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Solutions of simple salts
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In distribution is described by Debye-
Huackle theory (simple physics)
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lon-pair formation

lon-pairing is set by solvation shells
and follows a mass-action law
(chemistry becomes important)

Marcus, Y. and Hefter, G., 2006. lon
pairing. Chemical reviews, 106(11), pp-4585-4621.




Polyelectrolyte solutions

Polyelectrolytes are polymers with ionic groups along their backbone
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Side groups are chemically fixed onto the backbone - no mobility
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Polyelectrolyte solutions

Polyelectrolytes are polymers with ionic groups along their backbone
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Already in the 1940s experimentalists noticed that the were ‘missing counterions’
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Katchalsky’s cell model
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Aharon Katchalsky
(1914-1972)

Counterions accumulate near the polyion and become

osmotically inactive
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Polyelectrolytes:
Oosawa-Manning theory of condensation

Gerald Manning
Fumio Oosawa (b.1977)

(1922-2019)
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Polyelectrolytes:
Oosawa-Manning theory of condensation

© Free counterion
_ @ Condensed counterion Gerald Manning
Fumio Oosawa Do not contribute to thermodynamic or (b.1977)
(1922-2019) charge transport properties .
o Bjerrum length:
© © - e?
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condensation o F)
S N © ©
Effective charge is lower than
© © © chemical charge
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COUNTERION CONDENSATION IS THE CENTRAL
PROBLEM OF POLYELECTROLYTE SCIENCE

EFFECTIVE
CHARGE

Osmotic
pressure

r Limiting laws and counterion condensation in polyelectrolyte solutions I.

Colligative properties
GS Manning - The journal of chemical Physics, 1969 - pubs.aip.org
Formulas are derived for the osmotic coefficient, the Donnan salt-exclusion factor, and the

mobile-ion activity coefficients in a polyelectrolyte solution with or without added sample salt. ...
% Save D9 Cite Cited by 4110 Related articles All 5 versions
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METHODS FOR DETERMINING COUNTERION
CONDENSATION

* Various methods yield
different results for the
fraction of free counterions.

Ion selective
potentiometry
Osmometry
(Vapour pressure)
Osmometry
(Membrane)
Conductivity
Dielectric
spectroscopy
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METHODS FOR DETERMINING COUNTERION
CONDENSATION

* Various methods yield
different results for the
fraction of free counterions.

< . .
f) N Method * Osmotic pressure is one of
9 . the most direct (theory-light)
& y-1g
& Ion selective .
potentiometry methods to determine f:
Osmometry _
(Vapour pressure) IT= kg Tf ¢
Osmometry Each free counterion contributes = kT

(Membrane) to the osmotic pressure.
Conductivity

Dielectric

spectroscopy
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METHODS FOR DETERMINING COUNTERION
CONDENSATION

* Various methods yield
different results for the
fraction of free counterions.

< . .
f) N Method * Osmotic pressure is one of
S Ton selective the most direct (theory-light)
S : .
A potentiometry methods to determine f:
Osmometry
(Vapour pressure) 1 =%k gl f C
Osmometry _ _
(Membrane) Each free co.unterlon contributes = kT
S Conductivit to the osmotic pressure.
5 onductivity 5
$ Dielectric DRAWBACK: very difficult for
&é H' spectroscopy non-aqueous systems.
N
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physics
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LIGHT SCATTERING FROM SALT-FREE POLYELECTROLYTES
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Static structure factor: S(q) = N ; kz:; e 7

@ PennState Lifson, S. and Katchalsky, A., 1954. Journal of Polymer Science, 13(68), pp.43-55.
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LIGHT SCATTERING FROM SALT-FREE POLYELECTROLYTES
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q — scattering wave-vector

$(0) = knTe 6
RS T

College of Earth Alexandrowicz, Z., 1959. Journal of Polymer Science, 40(136), pp.91-106.
and Mineral Sciences

@ PennState Lifson, S. and Katchalsky, A., 1954. Journal of Polymer Science, 13(68), pp.43-55.




