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. . . GUTENRERG,,.
Semiflexible chains

#® Conformations of polymer chains in the bulk with variable

stiffness

#® Effect of chain stiffness on the adsorption transition of
polymers

#® Deformations of semiflexible chains under external stretching
force

Polymer simulations with PERM | —p. 2



GUTI °
Semiflexible chains in bulk s

# How important is the excluded volume effect?
» Biopolymers: dsDNA (¢, = 50nm), ssSDNA (¢,, = 0.6nm),

N———

dsDNA
Semiflexible polymer chains (stiff chain)
n ?II
Worm-like chain model
Kratky—Porod model "8..
SSDNA

(flexible chain)

Polymer simulations with PERM | — p. 3



Semiflexible chains in bulk

GUTENRERG,.

® Experiment: different polymers with different stiffness
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R,: radius of gyration
¢,,: persistence length

ny. # of Kuhn segments,

ni, = L/ (2,)

L: contour length

Norisuye & Fuijta, Polymer J. 14,143 (1982)
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. . GUTENRERG,
Worm-like chain model

® Orientational correlation function:
/\\‘/ (a(s’)a(s’ + s)) x exp(—s/Ly)
N - . .
Vﬁ(s,) S . Hamllt(;_r‘uan.epkBT /Ld (32F(s)>2
— S
2 0 0s?

o) = Er(e))ek ® End-to-end distance: R, = [ d(s)ds

Question: Is neglect of excluded volume justified?

Polymer simulations with PERM | — p. 4



GUTENRERS,,.

Worm-like chain model

<RZ>
(2 1pL)

® Orientational correlation function:
(a(s’)a(s’ + s)) x exp(—s/Ly)
o Hamlltonlan:epkBT I 527(s) 2
H = / ds
2 0 0s?

® End-to-end distance: R, = [ d(s)ds

#® Mean square end-to-end distance (R?) (= (R, - R.)):

(R;)
20, L L

=
1

\

— 1 — E_p [1 —exp(—L/¢y)]

)
L/2¢, = (,N)/(2¢,) for L < £, (rod — like chain)

for L — oo (Gaussian chain)

Polymer simulations with PERM | — p. 4



Semiflexible SAW model S Mg

A semiflexible polymer chain under a good solvent condition

® Excluded volume effect
= Self-avoiding walk (SAW) o

#® Chain stiffness
= Bond-bending potential
Upena(0) = €p(1 — cosB)
(
0 60=0°
€p 60 = 900

<Ngr>—~ Ip: ?eer:siitence
9

\

bending energy €, T, stiffness 7

on the square lattice (d = 2) and simple cubic lattice (d = 3)

Polymer simulations with PERM | —p. 5



GUTENRERS,,.

Persistence lengtly,,

o

Bond orientational correlation function:
(cos 0(s)) = (@ » Gjiys) /3 o

— eXp(— Sfb/ep) — Ep/fb [lattice spacing]

S=|—I

sly. contour length from monomer : to monomer 3

Polymer simulations with PERM | — p. 6



. GUTENRERG, .
Persistence lengtly,,

® Bond orientational correlation function:
(cos 0(s)) = (@ » Gjiys) /3 o

— eXp(— Sﬁb/ep) — fp/fb [lattice spacing]

S=|—I

sly. contour length from monomer : to monomer 3

l.o % T T T
"’u,,,‘ qb
“*‘ “o, f— q
R "oy d=2 " 0.005 0, [, @oinbuk)
BTy e 0.01 * 0.005 124 stiff
07198 % e 002 © 001 62 4
N S 003  x 0.02 31
ATY % 0.05 A
<cos 6(s)> iko ¥ 0.03 21
0.5 | ¥R 1 0.05 13
‘EA ‘,‘x)(“.“‘ O »““‘¥ " ’»»,%” 01 8
N ALS 0.2 4
t X330 .,
wixio 0.4 2
Wil o 1.0 1 flexible
PAL X3 *, IBK

0.3

0 30 60 90 120 150
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Persistence lengtly,,

® Bond orientational correlation function:

(cos O(s)) = (@: - Gj=its) /by

— exp(—sﬁb/ep) — Ep/fb

sly. contour length from monomer : to monomer 3

GUTENRERG,.

S=|—I

‘ai‘: |b: 1

[lattice spacing]

10% :
S q
E _ b
+ d=2 01 + qb | p 2Din bulk)|
0.2 0.005 124 stiff
051 % : 0.4 0.01 62 4
vy "t“‘*+ 1.0 v 0.02 31
<cos O(s)> 03¢} vt +++ 0.03 21
“ 0.05 13
Y *, + 4 0.1 8
s +++
: +44 0.2 4
V;‘k ++++++% 0.4 2 %
"YVV 1.0 1 flexible
0.1 LA - '
0 10 15 20 25 30
S _ —
£/l = —1/1In{cosO(s = 1))
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. GUTENRERG, .
Persistence lengtly,,

® Bond orientational correlation function:
(cos 0(s)) = (@; * Aj=its)/b; o
— eXp(—Sfb/ep) — fp/fb [lattice spacing]

sly. contour length from monomer : to monomer 3

S=|—I

1 .
g ]
0_805 I a, |p @Din bulk)|
0.01  * | 0.005 51.52 stiff
. 002 o 0.01 26.08 %
0.03 X 0.02 13.35
0.1 1 i 005 & 003  9.10
<cos 6(s)> ; 005 570
0.1 3.12
0.2 1.81
0.4 113 |
0.01 ¢ 1.0 0.67flexible
200 250
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Persistence lengtly,,

® Bond orientational correlation function:

(cos O(s)) = (d; - Gj=its) /L,
— exp(—sﬁb/ep) — Ep/fb

sly. contour length from monomer : to monomer 3

<cos 6(s)>

GUTENRERG,.

S=|—I

‘ai‘: |b: 1

0.1

POOO o
ORNRLT

[lattice spacing]

+ qb | p (3D in bulk)
0.005 51.52 sitiff
0.01 26.08 4
v 0.02 13.35
0.03 9.10
0.05 5.70
0.1 3.12
0.2 1.81
0.4 113 |
1.0 0.67flexible
o

0.02

£p/ly = —1/1In(cosO(s = 1))

Polymer simulations with PERM | — p. 6



GUTENBERG,.
Bond orientational correlation function
® For rather flexible chains:
(cos 0(s)) = (@; - Aj=its)/€; x 577
3 = 2 — 2v, v: Flory exponent
Schafer et al, J. Phys. A 32, 7875 (1999)




GUTENRERG,.

