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Polymer Size

Polymer size depends on solvent quality.

Typical segment length b ~ 1nm

Poor solvent Theta solvent

R = bN1/3 

Long-range repulsion

Consider a chain with N = 103 segments

R = bN1/2 

Good solvent
R = bN3/5

R ~ L = bN

~ 10 nm ~ 30 nm

~ 60 nm ~ 1 µm

globular state “ideal” coil

swollen coil
stretched chain



Things to Remember about Uncharged Polymers

Entropic elasticityof a polymer in a solventis
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Entropic free energy cost for doubling chain size is ~ kT

Polymer size in a solvent is determined by the balance of 
interaction energy and conformational entropy.

Polymer size in a non-solventis controlled by the surface energy, 
while the volume of the globule is almost constant determined by 
the balance of 2-body attraction and 3-body repulsion.

Free energy cost for deforming the globule is >> kT



– entropic elasticity
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f – fraction of charged monomers of an N-mer of size L

Flory Theory of Polyelectrolytes
(not done by Flory)

– electrostatic energy 2
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Balance of electrostatic and entropic parts of free energy
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L

Kuhn, Kunzle, Katchalsky, 1948

u = lB/b

e.g. N ≈ 103,  b = 2.5Å,  f = 0.2 L = 120 nm

What is the typical polyelectrolyte conformation?



Scaling Theory

– number of monomers in an electrostatic blob

De – size of an electrostatic blob with ge monomers
De

θ – solvent for uncharged backbone
De ≈ bge

1/2
fge – charges in an electrostatic blob

– electrostatic energy of a blob is ~ thermal energy
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– size of an electrostatic blobDe ≈ b(uf2)-1/3

ge ≈ (uf2)-2/3

u = lB/b
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g
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e
e ≈≈ – end-to-end distance of a chain in dilute solution

L
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de Gennes et al ‘76

e.g. u=2, f=0.2, b ≈ 2.5Å, N=103

ge ≈ 5, De ≈ 6Å, L ≈ 120nm



Electrostatic blob De – electrostatic energy is of order thermal energy kT.

At length scales < De – chain conformation is unperturbed by 
electrostatics.

At length scales > De – long-range electrostatic repulsion forces the chain
into a stretched array of electrostatic blobs.

L

De
Chain conformation –
balance of electrostatics 
and entropy.

e
e g

N
DL ≈ ge – number of monomers in an electrostatic blob

de Gennes et al ‘76

Hydrophilic Polyelectrolytes

Condensed counterions reduce chain charge and electrostatic repulsion.



L

De

u2f < 1 – counterions are free to “escape” from the chain

De ≈ b(uf2)-1/3

Electrostatic blob

u2f > 1 – Onsager-Manning condensation of counterions onto the chain

u2fββββ –> 1 (f –> ββββf = 1/u2) fraction of free counterions –> ββββ ≈ 1/(u2f)

De ≈ lB – electrostatic blob is equal to Bjerrum length (ge ≈ u2) 
(ne ≈ βfge ≈ 1)

L ≈ DeN/ge ≈ bN/u ≈ lBN/u2 – chain size is independent of charge fraction f

e.g. 200K PSS with N ≈ 103,  b ≈ 3Å,  f = 1 β ≈ 0.2, L ≈ 100 nm

L

De

(fge/De )lB≈ (u2f)1/3

Number of charges per Bjerrum length along the end-to-end direction

f – fraction of charged monomers

ge ≈ (uf2)-2/3
u = lB/b

Counterion Condensation



Concentration Dependence of 
Chain Size
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Salt Dependence of Chain Size

electrostatic interactions are screened at rD by salt ions.

rD > L – chain size is unaffected by added salt

rD < L –

rD – Debye length

Electrostatic Persistence Length
I. Odijk-Skolnick-Fixman Theory

Khokhlov & Khachaturian generalized 
OSF to flexible polyelectrolytes

nα

Electrostatic energy increases upon bending charged rod
because distance between charges decreases

r(n) ≈ bn(1-n2α2/24) < bn  
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Electrostatic persistence length lOSF for 
semiflexible polymers (e.g. DNA)  ∆U lOSF/b ~ kT lOSF ≈ lBrD

2/b2

lKK  ≈ rD
2/De

α=b/lOSF– angle per monomer

1977

1982



Electrostatic Persistence Length

Flexible chains can bend much easier than semiflexible ones

Electrostatic persistence length is proportional to Debye length.

