithm
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GUTENRERS,,.

# Chain growth algorithm:
o Polymer chains of length N are built like random walks by

adding one monomer at each step
| ||| L
Step 1
— ——o®
Conventional Monte Carlo method Chain growth algorithm

Self-avoiding walks (SAW) ind = 2
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GUTENRERS,,.

# Chain growth algorithm:
o Polymer chains of length N are built like random walks by

adding one monomer at each step
| ||| L
Step 2
— —10-0-9
Conventional Monte Carlo method Chain growth algorithm

Self-avoiding walks (SAW) ind = 2
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GUTENRERS,,.

# Chain growth algorithm:
o Polymer chains of length N are built like random walks by

adding one monomer at each step

~ Step 3

- 443

Conventional Monte Carlo method Chain growth algorithm

Self-avoiding walks (SAW) ind = 2
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GUTENRERS,,.

# Chain growth algorithm:
o Polymer chains of length N are built like random walks by

adding one monomer at each step

~ Step 10

Conventional Monte Carlo method Chain growth algorithm

Self-avoiding walks (SAW) ind = 2
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GUTENRERS,,.

# Chain growth algorithm:
o Polymer chains of length N are built like random walks by

adding one monomer at each step

~ Step 11

Conventional Monte Carlo method Chain growth algorithm

Self-avoiding walks (SAW) ind = 2

Polymer simulations with PERM | —p. 7



GUTENRERGar
#® Rosenbluth-like bias for self-avoidance:
a wide range of probability distributions (p,,) can be used for
choosing the way to go at each step n
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GUTENRERGar
#® Rosenbluth-like bias for self-avoidance:
a wide range of probability distributions (p,,) can be used for
choosing the way to go at each step n

| Step O: Step 1 Step 2: Step 3: Step 4: e.g. 2D SAW
@ & D90 =4 —
S JaE i 3
T T I I | |
Wo=1 W1 = 1x4 W2 = 1x4x3 W3 = 1x4x3x3 W4 = 1X4X3X3%2
_ _ _ _ _ @ occupied by monomers
| Each configuration carries its own Weightwh 5 nearest neighbor free sites

» Rosenbluth bias: the selection probability p,, = 1 /N e
(each nearest-neighbor free sites is chosen at equal probability)

N N 1 N
Wrn=Wnawny = Jw.= ][] —

H Nfree

n=0 n=0 Pn n=0
Neee. # Of free nearest-neighbor sites

Polymer simulations with PERM | —p. 8



GUTENRERG

= Estimate the partition sum directly at the step n

1 Mn
anZn:— W, (o
Mn; (o)

W.,.(a): total weight for the a*” configuration at the step n
M, total number of configurations
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GUTENRERG

= Estimate the partition sum directly at the step n

1 Mn
anan— W, (o
Mn; (o)

W.,.(a): total weight for the a*” configuration at the step n
M, total number of configurations

o The estimate for any physical observable A:

Sk Ala) W (o)
chyznl Wn(a)

<A>n —

W, = H (o w; = H q"" [pn (ISAW)
i=1

=1
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GUTENRERG,,
# Population control: Two thresholds W and W —
(overcome attrition ngee = 0, reduce the fluctuation of weight W,,)

In the original Rosenbluth-Rosenbluth method

e.g. SAW "simple sampling"

N
WN — H Nree
0

® If ngee = 0 (Yattrition”) — the walk is killed

#® If N > 1 — huge fluctuations of the full weight
(The total weight is dominated by a single configuration)

Polymer simulations with PERM | — p. 10



# Population control: Two thresholds W and W
(overcome attrition ngee = 0, reduce the fluctuation of weight W,,)

GUTENRERS,,.

If Wn>Wn 0—0<3>

@
X

If Wn<Wn e
L

k

Cloning !

Step n Step n+1

r>=1/2 Wn—-> Wnx 2

r < 1/2—=Pruning !

r: random number

Wn—> Wn /k

Wt=cC,Z, and W =C_Z,, C./C_ ~ O(10)

Polymer simulations with PERM | — p. 10



# Population control: Two thresholds W and W
(overcome attrition ngee = 0, reduce the fluctuation of weight W,,)

GUTENRERS,,.