Bond orientational correlation function

® For rather flexible chains:
(cos 0(s)) = (@ - @jiys) /L3 ox 5P

3 = 2 — 2v, v: Flory exponent

Schafer et al, J. Phys. A 32, 7875 (1999)

1

<cos 6(s)> 107 ¢

1072

9,
0.005
0.01
0.02
0.03
0.05
0.1
0.2
0.4
1.0

| p (2Din bulk)|
124 stiff
62 A
31
21
13
8
4

2
1 flexible

-L T
LA N dp
T4, 01 +
Foy Ty 0.2
\.V'V ﬁhl—_'_ 0.4
e +, 1.0 w
VVV%% ++ ++
VV’VV ++++
Ve ti,
VVVV +
slope =-0.5 VVVV
d=2,v=3/4
1 10 102
S
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. . . . GUTENRERG,.
Bond orientational correlation function

® For rather flexible chains:
(cos 0(s)) = (@ - @jiys) /L3 ox 5P
3 = 2 — 2v, v: Flory exponent
Schafer et al, J. Phys. A 32, 7875 (1999)

L
+ dp
" *+, 0.1 + q, | p 3Din bulk)|
Y + 0.2 0.005 51.52 stiff
N v *, 0.4 ] 0.01 26.08 %
10 "
Vye 10 v 0.02 13.35
Ve h
<COoS e(s)> 0.03 9.10
%L | 0.05  5.70
107 | S — 01 312
slope =-0.824 Vg, 0.2 1.81
VR 0.4 1.13 |
d=3,v=0.588 PRt 1.0 0.67flexible
'3 1 1 1 VVV.
10 5
1 10 10
S
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. . . GUTENRERG,,.
2D semiflexible chains in bulk

# Mean square end-to-end distance (R?) (= <(Z;-V:b1 a;)?)):

102 [ crossover point | :
Ny°%(ap) = 2£,/L
g | o (2D in bulk)
<RZ >10 | 0005 124 siif
(2 L) 0.01 62 4
0.02 31
0.03 21
1 0.05 13
0.1 8
0.2 4
0.4 2 |
1.0 1 flexible
(R? y
o7 = £,q1— 7 1 —exp(—L/¢,)] (WLC)

Polymer simulations with PERM | —p. 8



GUTENRERS,,.

2D semiflexible chains in bulk

®» Mean sd

WLC:

(R)

20,L

slope = 2v - 1 ‘ :

P o [Iattlce
spacing]

uare end-to-end distance (R?) (= ((ZN*’ d;)?%)):
SAW

crossover point | :
Ny°%(ap) = 2£,/L

)
L/2¢, = (¢,N)/(2¢,) for L <K £, (rod — like chain)

\

1 for L — oo (Gaussian chain)

Polymer simulations with PERM | —p. 8



GUTENRERS,,.

2D semiflexible chains in bulk

®» Mean sd

WLC:

(R)

20,L

102

(
L/2¢, =

\

slope = 2v - 1 ‘ :

P o [Iattlce
spacing]

uare end-to-end distance (R?) (= ((ZN*’ d;)?%)):
SAW

crossover point | :
Ny°%(ap) = 2£,/L

WLC breaks dowr
In d=2!

(LpIN)/(2¢,) for L K £, (rod — like chain)

1 for L — oo (Gaussian chain)

Polymer simulations with PERM | —p. 8



GUT °
3D semiflexible chains in bulk A

# Mean square end-to-end distance (R?) (= <(Z;-V:b1 a;)?)):

c SAW :
' i ‘1, crossover pomt :
d=3 slope = 2v-1 N4 (qy) = 24, /¢
O/ Qb p— D b
1 v =0.588 . [lattice
- _ nggacmg]
5 X aussian 2.
<Rg > 3.35 +
(21pl) 01 | . 5.96 4
& «—rod-like 954 x
¥, 13.93 o
VY [ oRr— 26.87 %
F 52.61 ©
0.01 ¢ | |
1072 10° 10° 10%
WLC: N /N (qp)

)
(R2) | L/2¢, = (£L,N)/(2¢,) for L < £, (rod — like chain)

26, L 1 for L — oo (Gaussian chain)

Polymer simulations with PERM | —p. 9



GUT °
3D semiflexible chains in bulk A

# Mean square end-to-end distance (R?) (= <(Z;-V:b1 a;)?)):

. SAW |
| . ‘1, crossover pomt :
d=3 slope = 2v-1 de( ) i /£
s dv) = p/ tb
1+ v=0.588 _ e
G _ |p5§acmg]
2 # Gaussian 2.
<Re > 335 +
2loL) 01! & | 5.96 4
& «<—rod-like 954 x
5, 1393 o 3D WLC model works
VY [ oRr— 26.87 ¥ _
001 F 52.61 ¢ for stiff but very long
1072 10° 102 104 chains, unlike 2D
WLC: N /N ()

)
(R2) | L/2¢, = (£L,N)/(2¢,) for L < £, (rod — like chain)

26, L 1 for L — oo (Gaussian chain)

Polymer simulations with PERM | —p. 9



GUT °
Flory-like theory for semiflexible chains A

#® Effective free energy: Netz & Andelman, Phys. Rep. 380, 1 (2003)
2 012
AF ~ —= (elastic energy) + v2 R’ [ K] (repulsive energy)
i L R
» Free Gaussian chain: ' A chain with nunits of Kuhn |

R? ) length |, randomly linked:

2({ R2 D =2Rs I
< e> > N(contour length

R? '.
p— ex — < — ll =
. < 2£KL> Re == Nl
s Repulsive energy due to
pairwise contacts: L
[274 virial coefficient - density]? - volume = [v,p?] V
d=2 d=3 n L/EK
’Ué )zfzvé ):@{D ’p:ﬁ: R ,VzRg

Polymer simulations with PERM | — p. 10

P(R.) ~ exp (—

<re>=|,n=I L=2, L




GUTENRERG,
(Rod-like chain) £ /€, < N (Gaussian chain) < N* (SAW)

