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Dilute
Polyelectrolyte
Solutions



Polymer Size

Typical segment length ~ 1nm Consider a chain with = 10° segments

Polymer size depends on solvent quality.

Poor solvent Theta solvent
globular state “Ideal” coll
R =bN¥~10 nm R = bN“2 ~ 30 nm
® %
Good solvent L ong-range repulsion

R = bN*°~ 60 nm

swollen coill _
stretched chain

35 o

R~L=DbN~1m



Thingsto Remember about Uncharged Polymers

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

Entropic elasticityof a polymern a solvents R
2
b°N

Entropic free energy cost for doubling chain size k§ ~

Polymer sizen a non-solvenis controlled by theurface 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 isk¥>



Flory Theory of Polyelectrolytes

(not done by Flory)
Kuhn, Kunzle, Katchalsky, 1948

f — fraction of charged monomers of ldrmer of size.

(efN)’ lectrostati KT U entropic elasticit
1 electrostatic energy N2 P y
Balance of electrostatic and entropic parts of free energy
L =bN(uf2)"* U= lglb
L

e.g.N=~ 10, b=25A f=0.2 » L =120 nm



Scaling Theory

de Gennes et al ‘76
@EE D, — size of arelectrostatic blob with g, monomers
6— solvent for uncharged backbone

~ 1/2
De = bg, fg, — charges in an electrostatic blob
fg.e)’ _ .
( S[‘;e) =~ KT — electrostatic energy of a blob is ~ thermal energy

e

D.~ b(uf)1? —size of an electrostatic blob u=Ig/b

0.~ (uf?)23 — number of monomers in an electrostatic blob

| = Deﬁ ~ bN(uf 2)1/3— end-to-end distance of a chain in dilute solutior
Je L

g.~ 5, D,= 6A, L=~ 120nm



Hydrophilic Polyelectrolytes
L . de Gennes et al ‘76
Chain conformation —
@ balance of electrostatics

and entropy.

Electrostatic blob D— electrostatic energy is of order thermal energy KT.

At length scales < D- chain conformation is unperturbed by
electrostatics.

At length scales > D- long-range electrostatic repulsion forces the chai
Into a stretched array of electrostatic blobs.

N

L=Dy— g.— nhumber of monomers in an electrostatic blob

Je

Condensed counterions reduce chain charge and electrostatic repulsi



Counterion Condensation

A L . Electrostatic blob
Dez b(u'P)_l/3 U= IB/b
Q. ~ (UP)°

f — fraction of charged monomers

Number of charges per Bjerrum length along the end-to-end directiol
(fgd/De )= (U1
u’f < 1 — counterions are free to “escape” from the chain

u’f > 1 — Onsager-Manning condensation of counterions onto the chal

ufs—> 1 (f —> fF = 1/u?) fraction of free counterions & ~ 1/(wf)

D. = |; — electrostatic blob is equal to Bjerrum lenggh~ u?)
(N~ Aige~ 1)
L ~ D,N/g.~ bN/u= IgN/i# — chain size is independent of charge fraction

e.g. 200K PSS with = 1®®, b~3A, f=1 — [~ 0.2 L~ 100 nm



Concentration Dependence of
Chain Size

200

f=1
< N
100 - <> <] o N=40
i O ~ N=60
N & < . N=94
H/\ <><><> < o N=187
N < N=300
S o O 4
Em [ v VV%V © <
i A V O <
v a A\ L \V4 S
O
- O O A \V4
O o vy A X
] O o
H 0 g g Q0
0 N DD+ 0O O
107 g
8 | | T ERELERRRL 1
10° 10™ 10° 107 10" 4x10"



Salt Dependence of Chain Size

', > L —chain size is unaffected by added salt ry — Debye length

o < L — electrostatic interactions are screeneq, dity salt ions.

