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solvent: A Monte Carlo test of
scaling concepts
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Polymers in confining geometries

® A strip of width D: _
) (nanoslit)

A WM 0 a=2  a=1

]

# Two parallel hard walls separated by a distance D:

(nanoslit)
d=3 — d=2

(nanochannel)
d=3 — d=1
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Theoretical predictions (flexible — stiff)

Daoud - de Gennes regime: J. Phys. (Paris) 38, 85 (1977)
T v S c S Dy Iy
D&O _ O D >>1p
free energy: AF/kpgT = D~°/%£L/% £, persistence length
end-to-end distance: R = L£;/3D—2/3
Odijk regime: Macromolecules, 16, 1340 (1983)

DI //6-\_/\/\ D <1lp

deflection length A - (D2%/2,)'/3,angle 0 ~ D/\ ~ (D/£,)'/3

— L 2r 2
The Kratky-Porod model: Hxp {7(s)} = £ [ ds (‘332)
= free energy: AF/kpgT ~ L/L/°D*? L > £,
end-to-end distance: R = Lcos(0) = L(1 — A(D/£,)*/3)
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DNA confined in nanochannel (Exp)

# Extension R/L vs. ionic-strength I
Odijk’s regime

AT .
T I(mM} o DNA confined In

Imprinted nanochannel arrays
Reisner et al. Rep. Prog. 75, 106601 (2012)
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Daoud - de Gennes blob theory

® Flexible polymer chains of size /N confined in a tube

Blob picture:
n, "blobs" I .- —~s.
A T ! 3
D, () \
g monomers
» Total number of monomers: N = gn, ¢, bond length
s End-to-end distance: R = ny(2r,) = npD || tube

within a blob, D = £,g¥ = 2r, , v = 3/5 (Flory, 3DSAW)
— R|| — Nfb(D/fb)l_l/V

s Free energy: AF = ny[kgT] = N/g = N(D/£,)~ /"
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Daoud - de Gennes blob theory

® Flexible polymer chains of size N confined in a strip

Blob picture:
n, "blobs" I, .- —~s.
DI \ A, ’
g monomers
s Total number of monomers: N = gn, ¢, bond length
s End-to-end distance: R = ny(2r,) = npD || strip

within a blob, D = £,g¥ = 2r, , v = 3/4 (Flory, 2DSAW)
— R|| = Nfb(D/ﬁb)l_l/V

s Free energy: AF = ny[kgT] = N/g = N(D/£y)~/"
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Daoud - de Gennes blob theory

#® Flexible polymer chains of size /N confined in a slit

-

Blob picture: N, “blobs”
l,—f - ---2

L

g monomers

7 S ]
§ =X |
4 ' 2 ot I o !
’ . o e 4
DI/ I

o Total number of monomers: N = gn, ¢, bond length
s End-to-end distance: R = ny(2r) = n,3/%D || walls

within a bIOb, D = Ebg'/ — 2’)"() , UV = 3/5 (F|Ory’ BDSAW)
— R” — N3/4£b(D/£b)1—3/41/ ~ ebN3/4(D/£b)_1/4

s Free energy: 6F = nylkgT] = N/g = N(D /)~
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Snapshots of 3D semiflexible chains

qb I p[latticespacing]
0.4 1.13flexible
0.2 2.05 A

0.1 3.35
0.05 5.96
003 954
0.02 13.93

001 2687/ Vv
0.005 52.61 stiff

® ;. bending factor

Stiff chain, 0, = 0.005 # (. persistence length

® [ contour length, L = N¥,

¢,,L — D (confinement constraint) ?
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Semiflexible chains in bulk
#® Single crossover (rod-like - SAW) in d = 2:

2 . . . SAW

d=2 slope = 2v 1‘1' ;
v=3/4 v

P theoretical predictions:
A :|Lp22pacing] LI‘Od — ep

Gaussian 6
: L* = ¢3¢

<«<—r0od-like 21

<R3 >
(21pL) slope =

+ P X 0O ¥

10

L/L"%(qy)