_ R? o [L/ex]’
Effective freeenergy : AF =~ - v R
Li R3

#® Minimizing A F' with respectto R, i.e. 0AF/0R,. = O:
= R. ~ (v2/€x)PL3/% = (£ D)"/5(IN£)3/* (SAW)

® Upper bound of Gaussian chains (R? = ¢x L = £xlpN):
= AF =~ Rg/(EKL) ~ 1
va R? [(L/EK)/R?’} <1= N < ¥£./(£,D?) = N*

# Upper bound of Rod-like chains R? = L? = N?¢;:
R2 = N202 < 03N = N < Ly /8, = 20,8, = N™1

Polymer simulations with PERM | — p. 11



GUT °
Theoretical predictions N

#® Double crossover in d = 3:
R~L, N < N =y, /¢ (rod— like chain)
R =~ (£,L)Y?, N9 <« N < N* (Gaussian coil)
R~ (£,D)'?L3*5, N > N*(R > R*) (SAW)

#® Single crossover in d = 2:
R~L, N <N =y /¢ (rod— like chain)
R~ (£,)Y4L%*, N > NI (R > ¢,) (SAW)

Polymer simulations with PERM | — p. 12



GUT °
Theoretical predictions N

® Double crossoverin d = 3:

5 SAW
- - 3
d=3 slope = 2v-1 v Ay
‘6,‘,0%4;0'6" 02
= (0.588 . coun :;R o, “ “«: ......... - 01
1 \Y 0.588'&‘6“41"#“*‘ lattice >l 005
&, |J |, spacing] 0.03
> # Gaussian 2.05
(< Fre ; @é' 335 + <R: > 0o
21pl) 01} & 59 4 21,L 0.00
Fe—rod-lke 954 x @l:L)
@ 1393 o -
WLGC seesemseen 26.87 *
S 52.61
0.01 & : — , . ‘
10 10° 10 10 1072 10° 102 10*
N /N9 (q,) Gaussian N /N'(qp)
chains
#® Single crossover in d = 2:
2 SAW
10 : : : l'
d=2 slope =2v -1 Ve
v=3/4 "’1“'[Iatti0_e
11 - p spacing]
2 124
<Re> 62 x
(2 1,L) 31 o
21 x
2| 13 4 |
10 8 +
4 - L ]
10 Verified !

Polymer simulations with PERM | — p. 12



GUTENRERG,.

Simulation vs. Experiment

#® Mean square radius of gyration (Rg):

o]uly)

Norisuye & Fuijta, Polymer J. 14,143 (1982)

| excluded

*
Folystyre nﬁ:-'r
E

volume
effect

2
e
F
slope . &
=k P
P ]
)
"
P
",rlr ]
)
;".r
e
-
ae
i
P
]

+%¥ (Gaussian regimg
slope =1

- \J

EXp.

L1 I|1||J_
1200

R,: radius of gyration
¢,,: persistence length

ng. # of Kuhn segments,
n = L/(24,)

L: contour length
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Simulation vs. Experiment

#® Mean square radius of gyration (RZ):

o]uly)

nQr—

2 1) |p)

Norisuye & Fuijta, Polymer J. 14,143 (1982)

If
Folystyre n?{r
excluded At
volume
effect

ot
“a
— ER
slope= 1.2 4%
]
rl"" %
P
e

Fore WLC
% (Gaussian regimd
slope =1

EXp.

- \J

I ||I|1||J_

[S20

10°

10° |
<Rg>

(2 Ip)°

10

GUTENRERG,.

volume—>.* Q
effect "

q . /"
os --wflexible -
0.2 p-A
0.05 @ s
0.02 -3k~ % }le
0.005 Stiff

slope=% (1.2 v‘

excluded 1\

(Gau53|an regime)

WLC

e y slope =1
ji.;(;q
_V‘:,;’j Sim.|
A .
30 100 1000
Nk

Hsu, Paul & Binder,
Macromol. Theory & Simul. 20, 510 (2011)
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GUTI °
Structure factor S(q) ENRRGc

N4+1 N+1 >

S(q) = (N T 1)2 <Y Y exp i - (75 — k)]

71=1 k=1

®» Asq—0,S5(q) =1— (R3>q2/3_|_...
s Mean square gyration radius (R?):
(SR SR — 7)?)

(N +1)2

(Ry) =

Polymer simulations with PERM | — p. 14



Structure factor S(q)

S(q) =

(N +1)2

1 <N—|—1 N4+1

71=1 k=1

As g — 0, S(q) :1_<R3>q2/3_|_...

s Mean square gyration radius (Rg): 10
(BD SAW) N\ oweem ™ g
SINALSNAL (7 )2 L V0588 Lt R
<R2> L J=1 k=3+1\"J k = 3 1‘ Oqﬂ ]
g’ (N +1)2 A 10" -rod—lik;‘?“'r Gag;lsian 02 4
v l, 4 005 v
a0t L
WLC — 0.01 *
L . s T ooos
(L = N = nyly) 100 T s
3(R7) 3 6 6 &
=1+ — — —[1—exp(-np)] (WLC)
p np ng Ny

GUTENRERS,,.

SN exp i (7 — m]>

(stiff) 0.005 < gp < 1.0 (flexible)

Benoit & Doty, J. Phys. Chem. 57, 958 (1953)

Polymer simulations with PERM | — p. 14



GUTI °
Slmulatlon VS. Theory RS

Gaussian
coil

swollen coil
(3D SAW)

L =n,t,
L: contour length
£,: persistence length

(stiff) 0.005 < qp < 1.0 (flexible)

10™ 102 1072 101\4 1 7

q rod-like

# Rigid rod (n, < 1):

al-  sinx 1 — cos(qL) Sroa(q — o)
[ aa™nE . =n/(q)
0 qlL

Sro E—
a(q) oL -
® Gaussian coll (1 < ny, < njly):

exp(—X)—14+ X
X2

SDebye(Q) = 2 ’ X = q2 <R3>

Polymer simulations with PERM | — p. 15



GUT °
S(q) of wormlike chains A

#® Exact solution by Stepanow:
2 Np S92 o .
Np Jo 0

F(s3) — F(s1) = / 7 dsi(s), i(s) = OF(s)/Ds

S1

Eur. Phys. J B 39, 499 (2004); J. Phys.: Condens. Matter 17, S1799 (2005)
® Approximation by Kholodenko:
2 1
S(a) =~ |h(@) - ~D()|, @=3L/2,,

