A microprimer on polymers

Polyethylene: .. .—CHy—CHy—CHo—. .. or |—CHy—|xn

Polystyrene: | —CHo—CH—|

Typical lengths N > 10° possible, e.g., for polystyrene (REM: DNA has N < 10?)

S

Problems: polydispersity, branching §

Polymer topologies: Linear, ring, brush, star, watermelon, dendrimers

PG de Gennes Scaling concepts in polymer physics; M Doi & SF Edwards The theory of polymer dynamics
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Figure 0.5.
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Random walk model of polymers:

Periodic lattice with spacing a.

Each monomer has positionr;, 2 = 0,1,2,..., N.

=

Monomer-monomer vector: a;;1 = r;;1 — Iy

End-to-end vector:

Re = Zaz-

Independent orientations of monomers:

Ry = (R}) =D (ai-a;) = » (a)) = Na’.

1,7 7

Ry ~ N'/2a is a measure for the size of the random walk.
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Centre of gravity:

1 N
Reg = i
TN
Gyration radius:
1 N N-1 N
R = ry — r, —r; 2
- LR = i S S ()
With r; — r; = i=i+1 a, one can show that R?] = a’N(N + 2)/[6(N + 1)] such

that for large N, R, ~ a*N/6:

Ry ~ Ry ~ aN'?

REM: R, is defined V polymer topologies, in contrast to Ry (the end-to-end vector is
trivial for a ring . . .).

24



Ne distinct walks with N steps: u” (u = 2d: connectivity constant)

Ne distinct walks with N steps and end-to-end vector r: AN (r):

> () =p

PDF to find a walk with end-to-end vector r:

JVN(P>
2 AN(r)

p(r) =

For large N in continuum limit:

( ) < d ) d/2 d’r2
r) = —
p onNaz) P\ TN

such that (r?) = Na?
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At fixed end-to-end distance the entropy of the random walk is:

dr?

S(r) =Sy — k
(r) 0 PoNag?

where Sy absorbs all constants

Free energy % (r) = E — T'S Q@ fixed r:

dr?

9(1‘) = yg -+ kBTZNa,Q

Restoring force:

dkpT
Rg

r

Entropic elasticity, always Hookean
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“trans” sequences
(b) high magnification

Figure 0.5.
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Persistence length

Ae > kT Rigid chain

Ae =~ kT Locally rigid, flexible @ larger scales

Measure is persistence length:
p p ( Ae )
= fyex
Y

Flexible behaviour at small x:

ﬁp 1 < AE >
r=—~N ~exp
L kpT
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Freely jointed and freely rotating chains

Freely jointed chain: end-to-end vector and squared end-to-end-distance:
2 2
Ro=3a, Rj=(R)=> (aa)=> (a) = Na
i i i

Freely rotating chain a la Doi & Edwards:

<an>am,am+1,...,an_1 fixed = @n—1 COS 0 : a
|
Multiplying by a;,: :
<am . an>am’am+1"-'7an—1 ﬁXed = am * Ap—-1 COS 9 an_l

Averaging over a,,, . .., ap_1:
(a,, - a,) = (a,, - a,_1) cos b

With initial condition (a®) = a?, we find: 6

(A - an) = a® cos" ™™ g
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Length scale

a
by =

~ logcos6

> > 1 0 1 0
Z<an+kz'an> — CL2 (1 + 2 Z Cosk 0) = CL2 + cos — R(2) — CL2N + cos

— 1 — cosé@ 1 — cosf

— o0

freely jointed chain with rescaled monomer length
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Persistence lengths

Flexible rod:

7Y (R — Ry)

—
P AkpT

.. Young's modulus Y
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Persistence lengths

Flexible rod:

7Y (R* — R})
by, = .. Young's modulus Y
AkpT

Spaghetti @ = 2mm, Y = 10%rg/cm®, T = 300K; kg = 1.38 x 10~ ®erg/K:
0, ~ 2 x 10%cm = 2 x 10"km = 2ly

or 1/2 distance to Proxima centauri
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Persistence lengths

Flexible rod:

7Y (R* — R})
by, = .. Young's modulus Y
AkpT

Spaghetti @ = 2mm, Y = 10%rg/cm®, T = 300K; kg = 1.38 x 10~ ®erg/K:
0, ~ 2 x 10%cm = 2 x 10"km = 2ly

or 1/2 distance to Proxima centauri

Spaghetti of & = 2nm:

¢, =~ 20nm
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Persistence lengths

Table 2.2. Linear density A, (mass per unit length) and persistence length g, of some
biologically important polymers.

Polymer Configuration A, (D/nm) g, (hm)
Long alkanes linear polymer ~110 ~0.5
Spectrin 2-strand filament 4,500 10-20
DNA double helix 1,900 53+ 2
F-actin filament 16,000 10-20 x 10°
Intermediate filaments 32 strand filament ~35,000
Tobacco mosaic virus ~140,000 ~1 x 10°

Microtubules 13 protofilaments 160,000 1-6 x 10°
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Nonphantom chains, self-excluding volume a la Flory

Consider chain with radius R and internal monomer concentration cipt ™~ N/Rd ~ local
repulsive energy:

2
int

o 1
Jrep|loc — ékBTU(T)C

Here, v(T) is the excluded volume parameter:
v(T) = (1 - 2x)a’

where under © condition x = 1/2 corresponds to an ideal chain

Total repulsive energy (mean field (c¢*) — (c)* ~ c.):

N
d
yrep\tot = kBTU(T)C2 R = kBTU(T)ﬁ

int

favouring large values of R (swelling)
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Entropic contribution:

ngel ~ kBT

R2
N a?

Total free energy:

ggﬁk‘BT<

Minimisation at Flory radius:

2

N
T

R2
Na2>

1/(2+d)
Rp = (v(T)a2N3) ~ v
Dimension | Flory result | Best value
1 vrp = 1 Veld = 1
2 Vp = 0.75 Vfield = 0.75
3 Vp = 0.6 Vfeld — 0.588
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Self-avoiding walk (SAW):

Effective connectivity constant:
HSAW # HMphantom

Linear chain introduces the
configuration exponent ~y:

we~ VN

£

ﬁ% "
Ny

—1 _
ok

_LIL I_L

Dimension | Connectivity constant | Configuration exponent
2 © € [2.62,2.68] v~ 1.33
3 p € [4.57,4.74] v~ 1.16

o
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