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Solutions of simple salts
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Individual ions Ion-pair formation

In distribution is described by Debye-
Hückle theory (simple physics)

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

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



Polyelectrolyte solutions
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Side groups are chemically fixed onto the backbone à no mobility

Polyelectrolytes are polymers with ionic groups along their backbone



Polyelectrolyte solutions
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Already in the 1940s experimentalists noticed that the were ‘missing counterions’

Polyelectrolytes are polymers with ionic groups along their backbone



Katchalsky’s cell model

4

pre-1976 explanations of the 
peak in the scattering function

• Bragg spacing of an ordered phase
• Nematic phase
• Katchalsky Cell Model

Counterions accumulate near the polyion and become 
osmotically inactive

Aharon Katchalsky 
(1914-1972)
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Polyelectrolytes: 
Oosawa-Manning theory of condensation
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Fumio	Oosawa	
(1922-2019)

Gerald	Manning	
(b.19??)
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condensation

_ Free counterion
_ Condensed counterion
Do not contribute to thermodynamic or 

charge transport properties
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𝑙!𝑙!

Effective charge is lower than 
chemical charge

Bjerrum length: 

𝑙! =
𝑒"

4𝜋𝑘!𝑇𝜖
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METHODS FOR DETERMINING COUNTERION 
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Method
 

Ion selective 
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(Vapour pressure)
Osmometry
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Conductivity
Dielectric 
spectroscopy

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

• Osmotic pressure is one of 
the most direct (theory-light) 
methods to determine f:

Π = 𝑘!𝑇𝑓𝑐
Each free counterion contributes ≈ kBT 
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DRAWBACK: very difficult for 
non-aqueous systems.

Method
 

Ion selective 
potentiometry
Osmometry 
(Vapour pressure)
Osmometry
(Membrane)
Conductivity
Dielectric 
spectroscopy
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LIGHT SCATTERING FROM SALT-FREE POLYELECTROLYTES
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𝜫 = 𝒌𝑩𝑻𝒇𝒄 

Osmotic pressure is 
𝑘!𝑇	per free counterion

Polyelectrolytes should scatter weakly at 
low q!

S(0)
𝑓!"~	1

𝑁~	10#

polyelectrolyte

Neutral polymer

Static structure factor:

Light scattering provides a way to 
measure the osmotic compresibility of a 

two-component solution



SCATTERING FROM SALT-FREE POLYELECTROLYTES
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SCATTERING FROM SALT-FREE POLYELECTROLYTES

Theory expects extremely weak scattering by polyelectrolytes at low q 
but experiments show a huge low-q upturn

9

Correlation peak

Low q upturn ≈ 
large domains?

Fast mode: 
𝑟# 	 ≈ 0.2	𝑛𝑚 

slow mode: 
𝑟# 	 ≈ 700	𝑛𝑚

Multi chain 
aggregates?

Ermi, B.D. and Amis, E.J., 1998. Domain structures in low ionic strength 
polyelectrolyte solutions. Macromolecules, 31(21), pp.7378-7384.

SANS/SLS DLS

This does not 
give a reasonable 
osmotic pressure



FILTRATION (MOSTLY) REMOVES LOW-Q UPTURN

• Filtration through sufficiently small pores suppresses upturn & slow mode.
• Mesh size is not affected by filtration à no polymer removed (density 

measurements further support this)
• Solutions are stable for at least 1 month
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CAN WE COMPLETELY REMOVE THE LOW-Q UPTURN?
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0.1 µm pore size
0.8 µm pore size

The relative amplitude of the fast decay 
in DLS is used to isolate the structure 
factor without the slow mode:

𝑆 𝑞 4567 =
𝐴8 𝑞

𝐴8 𝑞 + 𝐴9 𝑞
𝑆(𝑞)

Fit autocorrelation function to bimodal decay:
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SLS/DLS METHOD: POLYGLUTAMIC ACID

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
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I. Condensed counterions 
II. Free counterions 