Electrostatic Persistence L ength
|. Odijk-Skolnick-Fixman Theory
Electrostatic energy increases upon bending charged rod

?M because distance between charges decreases
r(n) = bn(1-rra?/24) < bn

_ _ 2
AU _IBZ(GXIO( r(n)/ry) _exd b”/rD)jlerD a? — per monomer

1977

KT - r(n) bn 8p°
a=Db/l 5sc—angle per monomer

Electrostatic persistence lengga-for
semiflexible polymers (e.g. DNAYU |,sdb ~ KT

Khokhlov & Khachaturian generalized | mr2D 1085
OSF to flexible polyelectrolytes KK ™D e

~ | r_2/h2
loss = lgrpb



Electrostatic Persistence L ength

lose = lgrp?/b®~ 1/cg I =Trp%/D~ lc,
Example: in10= M salt solutiorr;=10 nm and g~ I = 200nm

Electrostatic persistence length in both OSF and KK models iig

1. Joanny-Dobrynin M odel
<§@ Flexible chains can bend much easier than semiflexible ones

l,p=UTr,

Electrostatic persistence length is proportional to Debye length.
The issue is still controversial and we will assume that

Odijk-Skolnick-Fixman theory is valid faemiflexible chains | oo ~ rp?

Joanny-Dobrynin model is correct foexible polymers |5~y



Salt Dependence of Chain Size

Electrostatic persistence length of flexible polymers is proportiona
to Debye length.

_ —~ ~ -1/2
Ip o~ Cq

Chain is elongated & electrostatic repuls
IS strong on length scal&<r<r,

10« 100 102 100 100 10
C (mol/)

Polyelectrolyte forms a “self-avoiding chain” of Debye blobs of sizg ~
In the case of counterion condensation on chigin bg,/u
Polyelectrolyte size iR = rp?3(bN/uf® R = bN35(u%h3c) 15

R =v,Yb?>N¥>  Electrostatic excluded volunmg, = 1/(u'c)



Salt Dependence of Chain Size
R~ bN3/5(u4b3c S)-1/5

E.g.400kg/moPSSN~ 2,000 u=2, ¢,= 102 M; rp= 3nm;b~ 0.3 nm
R~ bN*S(r2/ulz?) Y = 45 nm

v ”"6 vy v YT , rY—r—vyrTrrr TF—'W'WP"' YYY v v
v 750 kg/mo 10049 N PSS
138: A A 420 kg/m 80 4 ' B 4
oo 0 168 kg/mo 60 |
60 1
3 :
4
o 40 vl =~ 7| o10Pgimol M T~e o o
. -0.2 a * o 780 kg/mol ]
21 PV P ol ® 570 kg/mol
S " 400 kg/mol
o001 oo O ' o0 oo en
s c, / mol-I

~ ~ -1/5 Beer et. al. ‘97
R~ C.



Polymer in a Poor Solvent

Thermal blob - length scal&g at which
short range attractions are of oré@r

Globule is a dense packing of thermal blobs

Rgl _ N1/3

Cohesive energy density inside the globuleTiper thermal blob volum

Surface tension IkT per thermal blob area at the surface of the globule.

y ~ KTIE?

Polymer globule is analogous to a liquid droplet.



|nstability of a charged liquid droplet

Lord Rayleigh ‘82

Q < chit



Cascade of Necklace Transitions

o Dobrynin, Rubinstein,
Charge on the chain increases Obukhov ‘96

f=0 1=0.1 f=0.2



Hydrophobic Polyelectrolytes

Necklace Conformation

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

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

String lengthl,, Is determined by the balance of the electrostatic
repulsion between beads and hydrophobicity of the strings.



Concentration | nduced Cascade

Number of beads on the chain varies with polymer concentration

Effective charge increases

Polymer concentration decreases




Chain Size vs Concentration

L /N
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AFM Image of a Necklace

0 ' r
0 100 200 300
nm

Figure 10. AFM image of P2VP-co-PS single molecules deposited from
aqueous solution at pH 2.

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



Form Factor of a Polyelectrolyte Chain

f=1/3,N=247
—s—Cc=50K10°c" ?
—e—Cc=15%10°¢" -
*A*c:1.5<10'4o'3 :
—v—c=1510%¢
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Holtzer Plot
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Kratky Plot
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Experimental Kratky Plot
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o - data of Spiteri & Boue on 36% sulfonated NaPSS
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contrast matched M,(PS,)=68 000, M/(P$)=73 000
— - MD simulations oft=5x103b3 polyelectrolyte solution with

N=247 andf=1/3



Thingsto Remember about Dilute Solutions

Polyelectrolyte in dilute no-salt solutions are strongly stretched.

Hydrophilic polyelectrolytes - stretched arrays of electrostatic blobs

Hydrophobic polyelectrolytes — necklace with beads and strings

1 ®

Salt screens electrostatic repulsion

Persistence length ~ Debye screening
length for flexible polyelectrolytes

—_ ~ ~ -1/2
Ip o~ Cq

Chain size R~ ¢;1°