LIGHT SCATTERING FROM SALT-FREE POLYELECTROLYTES

1 i (R
Static structure factor: S(q) = ~ ) e (R ~Re)
q — scattering wave-vector

dC I = kBTfC
S(0) = kgTc— ~ f1

dH Osmotic pressure is
ksT per free counterion

Light scattering provides a way to
measure the osmotic compresibility of a
two-component solution
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College of Earth Alexandrowicz, Z., 1959. Journal of Polymer Science, 40(136), pp.91-106.
and Mineral Sciences




LIGHT SCATTERING FROM SALT-FREE POLYELECTROLYTES

1 .
- . _ —iq-(R;—Ry,)
Static structure factor: S(q) = N ; kz:; e 7
] Il = kgTfc i f—1~ 1 polyelectrolyte
C —
S(0) = kgTc— ~ f~1 | S(0)-
( ) B dH Osmotic pressure is f
ksT per free counterion =

Light scattering provides a way to
measure the osmotic compresibility of a
two-component solution

@ PennState Lifson, S. and Katchalsky, A., 1954. Journal of Polymer Science, 13(68), pp.43-55.

College of Earth Alexandrowicz, Z., 1959. Journal of Polymer Science, 40(136), pp.91-106.
and Mineral Sciences
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LIGHT SCATTERING FROM SALT-FREE POLYELECTROLYTES

1 (R
Static structure factor: S(q) = ~ Ze a(R;—Ry)

P 1T = kgTfc T f—1~ 1 polyelectrolyte
c -
S(0) = kgTc— ~ f~1]8(0)-

dIl  osmotic pressure is N ~ 103 Neutral polymer

ksT per free counterion =

Polyelectrolytes should scatter weakly at

Light scattering provides a way to low q!

measure the osmotic compresibility of a
two-component solution
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SCATTERING FROM SALT-FREE POLYELECTROLYTES

SANS/SLS
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@ PennState Ermi, B.D. and Amis, E.J., 1998. Domain structures in low ionic strength
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SCATTERING FROM SALT-FREE POLYELECTROLYTES

SANS/SLS
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SCATTERING FROM SALT-FREE POLYELECTROLYTES

SANS/SLS
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Theory expects extremely weak scattering by polyelectrolytes at low g
but experiments show a huge low-qg upturn

@ PennState Ermi, B.D. and Amis, E.J., 1998. Domain structures in low ionic strength

College of Earth ;
and Mineral Sciences polyelectrolyte solutions. Macromolecules, 31(21), pp.7378-7384.




SCATTERING FROM SALT-FREE POLYELECTROLYTES

SANS/SLS

10* g

Low g upturn =
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SCATTERING FROM SALT-FREE POLYELECTROLYTES

Low g upturn = SANS/SLS
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SCATTERING FROM SALT-FREE POLYELECTROLYTES

Low q upturn = SANS/SLS DLS
large domains? 0T T T — T T T T ] %20
This does not . Ll slow mode:
give a reasonable w g = 700nm 4 o045 >
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Theory expects extremely weak scattering by polyelectrolytes at low g
but experiments show a huge low-qg upturn
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FILTRATION (MOSTLY) REMOVES LOW-Q UPTURN

Eas } SANS/SLS Filter
50 T T .
TBACMC/D,O 0.1 um pore size
wl 0.8 um pore size

30

S(q) []

20

10f

 Filtration through sufficiently small pores suppresses upturn & slow mode.

* Mesh size is not affected by filtration = no polymer removed (density
measurements further support this)

* Solutions are stable for at least 1 month
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FILTRATION (MOSTLY) REMOVES LOW-Q UPTURN
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 Filtration through sufficiently small pores suppresses upturn & slow mode.