#® Double crossover (rod-like - Gaussian - SAW) ind = 3:
c SAW
T _I & 3
d=3 slope = 2v-1 Uy
» AO"'QVQ:Q;OVAVA 02
— 0.588 T ot 0.1
1 \Y) 0 . 588""5“"4‘“’&AAA ELECIEEEE] [Iattlce 2 | O . 05
¥ Gaussian 2|pggacmg] 0.03
2 g .
<Re> @g 3.35 + <RZ > 88%
21pl) 01} & 596 & :
1) Fe—rod-lke 954 x (@hL) | 000
& 13.93 o IUUOVIONURS T -cadity
& WLC e 26.87  x :
S 52.61
0.01 & - - : ‘
1072 10° 102 10* 102 10° 102 10*
L/L"™ (q,) Gaussian L/L
b ; (dp)
chains
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Semiflexible SAW model with PERM

A semiflexible polymer chain in a good solvent

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

#® Chain stiffness
= Bond-bending potential

<Ngir>~ | 0" Feer:rsititence
g

Upena(0) = €p(1 — cosB)
(

0 6=0°
\ €p 6 = 900
bending energy €, T, stiffness 7

= 4

. | Noen
® Partition SUM: Zn,nNyes = 2 contig. CNNpena@o *™

on the square lattice (d = 2) and simple cubic lattice (d = 3)
under geometric constraints
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Flexible chains confined in a strip

T strip width: 8 < D < 320
p cChainlength: vV < 128 000

Hsu & Grassberger, Eur. Phys. J. B 36, 209 (2003)
J

1
#® Scaling predictions: |
0.1 ¢
s Fugacity per monomer |

LD — Poo == 0.737TD—4/3 0.01

o End-to-end distance 0.0012—
(Azx) /N ~ 0.915D~1/3

» Monomer density on the walls
Py = 10.75D_2

0.0001 rHp -
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Semiflexible chains confined in a strip

kink V strip width: 8 < D < 320
L T ? chain length: N < 128 000

effective persistence length: £,(D)

® Bond orientational correlation function:
(cos O(s)) = (@; - Aj—its)/ b}
— exp(—sﬁb/ep) — ﬁp/ﬁb

1.0 g . . . .
?%; d=2 o
0.005 124  stiff 0.7 ¢ ;@ %, 0.02 ©
001 62 4 N N, e 003 x
0.02 31 <cos 9(s)> Pp  w '
05 | a¥®  “x )
0.03 21 L0 -
005 13 RAERE
0.1 8 =.-A ‘.-“); -__oo “ ¥ »
0.2 4 B o
04 2 J 0.3 ALY X5 . " ; ) v,
10 1 flexible 0 30 60 90 120 150
S
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Semiflexible chains confined in a strip

kink V strip width: 8 < D < 320
L T ? chain length: N < 128 000

effective persistence length: £,(D)

o Scalmg hypothesis for £,(D) (£,(D) — ¢, as D — oo)
£y(D) = £,P(n = D/¢y)
with § 10 |
15(77) .y 1 forn > 1
\ c/n forn K1
c. constant L]
Each 90° kink contributes 0_61' o1 1 10 100
a factor g, = exp(—e€p/kBT), qp x 1/£, D/,
lp(D) < €2, D < £,

1,(D) /1,
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Scaling predictions (flexible— stiff)

# Fugacity per monomer (n = D/¥£,,)

(1D (qy) — oo(qb)]lp ~ M~

® [ree energy per monomer
F(qy, D) = £ F(n)

Zn (qp,D)
ZN (q,oo)

_ _ 1
— Nln

4/3

Scaling laws of the partition sum Zp;
in the thermodynamic limit N — oo

® Zn(ab) ~ poo(gy) N N7~ (in bulk)
the entropic exponent v = 43 /32
® Zn(av, D) ~ p(gy, D)~ (in strip)

[Mp(Ap)-Heo (Ap)] 1

. flexible chains

0.12\%\

0.915 D13

0.01

0.001 t /N 0.737 D3
Pp * )
0.0001 FMp-H, © 10.75D
10 100 1000
D
1
01}
0.01 | O.
0.001

0.01 0.1 1 10 100
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Scaling predictions (flexible— stiff)

# Fugacity per monomer (n = D/¢,) , ___flexible chains
4/3

[1D(gb) — Poo(qn)]€p ~ 1~ o |
® Free energy per monomer 001 |
F(qy, D) = €7 F(n)
® Force per monomer
OF o 0.0001 ¢ " Foo T 1
f= 3D — e Ff(”?) 10 100 1000
Fr(n > 1) ocn™/3