If Wa>W 3

Cloning!

Step 3

(2 copies)

/|
S

Pesaass

Polymer simulations with PERM | — p. 10



GUTENRERS,,.

# Population control: Two thresholds W and W
(overcome attrition ngee = 0, reduce the fluctuation of weight W,,)

If Ws<W3s  Pruning!
(r<1/2) N

| Step 3 /v 133
\,

(r>=1/2) .,J*I‘_L

Growing

Polymer simulations with PERM | — p. 10



GUTENRERG,.

® Depth-first implementation:

1 tour = 3
2

e—= = e—s—o—x 3 °

n=0 ~ S\ Wio<Wio,r>=1/2
v MR _'N
Wz >3 W3 Wg <Ws , < 1/2 =
Wes >2 We

° ° (0<r<1, random number)
path 1 — path 2 — path 3 — path 4 — — path 6

o

9

Last-in first-out stack

Only a single configuration is stored during the run

Configurations generated within a tour are correlated

Different tours are uncorrelated

Polymer simulations with PERM | — p. 11



#» Reliablility of DATA:

GUTENRERG,.

Compare the distribution P(In W) of logarithms of tour
weights W with the weighted distribution W P(In W)

12000

8000 +

6000 +

P(In W)

reliable!

10000 +

1400

1200

1000

800
600 -
400 +
200 +

P(In W)

“unrdiable!

20 -15 10 5 0 5

In W
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GUTENRERG,.

Self-avoiding walks ind = 3

In the thermodynamic limit, N — oo
0.19

# Partition sum: Zn ~ p NN71 .

» Critical fugacity pteo:
Loo = 0.213491(4)
(exact enumerations)
MacDonald et al. J. Phys. A33, 5973 (2000)
Moo = 0.2134910(3)

(Monte Carlo simulations)
Grassberger et al., J. Phys. A 30, 7039 (1997)

0.17 | .
a=p_.+0.00000008 -

0.16 ¢ a=pH,,=0.21349094 —— |
a={l,,- 0.00000008 -

INZy-(-1)INnN+NlIna

0.15

10 100 1000 10000
N

» Entropic exponent ~:
~v = 1.1575(6) (Monte Carlo simulations)
Caracciolo et al., Phys. Rev. E 57, R1215 (1998)
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- . GUTENRERG,,
Self-avoiding walks ind = 3

In the thermodynamic limit, N — oo «
£ 0.19 ¢
® Partition sum: Zn ~ p—NN7Y"1
- 4N ™~ P z o018}
T 017} ]
= a=pl,,+0.00000008 -
N 016 & a=p,,=0.21349094 —
= a=p,,- 0.00000008 v
0.15 ' ' '
#® Mean square end-to-end distance: 10 100 N 1000 10000
2 __ N = \2 2
R% = (XN, d;)%) ~ N*
1.2}
s v = 0.58765(20) sl
(Monte Carlo simulations) R
Hsu & Grassberger -3 Los | £ |
' ’ v=0.588-0.001 ———
J- Chem Phys 120, 2034 (2004) 1 v=0.588 ----------- |
=0.588+0.007 -wwwreeeeeeeees
Macromolecules 37, 4658 (2004) 0.95 Reidtnediees

10 100 1000 10000
N
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GUTI °
®-polymers o

#® Model: Interacting self-avoiding walk (ISAW)

Partition sum: Zx(q) = Z q",q = e P

walks

T>0
—_— non—-bonded _
_ _ nearest—neighbor pair
repulsion, entrop attraction ’
Ry~NY,v>1/2 Ry ~ N
(good solvent) (poor solvent)

Coil-globule transition at ®-point
v = 1/2, Flory exponent
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GUTENRERG,
©-polymers

#® Model: Interacting self-avoiding walk (ISAW)