lJD ≈ u rD

II. Joanny-Dobrynin Model

The issue is still controversial and we will assume that

Odijk-Skolnick-Fixman theory is valid for semiflexible chains lOSF ~ rD
2

Joanny-Dobrynin model is correct for flexible polymers lJD ~ rD

lOSF ≈ lBrD
2/b2 ~ 1/cs

Example: in 10-3 M salt solution rD=10 nm and lOSF ~ lKK ≈ 200nm

lKK  ≈ rD
2/De ~ 1/cs

Electrostatic persistence length in both OSF and KK models is >> rD



Salt Dependence of Chain Size

Nishida et al ‘97

l p

-1/2

NaPSS 

Electrostatic persistence length of flexible polymers is proportional 
to Debye length. lp ~ rD ~ cs

-1/2

rD

De

Chain is elongated & electrostatic repulsion 
is strong on length scales De < r < r D

gD monomers 
in Debye “blob”

Polyelectrolyte forms a “self-avoiding chain” of Debye blobs of size ~ rD

R ≈ rD (N/gD)3/5

In the case of counterion condensation on chain  rD ≈ bgD/u
Polyelectrolyte size is R ≈ rD

2/5(bN/u)3/5
R ≈ bN3/5(u4b3cs)-1/5

R ≈ vel
1/5b2/5N3/5 Electrostatic excluded volume vel ≈ 1/(u4cs)

R



Salt Dependence of Chain Size

400 kg/mol

570 kg/mol
780 kg/mol

106 g/mol

PSS

R ≈ bN3/5(u4b3cs)-1/5

R ≈ bN3/5(rD
2/ulB2)1/5  ≈ 45 nm 

b ≈ 0.3 nmE.g.400kg/mol PSS, N ≈ 2,000; u=2, cs = 10-2 M; rD ≈ 3 nm; 

Beer et. al. ‘97

-0.2
PVP

750 kg/mol
420 kg/mol
168 kg/mol

R ~ cs
-1/5



Polymer in a Poor Solvent
Thermal blob - length scale ξT at which 
short range attractions are of order kT

ξT

Rgl

Globule is a dense packing of thermal blobs

Surface tension is kTper thermal blob area at the surface of the globule.

Cohesive energy density inside the globule is kTper thermal blob volume. 

Rgl ~ N1/3

γ ~ kT/ξT
2

Polymer globule is analogous to a liquid droplet.



Instability of a charged liquid droplet
Lord Rayleigh ‘82

Q < Qcrit Q > Qcrit

For the charge larger than the critical value 
charged liquid droplet splits into two smaller droplets.
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Dobrynin, Rubinstein,
Obukhov ‘96

f=0 f=0.2f=0.1

Cascade of Necklace Transitions

Charge on the chain increases



Hydrophobic Polyelectrolytes

L

De

lstr

Necklace Conformation

Short-range hydrophobic attraction vs. long-range electrostatic repulsion 
leads to a necklace of beads (globules) connected by strings.

Bead size De is determined by the Rayleigh stability condition –
balance of surface tension due to hydrophobicity and electrostatic 
self-energy of a bead.

String length lstr is determined by the balance of  the electrostatic 
repulsion between beads and hydrophobicity of the strings.



Concentration Induced Cascade
Number of beads on the chain varies with polymer concentration

Effective charge increases

Polymer concentration decreases



Chain Size vs Concentration

L
ne

c/
N

Qi Liao



Kiriy, Gorodyska, Minko, Jaeger, Stepanek, & Stamm   JACS 2002

AFM Image of a Necklace



Form Factor of a Polyelectrolyte Chain
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     f =1/3, N = 247

 c = 5.0×10-3 σ-3

 c = 1.5×10-3 σ-3

 c = 1.5×10-4 σ-3

 c = 1.5×10-5 σ-3

 c = 1.5×10-6 σ-3
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f = 1/3, N = 247

Holtzer Plot
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 Spiteri & Boue
 MD Simulation

Experimental Kratky Plot

MW(PSH)=68 000,    MW(PSD)=73 000 

- data of Spiteri & Boue on 36% sulfonated NaPSS 

- MD simulations of c=5×10-3b-3 polyelectrolyte solution with 
N=247 andf=1/3

contrast matched 



Things to Remember about Dilute Solutions

Polyelectrolyte in dilute no-salt solutions are strongly stretched.

L≈ Lmax/uL u = lB/b

Hydrophilic polyelectrolytes - stretched arrays of electrostatic blobs

Hydrophobic polyelectrolytes – necklace with beads and strings

Salt screens electrostatic repulsion

Persistence length ~ Debye screening 
length for flexible polyelectrolytes

rD

De

R

lp ~ rD ~ cs
-1/2

R ~ cs
-1/5Chain size