T 1 sinh(Ez2)
— E sinhz ° q S 3/2£
@) = [azz"f(z), fz) = F s ’
0 E’ sinhz q > 3/2617

E = [1 — (2q4,/3)*]'?, E' =[(2q4,/3)* —1]'/?
Ann. Phys, 202, 186 (1990); Phys. Lett. A 178, 180 (1993); Macromolecules 26, 4179 (1993)

Polymer simulations with PERM | — p. 16



GUTI °
Kratky plO'[ qLS(q) vs. Lq, ql, i

d= 3 Jp |
0.050 v e
9l L =400 0.030 | , Kholodenko Rl
4 0.020 © 10° | S
G y 0.010 = = L = 25600 (
2 s o 0 G
o > 7 %0
10 t %
Kholodenko -« A L -
Stepanow = rigid rod
2 ' ' ' 1 i (continuous)
0.02 0.1 1 10 50 1 10 102 108 10%
ql, Lq
9 ngld rod (np: L/lp < 1): (stiff) 0.005 < gp < 1.0 (flexible)
qL i _
g B gy, ST 1 — cos(qL) Sroa(q — 00)
rod(Q) — L - ’ L 1)
gL |Jo x qL = m/(qL)
# Gaussian coll (1 < ny, < njly):
exp(—X) -1+ X 5, 5
SDebye(Q) = 2 X2 ’ X = q <Rg>

Polymer simulations with PERM | — p. 17



Crossover behavior

# Mean square gyration radius (R?):
rod-like - Gaussian coll - swollen coll

# Structure factor S(q):
swollen coll - Gaussian coll - rod-like

‘1 [rod-like #

swollen coil

slope = 2v-1 _..ww=mm""
(3D SAW) \g omesrize
L V=0.588 Ltk
- U
0.4 +
” Gaussian 0.2 A
coil 0.1 °
0.05 v
0.03
0.02 (o)
0.01 *
0.005

aS(a) / (aS(9)) max

03 ¢

0.1

GUTENRERS,,.

dp
0.005
0.2 *
1.0 o)

rod-like

10 100
q / qmax

Polymer simulations with PERM | — p. 18



GUTENRERG

Effect of stiffness on the adsorption transition
of single polymer chains

good solvent conditions

N\

I ) O VG VN N YO
IIIIIIIII\\\\\

L
Illllll' BEERERER!
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GUTENRERS,,.

Effect of stiffness on the adsorption transition
of single polymer chains

good solvent conditions

g A I (O N I I Y 1 N YD YD VOO O §

LA\
F//Illllll' LUV VNN

# A wide range of applications

#® One of the challenging problems in statistical physics

# Intrinsic chain stiffness i1s a very important characteristic of
most synthetic macromolecules and biopolymers

Polymer simulations with PERM | — p. 19



. GUTENEERSG,.
Questions?
# How important is the excluded volume effect on the conforma-
tional properties of adsorbed semiflexible chains?

Polymer simulations with PERM | — p. 20



. GUTENRERS,
Questions?

# How important is the excluded volume effect on the conforma-
tional properties of adsorbed semiflexible chains?

#® Does it make sense to still use the
worme-like chain (WLC) model in d = 2 dimensions?

DNA fragments on mica

Moukhtar et al., J. Phys. Chem. B 114, 5125 (2010)

Polymer simulations with PERM | — p. 20



GUT >
Questions? ENHERG.

# How important is the excluded volume effect on the conforma-
tional properties of adsorbed semiflexible chains?

® Does it make sense to still use the
worm-like chain (WLC) model in d = 2 dimensions?

#® |Is the adsorption transition of first order or second order?

$» T. W. Burkhardt, J. Phys. A: Math. Gen. 26, L1157 (1993) => first order

# T. M. Birshtein et al., Biopolymers, 18, 1171 (1979)
A. R. Khokhlov et al., Makromol. Chem. Theory Simul. 2, 151 (1993).
—> second order

® D. V. Kuznetsov et al., J. Phys. Il (France), 7, 1287 (1997); J. Chem. Phys. 107, 4729
(1997); Macromolecules 31, 2679 (1998) => first order, second order

Polymer simulations with PERM | — p. 20



Semiflexible chains ind = 3

# Mean square end-to-end distance (R?):

<R*>> ,
205
ol <R>=2f 3" I
Kratky—Porod
WLC model \ et
f'/.‘\ | “¢"‘
l.------------;i---------l """ . 'g': SCETTTTT PPy
<R>=12." | <R>=2b L ; Flory theory
\/ : : (v = 3/5)
o v : Gaussian « Swaollen
o rods coils : coils
S : .
0.0H : 4 : — : >
0.01 01 1 10 100 "1000 10000
. 5 n,=L/l,
Np =(lp /D)=N'/Ip

GUTENRERG,.

L: contour length
L =N#by, by, =1

£,. persistence length

D: effective thickness

Polymer simulations with PERM | — p. 21



Semiflexible chains ind = 3

# Mean square end-to-end distance (R?):

N/ N™% (q,)

3D WLC model works
for stiff but very long
chains, unlike 2D

5 SAW
d=3 slope = 2v-1 ‘1’
1 = 0. i A AR Y iy i ad dS UG s s s s sns -
v =088 ,,;&“‘ww j‘ - [lattice
, G _ Ip spacing]
2 & Gaussian 2.05
<Re> gg’?; 335 +
21lpL) 01} & _ 596 4
& «<—rod-like 954 x
¢ 1393 o
DER Y o Rr— 26.87 ¥
A 52.61
0.01 '2 3 '
10 10 10°

10*

GUTENRERG,.

SAW

slope = 14 _
4#<—rod-like 21

slope = 2v -1 ‘l’ .

‘A

5 attice
? |p spacing]

124

+ B X O ¥
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GUTENRERS,,.