* Mesh size is not affected by filtration = no polymer removed (density
measurements further support this)

e Solutions are stable for at least 1 month
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CAN WE COMPLETELY REMOVE THE LOW-Q UPTURN?

Fit autocorrelation function to bimodal decay: The relative amplitude of the fast decay
in DLS is used to isolate the structure

t2 2 .
g1(7,q) = Ai(q)e 117 <1 o 2’21 > + Az(g)e 2" (1 i 1 2:22 ) factor without the slow mode:

A;(q)
: S = S
0.1 um pore size
0sl 0.8 um pore size
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Fit autocorrelation function to bimodal decay: The relative amplitude of the fast decay
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CAN WE COMPLETELY REMOVE THE LOW-Q UPTURN?

Fit autocorrelation function to bimodal decay: The relative amplitude of the fast decay
in DLS is used to isolate the structure

t2 2 .
g1(7,q) = Ai(q)e 117 <1 o 2’21 > + Az(g)e 2" (1 A2 ) factor without the slow mode:

2
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| Filter f A;(q) +A4,(q)
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SLS/DLS METHOD: POLYGLUTAMIC ACID

1 0.8
' NaPGA  © conductivity |
' X osmotic pressure _ N
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Osmotic pressure measured by SLS after removing the slow mode
contribution with DLS splitting gives the correct osmotic pressure
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Oosawa-Manning theory of condensation

Counterions will condense onto the chain until the charge density
decreases to a value of e/l

1. Condensed counterions
=

II. Free counterions @
©
+ e O+
g + + + +
A : e @ 2 +
°© © © @

©
©
e +e ) @2@

+

b > lB — f ~ 1 b — distance between charges
Effective charge: b Z — counterion valence
~ — Ig — Bjerrum length e’
b<lg—-f= 5 — Bjerrum leng I
Zlp B 4mkgTe

PennState . T
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TEST OF OOSAWA-MANNING THEORY

b b — distance between charges
Effective charge: f ~ — Z — counterion valence
ZlB Iz — Bjerrum length
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TEST OF OOSAWA-MANNING THEORY
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TEST OF OOSAWA-MANNING THEORY
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TEST OF OOSAWA-MANNING THEORY
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Presentation Outline

« Counterion condensation: the central problem in polyelectrolyte
physics

 Light scattering as a tool to study counterion condensation

 Beyond the two-phase model: insight from SANS and SAXS into

counterion distributions
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Delocalisation of hydrophobic counterions

B OCH,COO™ ] _ .
OH > o o § SANS: contrast from H-rich counterions
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OCH.COO- OH § SAXS: contrast from polymer backbone
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Delocalisation of hydrophobic counterions
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Delocalisation of hydrophobic counterions

— OCH,COO™ ] _ _
OH > o § SANS: contrast from H-rich counterions
. g %H o.. NN |

CHLCOO OH § SAXS: contrast from polymer backbone
— ? — N/2

c=0.03 M c=0.14 M
T T T @ T T T
counterions 3 counterions
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Effect not observed for hydrophilic ions
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Effect not observed for hydrophilic ions
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PO LYM E R'CO U N TE RI O N Contrast from polymer ba.ckbone
DECOUPLING Contrast from counterions
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Dielectric constant decreases

Polymer & counterion fluctuations de-couple

Gulati, A., Meng, L., Hou, C., Watanabe, T. and Lopez, C.G., 2026. Solution structure and counterion condensation of

carboxymethyl cellulose in organic solvents. ACS Applied Polymer Materials. 8, 11, 8183-8197




CONCLUSIONS

« Combined static and dynamic light scattering offers a way to measure the
osmotic pressure of polyelectrolytes.

« Oosawa-Manning correctly predicts the fraction of free counterions for
semiflexible polyelectrolytes.

« SANS and SAXS can be used to probe the local concentration fluctuations of
counterions and polyion backbone. Hydrophobic counterions de-couple

from the backbone at high concentrations while hydrophilic ones do not.
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Effect of dielectric constant
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