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What are polyelectrolytes?
Poly(styrene sulfonate) {CH-CH %
SO;Na

Dr. Andrei Dobrynin, University Connrecticut



Charged Polymers - The Story So Far (KITP Complex Fluids Program 6/20/02)

Half a Century of Polyelectrolytes

40-50' s Fuoss, Katchalsky, Morawetz, Flory..

60-70' s Oosawa, deGennes, Odijk, Manning,

Fixman...
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Number of publicationsin scientific journals
on topic POLYELECTROLYTES

Physica model of
polyeledrolyte chain

f=Nenaro/N — fraction of the drarged monomers
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Peal-Necklace Story
of
Hydrophdbic Polyelectrolytes

Dilute solutions
*Nedklaceglobule
eCounrterion condensation

Semidil ute solutions
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Polymers in poor solvent
Uncharged gobule

Globuleis densely packed by attradion
between monamers

The average monomer density inside globuleis
p~as

Globuesze R~aN¥3

Instability of a dharged
liquid droplet

Lord Rayleigh 82
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Q < chit Q > chit

For the surface charge larger than the critical value
charged liquid droplet splitsinto two smaller droplets.
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Charged gohbule

QLOOR=C

Rayleigh’s stability condtion:
eledrostatic repulsion is balanced by surface energy
2
&R

Criticd fraction of charged monomers
fopip ~ N-22

crit

Chain size vs charge

200 . , /

Nor malized size R2/N23

Normalized charge Q/Q.

u=2, £,,-15
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Cascade of transitions

Dobrynin,Rubinstein,
Obukhov ‘96
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Thelength of astring is determined by the
balance of the dedrostatic repulsion between
neighboring beads and the surface tension of string

(em)*

EIS" = y{stra

Number of monomersin a bead
m,, ~ {2
String length
lg, ~ afm, ~am,¥2
Necklace length
Lpec lgy N/my ~afN

How can one measure a chain size?
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pH dependenceof the reduced viscosity
for poly(methyacrylic acid)

Katchalsky&
Eisenberg ‘51
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Dilute solutions
*Nedlaceglobule
*Courterion condensation

Semidil ute solutions
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Concentration induced
cascade of transitions

Number of beads on the chain varies with
polymer concentration

HI"M »*"JW’{
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Chainsin dlute solution

N=187, f=1/3, §,=15, u=2, ca®= 1.5 104
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Chainsin dlute solution

N=187, f=1/3,&,=1.5,u=2,ca®= 1.5 10?

Two-zone modd

Oosawa ‘68

Zonel
Beads with condensed
Counterions

Zonell
Volume freeof the
polymer
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Counterion condensation

m, — monomers per bead
fm, — original charge

xfm, — effedive charge

of abead

1-x —fradion of condensed
counterions

Rayleigh stabili ty
condition

lg(hm,)" D7
D, a

3

m, = (uf 2x2)™

Bealsize D, =a(uf>x?)”

Total free energy of the nedklace

xfNa® (1-x)fNa® C
2/3 — N
/ *xin D, *@ X)Invch—DSN/mE

Eledrostatic energy Counterion entropy

F o
kT X

13 . .
£, = (u/ f) -attraction of counterion to afully
charged beal

Effective charge of PSS

Osmotic pressure measurements
in dilute solution
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Best fit with the parameters £,=4.3 and ca®=103

Osmotic coefficient for two-zone model

s 2¢,
- fx+ f(1- x)expg‘wg
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Dilute solutions
*Nedklaceglobule
Counrterion condensation

Semidil ute solutions

Overlap concentration

For c<c* - dilute solution of necklaces

For c¢>c* - sedilute solution of necklaces
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Dependence of overlap
concentration
on degreeof polymerization

B Kaji, et al. X-ray Scattering Data
Best-Fit Power law: slope = -2.01 +/- 0.07
@  Literature Viscosity Twice Solvent Viscosity

101 4 _2

106 ~+——rrrrry

Correlation length C<C<Cu
Chainis grongly stretched on the length scales
small er than correlation length

deGenneset al 74
E - C—1/2

Chain size R~ NY2cv4
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Concentration dependence
of the correlation length

Scattering Data:
Drifford and Dalbiez (Light), 780K Dalton
Nierlich, et al. (Neutron), 72K Dalton
Kaji, etal. (X-ray), 100k Dalton
Kaji, etal. (X-ray), 220k Dalton
Kaji, etal. (X-ray), 1200k Dalton
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Semidilute Bea Controlled
Regime

Dobrynin&
Rubinstein 99

Colloidal fluid of beads

Beads on neighbaring chains <reen eledrostatic
repulsion of beals on the same chain reducing the
length of strings to the distance between beals €.