Semiflexible chains ind = 3

# Mean square end-to-end distance (R?):

5
d=3
1r v:O.SW% o [I’atice
. |J Ip spacing]
R2 #” Gaussian  2.05
<Ke> ’ée) 3.35 +
(21pL) 01t 4§ _ 596 4
F<—rod-like 954
@ 1393 o
Y.V [ o r— 26.87  * P
" 52.61 I [lattice
0.01 ¢ : ' 11 o p spacing]
10 10° 10° 10 _R2s 1247
N/ N™% (q,) 2 1,L) 31 o
21 X
10-2 L A ]_g A |
HWLC N
3D WLC model works o | R
. -2 2 4
for stiff but very long 10 . 10 10

chains, unlike 2D
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Model

GUTENRERS,,.

Self-avoiding walk model on the simple cubic lattices ind = 3
# Bond-bending potential Uyenq(6) = flexibility of chains

Upena(0) = €p(1 — cosB)

/

\

0

€p

6 = 0°
0 = 90°

bending energy ¢, T, stiffness

0 Oo
90— —>—>

!

l adsorption
/ energy—¢ 7-0

ANTTRTT N

>N

#® Short-range contact adsorption potential:

;

Uads (zz) =

\

—€ Zf,;:O

0

ZZ>O

e > 0 (attractive)
e = 0 (athermal)

(good solvent conditions) z;: z-coordinate of the z** monomer
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GUTENRERS,,.

® Partition sum:
(a walk with IN steps, NVy,.nq lOcal bends, IV, surface contacts)

S Nbend NN,
ZNaNbendaNs (qb) T z : CNaNbendaNs qb q ’
config.

s q, = e («/kBT): pending factor

» g = e*/*8T: adsorption factor

# Algorithm: PERM
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Gu™ °
Snapshots of semiflexible chains A

Flexible chain, qb: 04 qb |p[latt|ce spaing]
. 1. 13erX|bIe
0.2 2.05
0.1 3.35
0.05 5.96
0.03 9.54
*_ Moderately stiff chain, = 0.02 13.93
R Y %= 0.05 001 26.87 V
| 0.005 52.61 stiff

® q,. bending factor
Stlffchaln G,=0.005 o ¢, persistence length

#® NN: chain length

N = 25600 >> (O(10?)
(previous simulations)
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GuT 0
Persistence lengtl?, ENRERG

Standard definition:
® (cosO(s)) = exp(—sby/Ll,) = £,/

S=|—I

‘ai‘: |b: 1
sfy: contour length from monomer ¢ to monomer 5 (£, = 1)

~ ® Semiflexible chains in bulk:

gp = 0.005 q, = 0.005
| _ |
<cos 0(s)> | %«7_@ °06 :G *OX e | s 0,/0, = 124ind = 2
| 3 S
Ty o J—
o1 a2 uly @ | » 4,/t,=53ind=3
Ee :
- g=L. I
Lo ¥ | ® Temperature T'(kg/€e) = 1/1Ingq
. J—1. v + ]
d=3 (bulk)  +, . N adsorption energy e = 1
0 50 100 150 200 250

. Boltzmann constant kg = 1
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. GUTENRERG, .
Persistence lengtly,,

Standard definition:
® (cosO(s)) = exp(—sby/Ll,) = £,/

2.2 1
1.9 }0. T, transition point
lp(Qp,T) .
Ib(db) 1.6 0. T > T.: non-adsorbed phase
. bmk)lg T < T.: adsorbed phase
| oo = Effective persistence length
0.2 -0.1 0 0.1 0.2 depends on the extent to
Te/T-1 which a chain is adsorbed

— non—adsorbed <— 0 — adsorbed —
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GUT °
Adsorption transition of flexible chains A

# Order parameter: N,/N oc N9~ at T = T. (critical point)

y

~ ||, for T >T,

N

x ¢ No1 for T = T.
N ’ k="T./T —1
r1/¢—1 for T < T.

\

# Gyration Radius: R?, /R?, ~ const atT = T,

( (
) N2, ) N* , (3D SAW) forT > T,
Ry, o< gy o< S
K/ R2V2—v)/oO N2z - forT < T.
‘ ‘ (2D SAW)

N number of monomers, IN.: number of surface contact
e. adsorption energy of a monomer, ¢:. crossover exponent

(non-adsorbed phase < adsorbed phase)
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o y . GUTENRERG,
Determination of transition point

#® Semiflexible chains of chain length N > N™* = Swollen coils

N > N*

<R?>/(2lLL) 4
101 Kratky—Porod
WLC model
o
1-,i| -------- [ RO P,
<R>=[2," <R'>=2b L Flory theory
\’/ " (V:3/5)
Ol v " Gaussian
;o rods coils
0.0H~ ! L ! M
001 01 1 10 100 *
Ny =(lp /D)
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L y . GUTENRERG,
Determination of transition point

» AtT =T, (q = g.) (Inthe thermodynamic limit N — oo):

» Ratio between two gyration radius components:
R? (N)/R} (N) ~ const

» Number of surface contacts: N,/N? ~ const
Pt (N, q) = In[Ns(2N,q)/Ns(N/2,q)]/In4
X~ ¢ => crossover exponent

s Partition sum: Zn(q, qs) x p(gs) VN 1 fugacity
'y{,le)ﬂ»(N, q) =14+ [4InZn —3InZpn/3 — In Z35N]/9

YO (N, q) = 1+ In[ZonpN/2/ Zy 5]/ In 4

J\lrim 7{21:1.» = {?gff = 7,7 = surface entropic exponent
—0C0
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GUTENRERS,,.

Determination of q. = e/*sTe
# Gyration Radius:

R} /R, ~ const

0.34

0.31 ¢

2
<Rg >

<Rg>

0.25 ¢

0.22

0.28

ap = 0.4 ‘,.“..—-"“"':
fﬁﬁwﬂmﬁﬁ;:TWM”
e " N o o,
28 -
x"f*
f
7 q=1.2806
/ 0=1.2808
/ q=1.2810 -------
/ 0=1.2812
/ 0=1.2814 -
10 10 10° 10*

Flexible chains: g, = 0.4
#® Persistence length:

¢,(g = 1) =~ 1.13 lattice spacings

» Crossover point N* < 10:

Gaussian chains «— swollen coils
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GUTENRERG,.