# Rescaled mean square end-to-end distance R%,/IN

y 37
R% /N = const X | 1 —
363 In NV

Theoretical prediction (field theory)

g [0=1.300 = q=1300 +
q=1.305 o 2t g =1.305 O
X q= 1.3087 X
A 1.8 =
z - g=1.310 A
ND:Z ND:Z 1.6 ¢
1.4 ¢
1.2
1 N N L1 N N L1 N N L1 N N L1 | | | |
10 100 1000 10000 100000 0 0.2 0.4 0.6 0.8 1
N 1/InN
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. GUTENRERG,,
Stretching collapsed polymers

under poor solvent conditions

#® Model: Biased interacting self-avoiding walk (BISAW)

- F
_F —

non—-bonded _
nearest—neighbor pair

® Partition sum:
Zn(g,b) = > q™b", (=€, b=¢e"F, a=1)

walks

s F = F#: stretching force
s x. end-to-to end distance in the stretching direction
s m. # of non-bonded nearest-neighbor (NN) pairs

Polymer simulations with PERM | — p. 15



GUTENRERS,,.

#® Algorithm: PERM
s Poor solvent condition: choosing g = 1.5,
(@ > ge, go = exp(—B/kpTe) ~ 1.3087(3))

» Biased samplings: each step of a walk is guided to the
stretching direction with higher probabillity, i.e.,

P+z - P—3 ¢+ Ptgor+z — Vb : 1/b:1

s The corresponding weight factor at the nt"* step is
qmn bAazi

w,; =

n

25
m.,,. # of non-bonded NN pairs of the (n 4+ 1)*" monomer

Ax;: displacement ((7¥11 — Tn) *+ &), Ax; = 0,1, or —1
s Two thresholds: W+ =32, and W = Z,,/3

Polymer simulations with PERM | — p. 16



GUT °
Average displacement(x) A

# Transition point b. = exp(BarF,)
(b < b.) collapsed phase <« stretched phase (b > b..)

®» 1.60 < b. < 1.65 finite-size effects?

stretched phase

1200 — N
1000 + _ \ A" 1,70 —
=15 A 1.68 weeeeeeee
800 | 165 -
600 N 160 """"""""""""""""""
<X>
400 | 1.45 —
1.40 et
200 + 110 -
-200 N\

0 2000 4000 GOONOOO
collapsed phase
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Average displacement{x)

# Transition point b. = exp(BarF,)
(b < b.) collapsed phase <« stretched phase (b > b..)

®» 1.60 < b. < 1.65 finite-size effects?

stretched phase

1200 ' ‘\ ' [ b
1000 | g= \ /170 —
=5 AT 1,68 et
800 + 1.65 el
600 1.60 st
<X>
400 | 1.45 —
1.40 et
200 110 -
O AR rrs P R A T Tt AT DD 100 "
-200 \

0 2000 4000 60

O(\SOOO

collapsed phase

GUTENRERG

Polymer simulations with PERM | — p. 17



Average displacement{x)

# Transition point b. = exp(BarF,)
(b < b.) collapsed phase <« stretched phase (b > b..)

®» 1.60 < b. < 1.65

1200

1000 |
800
600 |
400 |
200 |
O e e T o e G Wb vi v v v o0

600(\8000

<X>

-200

stretched phase
N

finite-size effects?

o
o'
O
fos
fo

T T T
e
.
/00"
G
IR
GRS
— o
— Gk
. SR
SR
AR
Gk
S8
R
O

PRRRRRRER

(@)

O o100 O

ORLrA~PpUIOOON
O O O ol

4

0 2000 4000

collapsed phase

GUTENRERS,,.

Polymer simulations with PERM | — p. 17



Average displacement{x)

# Transition point b. = exp(BarF,)
(b < b.) collapsed phase <« stretched phase (b > b..)

®» 1.60 < b. < 1.65 finite-size effects?

stretched phase

1200 ' ‘\ ' [ b

1000 + _ \ A" 1,70 —
=15 A 1.68 weeeeeeee

800 165 i

600 L 160 """"""""""""""""""

<X>
400 t 1.45 —
1.40 et
200 | 110
-200 N\

0 2000 4000 60

ONOOO

collapsed phase
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Average displacement{x)

# Transition point b. = exp(BarF,)
(b < b.) collapsed phase <« stretched phase (b > b..)

®» 1.60 < b. < 1.65 finite-size effects?