Correlation length
rn) ~ CES D E =~ nﬂJSC—IIS

& ~cUsf-23

Chainsize R=&J/N/m, = N¥2c™®
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Correlation Length
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Fig. IV—4: Facteur de forme des polyions de taux de charge varicble & la concentration ¢=0.34\M.
Représentation de Kra: kv
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Beal size vsfraction of charged monomers

Theory: D,~f-23  Experiment: Dy~ f07
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Eff ect of Added Salt

Spitery &
Boue 97
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For charge fraction f=0.64

a polymer concentration C = 0.34 M
Rg(cs =0M) =97+5A
R,(c; =034M) =73+ 8A
R,(c; =068M) =66+ 5A
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-1/2
lgr -1/3
Dy
Cqr c, C
Waig, Ober, Williams, and Galin
1000 F T - T - T ]I
fe Bead !
[ |
- [\\\%ifomroll ed J
<
WL - S beeveggs -
L gring
L .
¢ Controlled -,
; Concentrated |
»o‘ 10 ] bulm Lﬁno
MPCP in acetonitrile c (g/l)
(’3117 NC CN /CN
) o e
c}lf/c~—ﬁ—o~(CHz)z“‘N(CH3)3 . /C'C C\
o NC N

Folyelectrolyte MPCP

Dr. Andrei Dobrynin, University Connrecticut



Charged Polymers - The Story So Far (KITP Complex Fluids Program 6/20/02)

Nonmonotonic Dependence
of the Chain Sizeon
Polymer Concentration

S9528.0U1 UOI1R4)US2U0D ,BWA|0d

Dependence of the Chain Sizg
on Polymer Concentration
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Dependence of the Chain Size
on Polymer Concentration
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Chains in concentrated
solution

N=187, f=1/3,&,=1.5,u=2,ca®= 101
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Dynamics of
Hydrophobc Polyeledrolytes

String Bed
controlled  controlled Concentrated

T

c Cyr c, ¢

53
e LN kT  Relaxation time of correlation blob

N N? &2, string
r= Tf D 1/2 O -1
bead
3 Me OCT
Transition at the bead overlap concentration ¢, with

adramaticincrease of chain relaxation time and
solution viscosity resembles “gelation” transition.

Dynamics of
Hydrophobc Polyeledrolytes

LR/ 3
K\I_
12 -1/3,8 Hydrophobic polyeledrolytes
D¢ 5 g in a string-controlled regime
25 i§s| 8  aresimilar to hydrophili c ones.
c Car  Cp 6

Strong decrease of polymer
sizein abead-controll ed
regime leadsto arapid
deaease of relaxation time
andto a wncentration-
independent viscosity of
unentangled solutions.

concentrated

Counterion condensation
on beads enhances this
phenomenon.

concentrated

Dr. Andrei Dobrynin, University Connrecticut



Charged Polymers - The Story So Far (KITP Complex Fluids Program 6/20/02)

“Gelation” Trangition of
Hydrophobc Polyeledrolytes

Below the bead
overlap
concentration ¢,
neklace size

is much smaller than
theided chain size.

Above the bead overlap concentration ¢, chains
areided with much higher relaxation time and
solution viscosity.

Transition at the bead overlap concentration ¢, with
adramatic increase of solution viscosity resembles
“gelation” transition.

Sizeincrease & bead overlap transition can be
accompanied by chain entanglements.

Nabove! Nbetow = (Z N/NG)2

Z = MyeadMyring

The rdaxation time vs concentration

Boris&
Colby ‘98
® 1o added salt
1014 ® 1e-5MNaCl
A le-4 M NaCl
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Poly(styrene sulfonate), M, =1200K, f=0.85
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Diagram of regimes
for solutions of hydrophobc

polyeledrolytes
Dilute Semidilute string  Semidilute bead Concentrated
controlled controlled solution
3

y

c* Cur Gy

Polymer concentration increases

Conclusions

« Polyeectrolyte dhain with short-range
attradion and long-range repulsion
forms anedlace globule.

« With changing charge on the chain
or polymer concentration there
exists cascade of transitions between
nedklaces with dfferent number of beads.

$-0-9-0-0-0

« Conformationa transition in solutions of
hydrophobic polyeledrolytes leads to a sharp
increase of viscosity - an “apparent gelation”.

« The predictions of the model are confirmed
by recent experiments.
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