Determination of q. = e/*sTe

# Gyration Radius:

RZJ-/RZII ~ const

0.34
g, =0.4 )
0.31 | MWW
T
2 'g\@"“
< > A
L 028 B f“_@t
< > y
R ifi q:%.
4 g=1.
0.25 fs iy
f! q:l
/ g=1.
0.22 . |
10 102 103
N

#® Order parameter:
Ns/Nqb ~ const

o4l =04 .,f“‘“
] N«“‘"‘“‘-“w T :EEM‘%A ::
Ns "@y \
_— | (‘
N® 2.2 fs
/ q=1.2814
/ q=1.2812
/ G=1.2810 --nnee-
2. q=1.2808
. q=1.2806 e
10 102 103 10*
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g GUTENRERG
Determination of q. = e/*sTe

#® Gyration Radius: #® Order parameter:
R} /R, ~ const N,/N? ~ const

0.34 . . . .
Gy = 0.4 —— ‘ b4l Gp=04 e
0.65 ‘ . . . Q‘&wﬂwﬁ\-‘“".”."“:;:’:::*‘% n::
\ q=1.2814 &~ \
\ q=1.2812 Ns 55 4
06 %Y 9,=040  =1.2810 ------- ) N 4
Y q=1.2808 / =1.2814
kY (=1.2806 - ! q=1.2812
QO 055 % / q=1.2810 -------
., 2 | q=1.2808
g P f =1.2806
...H-.‘iﬁ,}”:mwﬁ:::im ﬁ 0.495 10 102 103 104
0.45 | | | | N
10 10 10° 10*
N
In(Ns(2N))/Ns (NN
d = lim g = (INs ( ))/Ns(N)) ~ constat q = qc
N — oo In4
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g GUTENRERG
Determination of q. = e/*sTe

#® Gyration Radius: #® Order parameter:
R} /R, ~ const N,/N? ~ const

0.34 | | |
% = 04 “,.r-,:‘:m::.':'lﬂ-":-';::’:: 2.4 9 = 0.4 e --"““""“'M
@@x@ " S @w@‘«&-‘ e i, -
2 A f‘« \
SRel” 028 | i : pr 22+
<Ry > / _ N / B
7 q=1.2806 e / q=1.2814
7 g=1.2808 ! g=1.2812
02571 7 (=1.2810 -=w-ee- / (=1.2810 <mrere-
/ 0=1.2812 2.1/ q=1.2808
/ 0=1.2814 ' G=1.2806 e
0.22 . | |
10 10° 10° 10* 10 10° 10° 10*
N N

= q. = 1.2810(3), for g, = 0.4
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Determination of q.

# Gyration Radius:

R} /R, ~ const

0.30

0.25

o0 000
o

2
<Rg >

2
<Rg>

0.20

0.15 | N\,

0.10 '2 '3 '4
10 10 10 10

GUTENRERS,,.

— ee/kBTc

Moderately stiff chains: g, = 0.05
#® Persistence length:

¢,(g = 1) = 5.92 lattice spacings
#» Crossover point N* = 180:

Gaussian chains «— swollen coils

atq = q.(qp = 0.4), R?, /R?, ~ 0.32

ell
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g GUTENRERG
Determination of q. = e/*sTe

# Gyration Radius: #® In the adsorbed regime,
R? /R?, ~ const q > q. (T < Tp):
g gl
0.30 . . . R3||/N2(”2:3/4) ~ const
q:
9= 0.4
0.25 | O=
q:
<R2 > & e, —
3L~ 0.20 | :
<Rg> \ ) T~
AN <Rg)> R
015 1\ N3/ q=1.150 ——
) 0.1 | g=1.105 e
q:llOl ...............
0.10 ' . . q=1.099 .05
10 10° 10° 10% q=1.097 ------- Ab
q:1095 ...............
N 0.05
10 100 1000 10000
N
2D SAW
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UG,
Determination of q. = e*/*s™
#® Effective surface entropic exponent:
4In Zn — 31n 4Nz — In Zsn

1)
71,eff = 1 _I_ 9
3IN/2
(2) 1+ In[Zanp / AN
Ti,ef —
© In4
3 .
q=1.0906 -
q=1.0903
2.4 | q=1.0901 ----=-
q=1.0899
q=1.0896 v lim 1 _ (2 _ _sp
yfgff 1.8 ¢ q=1.0901, V(11,2;ff """""""" C N oo 71,6ﬂ' 71,eff Y1
R "’"""’*'%;,,
1.18 [ e | = (e = 1.0901(3), for g, = 0.05
qb:0.05
0.6 . — )
10 102 10 10
N

Polymer simulations with PERM | — p. 29



Gu™ °
Dependency betweer/kgT. and g, e

#® Non-reversal random walks on the simple cubic lattice:

In q,

€ 2(4 4 ¢; 1)

— In
kple ((2 +a )+ [(24+ ¢, Y)? + 16]

Birshtein et. al., Biopoly. 18, 1171 (1979)
€ 24 2
x In < G ) (Th 2)

m) (Th1)

a1 kgT. O, + /02 + 4

0Ly ¢, = 20p: Kuhn length
Linden et al., Macromolecules, 29, 1172 (1996)
Simulation O
Th2 * o _
0.01 | Thi critical adsorption energy:

0.01 0.1 1 e/kgT. = Inq,
stiff «e— a, — flexible

Critical adsorption energy: €/kgT. = Inq. < 1/£,, for large £,
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. GUTENRERG,,.
Chalin structures

Z
N

free chain end —

: - trains
grafting site substrate

® Fraction of monomers in
trains (Mmyyain) /IN, 100PS (Mioop) /IN, tailS (miai) /IN

#» Average lengths of
trains (lirain), 100PS (lioop), tails (liai)

#® Average number of _
trains (7train), 100PS (Nioop), taIlS (12¢ai1)
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GUT .
Flexible chains: ENREAG

g = 0.4, £5°P) = 1.13

non—adsorbed adsorbed

<m?>

TJT-1=0.12

TJT-1=-0.2
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GUTI 5
Moderately stiff chains: ENHERG,

dp — 0.05, EZ(?SD) — 5.96

non—adsorbed . o adsorbed
g, = 0.05
P N = 25600 ¢-@"
Fx 2 L
cm> 267 | h *‘*@QQ | TJT - 1= 0.10
N 04} fggp _____ E'*_ _____ Ox
train - O
0.2 t
0 LBl e

-0.15 -0.1
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Stiff chains:

non—adsorbed

TJT -1=-0.03

GUTENRERG

gy = 0.005, £{*P) = 52.61

0.8
o}
= 0.005
<m> 0.6 dp |
N tail  —&— N = 25600
04 | 00p ——%— : |
train - O
0.2 0(5
0 &Q::-.-.-::;::':g‘.'jggigex--*’f%.. N

-0.15 -0.1 -0.05 O

0.05 0.1
T, /T-1

adsorbed
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GUTENRERG,.