stretched phase

1200 ' ‘\ ' [ b

1000 + _ \ A" 1,70 —
=15 A 1.68 weeeeeeee

800 165 i

600 L 160 """"""""""""""""""

<X>
400 t 1.45 —
1.40 et
200 | 110
-200 N\

0 2000 4000 60

ONOOO

collapsed phase
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Average displacement{x)

# Transition point b. = exp(BarF,)
(b < b.) collapsed phase <« stretched phase (b > b..)

®» 1.60 < b. < 1.65 finite-size effects?

stretched phase

1200 ' ‘\ ' [ b

1000 + _ \ A" 1,70 —
=15 A 1.68 weeeeeeee

800 165 i

600 L 160 """"""""""""""""""

<X>
400 t 1.45 —
1.40 et
200 | 110
-200 N\

0 2000 4000 60

ONOOO

collapsed phase
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Average displacement{x)

# Transition point b. = exp(BarF,)
(b < b.) collapsed phase <« stretched phase (b > b..)

®» 1.60 < b. < 1.65 finite-size effects?

stretched phase

1200 ' ‘\ ' [ b

1000 + _ \ A" 1,70 —
=15 A 1.68 weeeeeeee

800 165 i

600 L 160 """"""""""""""""""

<X>
400 t 1.45 —
1.40 et
200 | 110
-200 N\

0 2000 4000 60

ONOOO

collapsed phase

GUTENRERS,,.
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First-order phase transition

® Histogram of z: P, (m,x) =5 1 g™ b% 8y O

#® Reweighting histograms:
Py y(m,x) = Pgp(m,x)(q'/q)™(b'/b)*

collapsed phase stretched phase

1.9
1.8 ¢

e
S
e,
e
e
»,
LN
LN
O
CN
N
N
N
~
~,
v,
.,
LN
LN
0
.
»
»
CN
»
~

g=1.5
1.7 t
1.6 |

15t T
14
1.3 |
1.2

b.(N)

e,
e
»
v,
v,
e,
e,
.
~

0 0.04 0.08 0.12 0.16
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. . . GUTENEERSG,.
Polymers in confining geometries

#® A slit of width D:

]

A WM 0 a=2  a=1

Polymer simulations with PERM | — p. 19



. L GUTENEERSG,.
K -step Markovian anticipation

The (k4 1) step of walk is biased by the history of the previous k steps

A walk on a d-dimensional hypercubic lattice

#® All possible moving directions at each step z:

Si:O,...,Zd—l d=2 1 d=3 o
1
#® A sequence of (kK + 1) steps: 2<—I—>0 3%0
(all possible configurations) L 3 Y 4

S =(S_gy .-y S_1,80) = (s, So)

s. configurations of the previous k steps
so. configurations of the k + 1" step

Polymer simulations with PERM | — p. 20



GUTENRERS,,.

#® The bias in k-step Markovian anticipation for the next step
Hm(S, 30)/HO(59 30)

P(sg | s) =
o9 > —o Hum(s, 54)/Ho(s, s4)

s H,,(s,s0): sum of all contributions to Zn+m of
configurations that had the same sequence S = (s, sg)
duringthe stepsn —k,n—k+1,...,andn

s H,,(s,s0)/Hy(s,s): measuring how successful
configurations ending with S were in contributing to the
partition sum m step later

» Accumulating histograms at step n and at step n + m
(e.g. n > 300, m = 100)

Polymer simulations with PERM | — p. 21



GUTENRERG 4:
#® The bias in k-step Markovian anticipation for the next step

H,,.(s,s0)/Ho(s, sp)

P(sg | s) =
o9 > —o Hum(s, 54)/Ho(s, s4)

1.4 | ' [ ) A k:8 S:S+SOX48
lz-M rfd Ffﬂ st
b E poog s,=0, 1,23
U T UTE UL A
SRl T
TN L N
S S su
1
IR i’ 1
R R S=1+0x4+1x4+0x4 +3x4"°
43 2x 48 3x 48 4 +0X4°+1x4°%°+1x4"
S