0.001

slope =-7/3
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Scaling predictions (flexible— stiff)

Fugacity per monomer (n = D /¢,) _flexible chains

9

[IJ’D(Qb) — uoo(qb)]ﬁp ~ 77_4/3

Free energy per monomer
F(qv, D) = £;F(n)

Force per monomer

f =55 = &, Fr(n),
Fe(n>1) ccy™™/3
End-to-end distance

(Az) = NX(n), X o< n~1/3
Monomer density on the walls
Py = Tt = £V F,(n),
Fo(n>1) xn 2

1

0.1 ¢

0.01

0.001

0.0001 |

10 100 1000

pb lp

001 0.1 1 10 100
D/ Ip
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End-to-end distance || walls
kink \ 10

I—.—__i_T—Ih_E"—;,_ D

1 2t |
<Rg >
(2 1pL)

2 . . SAW

= [lattice
|p spacing]
124
62

N
=
+ P X 0O %

<R2> ~ N, rod-like o T p— S

N/ (21)
<R2> ~ N?, 2DSAW

:
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Monomer density profiles

#® Scaling prediction: Eisenriegler et al., J. Chem. Phys. 77, 6269 (1982)

(D+1) p(y)

1

p() = 5106 = 5L AEQ— 7, €= y/(D+1)

A = 10.38 , Hsu & Grassberger, Eur. Phys. J. B 36, 209 (2003)

1.8

15F * *

1.5 | X %
1.2 | . . o |
1.2 | = T, A\ o
3 09 e D=8 ©a Wy
0.9 = 160 +
5 F 80 w
0.6 | S o S o6 40
/ 16 - 16 o
03} A4 8 o 0.3 gp = 0.01 3 *
/f{ f (E) l.. ~ 62 O
P D
O 4 | | | | AN, O fp(&) 1
0 02 04 06 08 1 0 02 04 06 08 1

¢=y/(D+1) 3
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3D semiflexible chains confined in a slit

#® Scaling predictions (in bulk):
R~ L = N¥, L < £, (rod-like)

R~ (£,L)Y?, £, < L < £2 /£ (Gaussian)

R = (£,£,)/°L%/%, L > £3 /62 (SAW-like)

Cross-over point
(Gaussian < SAW)
L* = 65,/6
R* = eg/eb

il

5 | | SAW
d=3 slope = 2v-1 v
1 v =0.588 ............
[lattice
G ] |p spacing]
2 aussian 2.05
<Re > : 335 +
(21pL) 01 _ 596 4
¢ «—rod-like 954 x
o 1393 o
YV K o — 26.87 %
£ 5261 o
0.01 '2 Io .2
10° 10 10 10*

L/L" (qp)
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3D semiflexible chains confined in a slit

<

Scaling predictions (in bulk): Cross-over point
R~ L = N¥&, L < £, (rod-like) (Gaussian < SAW)
~ 1/2 3 2 - * __ p3 2
R~ (£,L)Y?, £, < L < £2 /£ (Gaussian) L* = £, /¢
~ 1/573/5 3 /2 - R* = ¢2/¢
R = (£,,)"/5L%/3, L > £3/£2 (SAW-like) o/ Lo
Scaling predictions (in slit):
R/, R/,
T slope=3/4 e (SR e
6| 6] Ry _x"'\‘ _
TR 8 hgtan
104__(3__':‘_)_/1*3______[ _______ . slope=3/5 104+ . \ / R
Dlly [opeztios > T\ Slope=1 Sl
ot Troas 7 R WA | A SO s By
, LSlope=1 Lc=Dp ! | Ui . . . i i |
12 T4 ' 6 '8 10 b e T4 ' 6 '8 0~ L/lb
1 10 10 10 10 10 1 10 10 10 10 10
! ! !
|p/|b I—*/Ib: (|p/| b)3 |p/|b L*/lb:(lpllb)3

Confined Gaussian chains

Confined SAW-like chains
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End-to-end distance|| walls (L = N#£, > L*)
# Confined Gaussian chains (¢, < D < R*):

” _ (R*)zni{(?b _ 25/2£_1/2N3/2
# Confined SAW-like chains (D > R*):