Fraction of monomers in trains

0.8 1

0.6 | 25600 —8—

Mtrain Mtrain
N N 04¢
0.2
KoK g | e e |
-0.6 -0.3 0 0.3 0.6 -0.26  -0.13 0 0.13 0.26
T /T-1
1
d, |p  2nd order
0.8 | 0.4 1.13 flexible
0.2 2.05 4
06 -x 01 335
Mtrain
TN 04 0.05 5.96
0.03 9.54
0.2 t 0.02 13.93
0.01 26.87 v
0 - - .
026  -0.13 0 013 026 0.005 52.61  stiff
CTo1 1st order
C
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S . GUTENRERG
Distribution function P (1miain/IN)

#® Order parameter:
Fraction of monomer surface contacts N, /N
= Fraction of monomers in trains m,ain /N

# Transition point: q. = exp(e/kgT,)

80 f  Up=04 q=1.277 —— 9, |p 2nd order
q=1.279 o 0.4 1.13 flexible
N = 25600 q=1.281 weee A
60 q=1.283 : 0.2 2.05
p( Mrain y 4 d;=1.2808 q=1.285 -mmee 0.1 3.35
N 740 [:%, 0.05 5.96
N, 0.03 9.54
20 ¢ - 0.02 13.93
0.01 2687 V¥
O A L T LT e, TP . Stlff
0 002 004 006 008 0.1 0005 52.61 1st order
Myrain /'N
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S . GUTENRERG
Distribution function P (1miain/IN)

#® Order parameter:
Fraction of monomer surface contacts N, /N
= Fraction of monomers in trains m,ain /N

# Transition point: q. = exp(e/kgT,)

40 '
qp = 0.05 Qf%-ggg — d, lp  2nd order
20 ﬁ 0=1.001 e | 0.4 1.13 flexible
N = 25600 G=1.093 s 0.2 205 4
. =1.096 -------
0.03 9.54
10 ¢y 0.02 13.93
: N 0.01 26.87 \/
0 * = 0.005 52.61  stiff
0.6 0.8 1st order
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S . GUTENRERG
Distribution function P (1miain/IN)

#® Order parameter:
Fraction of monomer surface contacts N, /N
= Fraction of monomers in trains m,ain /N

# Transition point: q. = exp(e/kgT,)

15 . . .
qp = 0.02 32%8282 e qb lp 2nd Qrder
12 N = 25600 q=1.0410 e 1 0.4 1.13 flexible
0=1.0415 e 0.2 2.05 A
P( Mirain ) 9 | qc = 1.0410 q=1.0420 -----=- : 01 335
N "6l 0.05 5.96
0.03 9.54
3+ v e : 0.02 13.93
B l ", \:‘f,'f‘.k,,:‘\:m: ',‘_\x ‘s \,‘,‘M 001 26.87 v
"0 o0z o4 06 o8 1 AR 1Sitlgrder
Mirain /N
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S . GUTENRERG
Distribution function P (1miain/IN)

#® Order parameter:
Fraction of monomer surface contacts N, /N
= Fraction of monomers in trains m,ain /N

# Transition point: q. = exp(e/kgT,)

6 . . . .
4p=0.005  Jrems L A d, |p 2nd order
=1.0109 e 0.4 1.13 flexible
N=25600  d-1oTo
4t N7 0=1.0108 —— /| 0.2 2.05 4
P( Mirain ) | Gc=101095 0.1 3.35
N 0.05 5.96
- 0.03 9.54
0.02 13.93
001 26.87 V
0.005 52.61  stiff
1st order

Polymer simulations with PERM | — p. 36



GUT °
Stretching semiflexible polymer chains A

#® Experimental techniques of single molecule measurements:
probing the tension-induced stretching of biological
macromolecules

#® Theoretical predictions of force-extension curves
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GUTENRERG,.

Force-extension curves ird = 3

# Mean square end-to-end distance (R?):

<R*> ,
205
ol <R>=2f 3" I
Kratky—Porod
WLC model \ et
f/.‘H | “¢"‘
1*,i| """ 33 LACELTEREEEEEET
<R>=12, 1 R>=2bL L pory theory
\.' : : (v = 3/5)
T : Gaussian 1« Swollen
o’ rods | coils ' coils
3 : :
0.0H~ : ; : — : >
001 01 1 10 100 *1000 10000
. D n,=L/l ,
M =(b /D)Y=N"/lp

for semiflexible chainsind = 3

L: contour length
L =N#by, by, =1

£,. persistence length

D: effective thickness
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Force-extension curves ird = 3

& = kpT/f: tensile length
R* Eg/D 1"
(SAW «— Gaussian)

GUTENRERG,.

[«— —>

&p=1pg"

Hsu & Binder, J. Chem.

Phys. 136, 024901 (2012)

| : : E — 1_ l%T/“b
D: thickness of chains ;-1 linear £ f1:31, I=keThl, )
resp~ \leT) \R* - g =lb
onse: f P p
<X>/L 192 <R%, f KITp :  freely
B T L kT :  jointed
T | — . Kratky—=Porod regime. cains
10 Ep =R : ! < ]
Pincus; : d=3]: discrete chain
Ry £ y blobs | A : Iy e
10", A e vl = S e
l 10° 10° 10 10 1 10 10
_ ﬂp/kBTzlp/Ep ‘
Ip
—f continuous chain
—f = o —ef
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GUT °
Crossover scaling behavior et

) i : X) Jlp
Force-extension curves: C, ‘7. - Cpil %

= crossover point (¢, Yer) ~ (O(1), O(1))

® Linear response (&, > /(R2)g): &)~ $o .
# Pincus blobs (\/(R?)o > &, > R*(= £2/D)):

x) o (12 (P

L 7 \ kT R*
# Kratky-Porod regime (R* > &, > £2/£,):

s K (2)( ), small £ (R* > &, > &)

s 1 12y large f (6, > & > £2/£p)

kpT

# Freely jointed chains (¢, < £3/£,): 1 — 73
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. . GUTENRERG,,
Crossover scaling behavior