“Two-dimensional self-avoiding walks on a cylinder”

Frauenkron, Causo, & Grassberger, Phys. Rev. E 59, R16, (1999)
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GUTI °
Polymers confined in a tube A

#® The confinement/escape problem of polymer chains confined
In a finite cylindrical tube

£
J."' e, =

Aksimentiev et al, Biopical Jouranl 88, 3745 (2005)

» Polymer translocation through pores in a membrane

o DNA confined in artificial nanochannels

Hsu, Binder, Klushin, & Skvortsov
Phys. Rev. E 76, 021108 (2007); 78, 041803 (2008)

Macromolecules 41, 5890 (2008)
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Fully confined polymer chains

#® Polymer chains of size IN in an imprisoned state

GUTENRERG,.

Blob picture:

D, ) U

n, "blobs"
I/

L

g monomers

s Total number of monomers: N = gn,

s End-to-end distance: Ri,,, = np(275) = npD

|| tube

within a blob, D = ag¥ = 2r, , v = 0.588 (3DSAW)

= Rimp/a = N(D/a)~1/¥

s Free energy: Fi, = nylksT] = N(D/a)~/"

Polymer simulations with PERM | — p. 23



. . GUTENRERG,
Simulations

#® Model: Self-avoiding random walks on a simple cubic lattice

y4
N

r
Vi \
' ! 7 N
D — \ _:|_>X 7 N
A/
8§ >y

L N A
N "

— D

Monomers are forbidden to sit on
{f1<zxz<L, y*+2°2=D?*/4}and {x = 0, y*+ 2? = D?*/4}

#® Algorithm: PERM with k-step Markovian anticipation

weak confinement regime <« strong confinement regime
1< RFr <D 1<K DK RF
Ry ~ NV: Flory radius, v = 0.588
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GUTENERG,.
Rimp and Emp

In the strong confinement regime:
ny = N(D/a)~/": # of blobs, Nj,.x = 44000

#® End-to-end distance: R;p = Aimp D1y, Ajmp = 0.92 1 0.03

100 |

001 O1 1 10 100 1000
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GUTENERG,.
Rimp and Emp

In the strong confinement regime:
ny = N(D/a)~/": # of blobs, Nj,.x = 44000

#® End-to-end distance: R;p = Aimp D1y, Ajmp = 0.92 1 0.03

® Free energy: Fimp = Bimpn, Bimp = 9.33 — 0.08

D= 17 oo
[ D =33 e
1000 + D =49
», D=65
Fimp D = 97 e 5.2
Ny R 5 e |
1004 0 8 16 24 32 40
w, SDSAW ]
_ ""fo%,a
10 tslope = -1 ™,
[ -, %,
Bimp - I_ﬂ'ﬂm'—"_l = . ,

001 01 1 10 100 1000
n, = N(D/a)
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. GUTENRERG,,
Escape transition

#® Polymer chains of N monomers with one end grafted to the
iInner wall of a finite cylindrical nanotube

PNVINDAIIN() — DI
imprisoned state \ ]

N>N

escaped states
First-Order Phase Transition !
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GUT °
Theoretical predictions N

Landau theory approach
# Partition sum: Z = exp(—F) = [ dsexp(—®(s))

F': free energy, ®(s): Landau free energy function

7 e s: order parameter

1 04
o
of
1 o
\d
~ 1 o*
~ '....r““
s
1

E L/N = (I—/N)tr < R/Nimp? impI‘iSOﬂed
| S =
N T . o LN < (UN), L /Nimp, escaped
imprisoned T
escaped

S
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. GUTENRERG, .
End-to-end distanceR,,

#® Algorithm: PERM with k-step Markovian anticipation

1.2 - - - - - T
— e trainsition
D=21 point L
1t A----1l
—
— 08¢
o
L= 200 wwwe
06 F° L= 400 - ]
L= 800 e
L=1600 ——
0.4 L L L 1 1 L 0
55 6 65 7 75 8 85 9 95
N/L

Poor samplings of configurations in the escaped state !