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

Manning’s condensation theory:
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16Effective charge:
𝑏 < 𝑙$ → 𝑓 ≈ %

&'!
  

b – distance between charges
Z – counterion valence
lB – Bjerrum length

Oosawa-Manning makes a clear prediction

𝑏 > 𝑙$ → 𝑓 ≈ 1  

𝑙! =
𝑒"

4𝜋𝑘!𝑇𝜖



TEST OF OOSAWA-MANNING THEORY
Effective charge: 𝑓 ≈ %
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lB – Bjerrum length
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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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Hydrophilic counterions 
remain tightly correlated 
with the backbone at low 
and high concentrations
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POLYMER-COUNTERION 
DECOUPLING

Contrast from polymer backbone
Contrast from counterions

86 Chapter 5. Influence of solvent on the solution behaviour of polyelectrolytes

FIGURE 5.9: Peak Positions (q⇤) as determined from I vs. q (SANS (triangles) and SAXS (circles)) curves
for TBACMC in a) Water, b) Methanol and c) Ethanol as a function of concentration. A higher deviation can

be observed for solvents higher values of f .

that the relative solvation forces between different components of the polyelectrolyte solutions are
key to understanding concentration fluctuations. The main challenge to properly assessing our
experimental trends remains the lack of a clear parameter to quantify solvent-ion interactions.

Waigh et al investigated the scattering properties of a solvophobic polyelectrolyte, atactic poly[2-
(methacryloyloxy)ethyltrimethylammonium 1,-1,2,3,3,-pentacyanopropenide] (MPCP), in propy-
lene carbonate (PC), DMF, cyclohexanone and acetonitrile.[210] NMF was also investigated, but
such data are very likely affected by the high residual salt present in commercial grades of this sol-
vent. In PC and DMF, which are both good solvents for the backbone, the correlation length scaled
as x µ c�1/2 over the entire concentration range studied. In acetonitrile, which is a poor solvent for
the backbone, a dependence of x µ c�1/2 at intermediate concentrations was followed by a weak
dependence of x µ c�1/7. This is followed by a concentration regime where the correlation peak
disappears. At even higher concentrations, peak reappears and follows a strong x µ c�1 scaling.
From this limited data set, backbone solvation, and not dielectric constant, appears to be the main
factor determining the stretching parameter B. For our results, we observe a weak trend of x with
e , but the c⇤ ⇠ e�0.8 (5.12) trend is strongly suggestive of a dependence of B on dielectric constant.

5.3.4 Rheology

The rheology measurements were carried out using the Kinexus rotational rheometer with setups
defined earlier in the chapter. In order to avoid evaporation of the samples during measurements, we
used a solvent trap over the cone-plate geometry. For samples with a very relatively lower viscosity,
e.g. methanol, we used a larger 65 mm geometry which did not have a solvent trap. Therefore,
we repeated our measurement after 10 minutes to determine the reliability of the measurement by
checking for the overlap between the sets of measurements. Both measurements were in agree-
ment with each other. However, we found that the measurements using the larger geometry were
⇠ 7�10% higher than those made using the smaller geometry. For some of the low viscosity mea-
surements at high shear rates, we also observed an increase in shear viscosity with shear rate, which
we assign to the onset of Taylor instabilities.

The viscosity of TBACMC in 21 solvents was measured as a function of polymer concentration and
shear rate. For most solvents, the samples show a Newtonian plateau at low shear rates (ġ) followed
by shear thinning at sufficiently high ġ . Representative results for this kind of flow curves are shown
in Figure 5.10, which compares the viscosity of TBACMC solutions in ethylene glycol and DMSO.

𝜖/ ≈ 78
𝑓 ≈ 0.6

𝜖/ ≈ 33
𝑓 ≈ 0.35

𝜖/ ≈ 24
𝑓 ≈ 0.25

Dielectric constant decreases

Polymer & counterion fluctuations de-couple

water methanol ethanol

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
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CONCLUSIONS
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• 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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