] i ] (X) T4p
Force-extension curves: C,-=~ - Cp2% o T

= crossover point (azcr, Yer) ~ (O(1),0(1))

# Linear response (¢, > /(R2)o): %> ~ <R§>° kgT

# Pincus blobs (\/(R?)o > &, > R*(= £2/D)):

(X) A (&)2/3(%)”3 R* ~ £, ~ £ (SAW)

L kT R* : .
Kratky-Porod regime disappears

# Kratky-Porod regime (R* > &, > £7/£y):

s X2 )(,fp) small f (R* > &, > £,)

X
X ~1 - ‘/Z?ET large f (€, > €, > £2/£,)

kT
Iy

# Freely jointed chains (¢, < £3/£,): 1 —
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. . GUTENRERG,,
Crossover scaling behavior

] i ] (X) T4p
Force-extension curves: C,-=~ - Cp2% o T

= crossover point (azcr, Yer) ~ (O(1),0(1))

# Linear response (¢, > /(R2)o): %> ~ <R§>° kgT

# Pincus blobs (\/(R?)¢ > &, > R*(= £2/D)):
@z(&)z/?’(ep)l/?’ D=~ ¢, R* = ¢,

v . e Pincus blob regime takes over
# Kratky-Porod regime (R* > &, > £7/£y):

s X2 )(,fp) small f (R* > &, > £,)

X
X ~1 - ‘/Z?ET large f (€, > €, > £2/£,)

kT
Iy

# Freely jointed chains (¢, < £3/£,): 1 —
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. . GUTENRERG,,
Crossover scaling behavior

Force-extension curves: C, <X> Cw,%’r

= crossover point (azcr, Yer) ~ (O(1),0(1))

# Linear response (¢, > /(R2)o): %> ~ <R§>° kgT

# Pincus blobs (\/(R?)o > &, > R*(= £2/D)):

A (%)2/3 (féi)l/g (R?)o ~ R*?

Pincus blob regime disappears
# Kratky-Porod regime (R* > &, > £7/£y):

s X2 )(If]:;) ,small f (R* > &, > £))

X
X ~1 - ‘/Z?ET large f (€, > €, > £2/£,)

kT
Iy

# Freely jointed chains (¢, < £3/£,): 1 —
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GUT °
Biased Semiflexible SAW model i

® Excluded volume effect
= Self-avoiding walk (SAW)

# Chain stiffness 0
= Bond-bending potential

Upena(0) = €p(1 — cosB)

y

<Nstr>~ | 0" ||oersit?]tence
eng

0 60=0°

\ €p 6 = 900
bending energy €, T, stiffness

® Deformation of chains
= Stretching force f: fx

on the simple cubic lattice (d = 3)
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GUTENRERS,,.

# Partition sum (a walk with Ny, steps and Nyenq l0cal bends):

Z N, Noona (Qbs b) = Z C(Ny, Npena, X)qp > b*

config.
q, = e~ (50/k8T): pending factor, b = ef/*k5T: stretching factor

X . end-to-end distance along +a-direction
(X = xNni1 — x1)

o Algorithm: PERM 0, [p @ mnbuk
bias: P+a : P—a : Prgordz = Vb:y/1/b:1 (38 Offterpe

0.2 1.81

0.1 3.12

s 0 < N, < 25600, short chain < long chain |05 o1

s 0.005 < g, < 1.0, very stiff < flexible (SAW) |00 2008

\ /4
0.005 51.52 stiff

s 1 < b < 1.6, no force < strong force
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Monte Carloresultsind = 3

® Linear response < Pincus blobs

1- ks Thl,
1T/ 2\ B
i ' freely
Pl L Ve jojnted
10 [linear LoeTile 5 Hains
resp-: - |
% onse: | Ep= Ip 2
-2 —
10 ||<R%>. f —P - HE
> I keT <p Ip
v 3 Kratky—Porod regime;
10 . ;
' 5 d=3] !
10 \I/ ' : SS :
104 10° 102 108 1 10 10

(mcra ycr) ~ 0(1)

GUTENRERG,.

= scaling factors: C, = L3/5l;/5/l;‘;/5, C, = L?*/5/(£ul,)/®

Polymer simulations with PERM | — p. 42



Monte Carloresultsind = 3

® Linear response < Pincus blobs

lp
- FH-
[«— —>]

L 3
1

&p=1pg"
Pincus blobs ——
10 ¢ qb =04
>
@)
%I 1 d=3 L
) 25600
5 1 6400
10 linear 1600 (0]
response 400 %
100 A
10°° 2 ' 1 | |2 3
10 10 1 10 10 10

(fl, / kgT) C,

1
10!
1
N
10°
X<

linear

GUTENRERG,.

777777777777777777777

 freely
! jolnted

resp- /[\ chains
onge: iy &p=Ip _ﬁ
<R%, f T : Ep_llp
v 103 ! Kratky—::Porod regimei
5 d=3] |
104 © " : A Pa— s :4
10* 107 10°% 10 1 10 10
flp/ke T
d, | p (3D in bulk)
1.0 0.67flexible
0.4 1.13 4
0.2 1.81
0.1 3.12
0.05 5.70
0.03 9.10
0.02 13.35
0.01 26.08
0.005 51.52 stiff
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Summary

#® Evidence for the importance of excluded volume effects

# Semiflexible polymer chains under good solvent conditions

» The applicability of the Kratky-Porod model is tested
breakdown in d = 2! (no intermediate Gaussian regime)
» Theoretical predictions for the end-to-end distance R, with
using the Flory-like arguments are verified.
s Rod-like - SAW (d=2)
s Rod-like - Gaussian coils - SAW (d=3)
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# Semiflexible chains adsorbed onto surface
s Finite £, : simulation data = continuous adsorption transition
(critical adsorption energy €/kgT. ~ 1/¢, for large £,,)

s Inthe rigid rod limit £, — oo:
adsorption transition is of 1st order

» Much longer chain lengths 10 < N < 107 are required
» Theory for the analysis of crossovers is needed

#® Stretching semiflexible polymer chains
Theoretical predictions for the force-extension curves

» linear response - Pincus blob - Kratky-Porod model - freely
jointed chain
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