® New strategy:

U 7 T(W
— . D el
%(W — F Vo 4
— L

) = L —
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GUT °
Biased & unbiased SAWSs i

# Partition sum: Z,(N, L, D) = > bA*

walks

DT<W
v —F

(= MLbZWb(NaLaD)) - L _4

f
b 21 0<e<L,y"+2" < D4

1 , otherwise
\

b = exp(BakF): stretching factor, 3 = 1/kgT,3 =a =1
F': stretching force, Az = (zny1 — x1) || F

® Each BSAW of IV steps contributes a weight
(
Wy(N, L, D)/b*N+17%1 | imprisoned

W (N, L, D) =
\ Wy(N, L, D) /b" , escaped
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GUTENRERG

#® For any observable O:
Zk ZconﬁgECbk O(Cbk:)w(k) (N7 L? D)

(0) =
Zk ZconﬁgECbK W(K) (N7 L? D)

® Partition sum:

Z(N,L,D):%Z »  wW®(N,L,D)

k c01r1fig.3;€C’b’c
)
Wy, (N,L,D)/b,"t™ ™ | zx <L

W(k)(NaLaD) = <
\ ka(N,L,D)/b,Ic’ , Ny > L

b, = exp(BaF}): stretching factor > (g g [
- L A
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End-to-end distanceR,,

1.2

R”/L

" trainsition

R”/L

GUTENRERG,.

1.2 :
D=21 e
1 L
08 frainsition

‘point  —> f

\\\\\\\\\\\\\\\ L= 200
0.6 L= 400 -
L= 800
L=1600 ——
0.4 , ,
9.5 6 6.5 7 7.5 8 8.5
N/L
new
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GUT °
Performance of algorithms A

P(N, L, D, s) near the transition point imprisoned <« escaped

# Partition sum (in the Landau theory approach):

Z(N,L,D) =) H(N,L,D,s)

with

1
H(N,L,D,s) = v E | E | WH*(N,L,D,s")d,.
k configs.EC’bk

—> the distribution of the order parameter s

P(N,L,D,s) < H(N,L,D,s)and>, P(N,L,D,s) =1
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. GUTENRERG,
Performance of algorithms

P(N, L, D, s) near the transition point imprisoned <« escaped

@ @
(m) (m)
4 —
= =
o o
1= 1=
0 0.06 0.12 0.18 0.24 0.3
S
L =800

-6 |
—~ AA —~
A2t 2 3
(@] JAN ()]
) 2 =
Z Z
T 187 T
1= 1=

24

D=21 new A
-30 ‘ ‘ ‘

0 0.06 0.12 0.18 0.24 0.3
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Free energyF' (N, L, D)

GUTENRERG,.

- 1000 .
320 | ] L = 1600
800 | L= 800
240 | —l | L= 400
600 - L= 200
FINLD) 6o | L = 1600 Fo 4.23L/D e
400 |
3 =21 [a] | )EI‘
80 D= o5 . 200 | *“x“m
escaped states % e
0 ; ; L ! 0 .“*'#* .
0 20 40 60 80 100 0 50
ND‘l/V
#® Scaling:
,

Fimp = 5.33(8)ND~ /¥,

F(NaLaD) = 4
F... = 4.23(6)L/D ,
\

# Transition point:

Emp = Fese = (%)tr ~ 1.26(4)D1_1/V

100 150 200
L/D

imprisoned state

escaped state
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®(N,L = 1600, D = 17, s)

# Landau free energy: ®(N,L,D,s) = —In (

GUTENRERG,.

Z1(IN): Partition sum of a grafted random coil

0.049 |
®(N,L,D,s)
N 0043
0.037

T MC data O

imprisoned O (S)
Im
escapedcpeSZ(s) ---------------
0.1 0.2 0.3 0.4

P(N,L,D,s))
Z1(N)
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. GUTENRERG,,
Two equivalent problems

#® Dragging polymer chains into a tube
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. GUTENRERG,,
Metastable regions

® Forxz >x* = (L/N),z*=(L/N), ny=N(D/a)~/"