2,.3/2 2 —1/2 N\73/2
R” = D*n. i, = Eb(D/Ep) N
10 ; ]
2DSAW j Clb | p (3D in bulk)
o, 1l g _ 0005 5152 stiff
b , | 001 2608 4
~ 0.005 o -
n 001 x Sy lope =172 002 1335
o 002 o© 003 910
Vo0 8-82 : 005 5.70
02 + A 01 312
0.4 A ! 02 181
04 113 |
001 01 1 10 100 10 067 flexible
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End-to-end distance||, L walls (L > L*)
® Free semiflexible chains: R ~ (£,£;)/°(IN£,)"=3/5

® Confined semiflexible chains

R?

R% ~ £2/5N? (3DSAW)

1K
— R|| ~ E;/2N3/2D—1/2£g (2DSAW),
R/l
s| |[R'<D R o
10 " slope=3/4 .
108+ Ri 27\
D/l p-===nmmmmmmmm e A /free\ chain
10% \ ./ R. .
rods " slope':3/5 [
, slope=1 n ;
lp/l,10°+ | 1/2 :'
PP | Gguospselan coils; %, Lc= D5/3(| blp)
1 i | f ‘\‘ II (
1 10 1|O4 106 . 108 1019' L/l b
A -
Ip/lp L /lb= (Ip/lp)3

(—)RiNDZ

At the crossover point:
N3/5/D ~ e;l/5
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End-to-end distance||, L walls (L > L*)
® Free semiflexible chains: R ~ (£,£;)/°(IN£,)"=3/5

® Confined semiflexible chains
R?, R% ~ £2/5N?* (3DSAW)

1K

— R} ~ £I/2N3/2D~1/2¢2 (2DSAW), — R?> ~ D?

<Ri> /(2PN

80— 10
10 o I
20 % qb = 0 4 >,\ 1 v, vV?VQ"svv"‘,i;;;\_:
40 o S 0.1 ¢
60 10
80 do 0.01
10 A 0.001}
~D 10
X  0.0001 } 28
iyt — \4 =
vvvvvcomxeww‘v‘w” Slope 1/2 1e_05 i 80 qb 04
160 ¢
e 16-06 Lo
0.01 0.1 1 10 100 0.01 0.1 1 10 100
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End-to-end distance||, L walls (L > L*)
® Free semiflexible chains: R ~ (£,£;)/°(IN£,)"=3/5

® Confined semiflexible chains

R}, R} ~ £2/°N? (3DSAW)

— R} ~ £I/2N3/2D~1/2¢2 (2DSAW), — R?> ~ D?

<R{> 1(2° N

1l 10 —
1}
cé-\ 0.1 i
prd : [
Ro 0.01 |
= . D
0.1 ¢ A 0.001 ¢ 10
: ™ 00001 | 20
Vv ' 40
1le-05 - 60
80
S le-06 L——
0.1 1 10 100 1000 0.01
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Monomer density profiles

#® Scaling prediction: Eisenriegler et al., J. Chem. Phys. 77, 6269 (1982)

1

p(z) = 5o Fal®) =

b A - g, g =2/(D+1)

A = 18.74 , Hsu & Grassberger, J. Chem. Phys. 120, 2034 (2004)

2 . . . . 2
1.6 | | 16 | bp ~ 6 GTIR 4p=005 |
.‘ 0000 ‘.
—_ —_ Q% % \
N N 7 Ox *O
bt 1.2 ¢ = 1.2 ¢ |
a - % D X
A 08} A 08 xo 38 M oX -
©3 20 © @
0.4 | 0.4 | 95 10 x ©
A7 4 O \%
o e . v (D) - \4

. 0 02 04 06 08 1
3 3
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Conclusions

9

Under weak confinement D > ¢,
the Daoud - de Gennes scaling predictions are verified

Under strong confinement D < £,,: strong deviations from the
predictions based on Kratky-Porod worm-like chain model

Odijk’s deflection length plays no role for semiflexible
polymers with discrete bond angles

Monte Carlo test of scaling concepts = interpretation of
future experimental studies

References: Soft Matter 9, 10512 (2013), Macromolecules 46, 8017 (2013)

Deutsche Forschungsgemeinschaft (DFG), SFB625/A3
John von Neumann Institut fir Computing (NIC), Julich
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