1.2
1 b {.“.u T T
0.052 ' ' ' N | imprisoned states
> 0.8 1 j |
X >X Nimp | flower states ‘_/‘”)
N
s 0.4 | g D=17 -
0.048 | : | D221
----- RREEET 021/ prediction D=25 -
i D =29
P(s) ) S—L
.. 0 05 1 15 2
--=Ya =harL

P X [ x*
0.044 - Fimp T 1

N /1 flower

imprisoned Sinter

0.04 ' L '
0 0.1 0.2 0.3 0.4

S

Imprisoned states (stable), flower states (metastable)
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Metastable regions

® Forxz >x* = (L/N),z*=(L/N), ny=N(D/a)~/"
Imprisoned states (stable), flower states (metastable)

# Barrier height U & spinodal points x,:

g U _ =
ng ax* !
0.4 f |
A
+ +
+
0.3} +
.
U
N, 0.2 . .
+ +
+
0.1t
0 J_.,..+++++ ; * +
07 08 09 1 11 12 13
* *
X QX X/X* X @/x

®(N,x,D,S)/N + A

0.08

0.06 -

0.04

0.02

GUTENRERG,.

Independent of IN and D —> U,,.x = 0.38n,kgT

—v®
X = Xsp
I..- ““_..-“-“““’ X — X*
i
X = X&p
imprioned flower
states —

states

0 01 02 03 04 05
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L GUTENRERG,.
Lifetime of a metastable state

# Lifetime: 1, = Toexp(U/kpT), U = 0.38n,kgT

To. Characteristic relaxation time, U barrier height
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L GUTENRERG,.
Lifetime of a metastable state

# Lifetime: 1, = Toexp(U/kpT), U = 0.38n,kgT

To. Characteristic relaxation time, U barrier height

) *W@
D -F -
1

1
A\
R

|<—x _)| (F)

# Contour length L = 16um, persistence length a = 50nm, tube
diameter D = 150nm, characteristic relaxation time ; ~ 1 sec

("Statics and Dynamics of Single DNA Molecules Confined in Nanochannels", Reisner et al.,

Phys. Rev. Lett. 94, 196101 (2005).)
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L GUTENRERG,.
Lifetime of a metastable state

# Lifetime: 1, = Toexp(U/kpT), U = 0.38n,kgT

To. Characteristic relaxation time, U barrier height

) *W@
D -F -
1

1
A\
R

|<—x _)| (F)

# Contour length L = 16um, persistence length a = 50nm, tube
diameter D = 150nm, characteristic relaxation time ; ~ 1 sec

("Statics and Dynamics of Single DNA Molecules Confined in Nanochannels", Reisner et al.,

Phys. Rev. Lett. 94, 196101 (2005).)

= np = (L/a)(D/a)~'" =~ 50, Tms ~ 108 sec ~ 6 years
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L GUTENRERG,.
Lifetime of a metastable state

# Lifetime: 1, = Toexp(U/kpT), U = 0.38n,kgT
To. Characteristic relaxation time, U barrier height

) *W@
D -F -
1

1
A\
R

|<—x _)| (F)

# Contour length L = 16um, persistence length a = 50nm, tube
diameter D = 150nm, characteristic relaxation time ; ~ 1 sec

("Statics and Dynamics of Single DNA Molecules Confined in Nanochannels", Reisner et al.,

Phys. Rev. Lett. 94, 196101 (2005).)
= np = (L/a)(D/a)~'" =~ 50, Tms ~ 108 sec ~ 6 years

® D =300nm = ny =15, 7,s ~ D MINS.
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GUTENRERS, .
Summary

Polymer simulations with PERM

#® Linear polymer chains in dilute solution under various solvent

conditions 4%%25? — ¢

i attractio
T>0 (good solvent) T < © (poor solvent

9

For low energy dense systems:

New PERM, Hsu, Mehra, Nadler & Grassberger, J. Chem. Phys. 118, 444 (2003);
Phys. Rev. E 68, 021113 (2003).

“Multicanonical” PERM, Bachmann & Janke, Phys. Rev. Lett. 91, 208105 (2003)
“Flat” PERM, Prellberg & Krawczyk, Phys. Rev. Lett. 92, 120602 (2004)
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