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(i)  Understanding screening due to mobile ions in liquid

(ii) Charge inversion due to strongly correlated liquid (SCL) on water

- experimental probe & theory



For describing screening – SCL by multivalent on water 

Negative Surface Charge (σs)

Coions (Anions)

Counterions (Cations)

Bulk Charge Density (n0)

(1) Consisting of ions confined by the surface. (i.e. Stern layer)

(2) A diffuse component described by the Poisson-Bolzmann (PB) equation that 

decays exponentially with distance far from the charged surface.

+  +  +  +  +  +  +  +  +  + *

If multivalentions are overcompensated 

on negatively charged surface.

Surface charge inversion

Similarly….  Using the AFM, observed 

charge inversion in that paper



Experimental section

Using an atomic force microscope (AFM), measured the force between two 

oppositely charged surface.

Positively charged amine-terminated surface… made method omission.!!

Negatively charged surface were prepared silica spheres (10 m dia.) with epoxy 

resin to AFM cantilevers.
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AFM to yield force F on the silica bead versus the bead-surface separation d.

Debye length 



Experimental result

pH 7

pH 6.5

Cationic salt

Anionic salt

pH 5.8



Summary [Ru(CN)6]
-4 ??

Compare to Shklovskii proposal theory in SCL.

bare : bare surface charge density, c0 : charge inversion bulk concentration, c : chemical potential of the 

SCL,  0 : standard energy of adsorption of an ions 

bare and 0 are deduced [Fe(CN)6]
4- and [Fe(CN)6]

3- on the same surface

From rows 1 and 2 in table - bare : +0.45 and +0.55 e/nm2, 0 :-1.4kT and -0.1 kT

absolute c are 9.4 kT and 10.6 kT for Z=4 and 5.8 kT and 6.5 kT for Z=3

Taking 0 = 0  and c0 = 200 M for [CoC12H30N8]
3+- screening silica gives bare = -0.75 e/nm2, 

consistent with commonly accepted vales.
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From rows 3 in table - bare : +0.2 e/nm2, 0 : -3.0 kT

absolute c is 5.8 kT and 3.5 kT for Z=4 and 3

In conclusion, charge inversion occurs depends only weakly on the chemical 

composition, surface structure, size, and lipophilicity of the ions, but is very 

sensitive to their valence. 





Poisson Boltzmann equation - PBE
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Gouy-Chapman length

Bjerrum length

e.g. Z=3 and =1.0 e/nm2, =0.08 nm

Ions are located in the first molecular layer at the surface. i.e. they condense at 

the surface of a macroion.

At Z  2, repulsion between multivalent counterions condensed at the surface is so 

strong that they form a two dimensional strong correlated liquid in which the 

short order of counterions is similar to that of a Wigner crystal.



Strongly correlated Liquid of multivalent Ions – Rev. Mod. Phys., 74, 2 (2002) 

PBE fail at large Z

e.g. monovalent ions, Z=1,   ~ 1 weakly coupled

Gouy-Chapman solution fails at large Z

Two dimensional concentration of Z-ions

n= /Ze

The surface area per ion can be characterized 

by a radius R
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 Is the Coulomb coupling constant

Z=3 and =1.0 e/nm2   = 6.4,  ~ 0.1 nm, and R ~ 1.0 nm strongly coupled

Surface Correlation Effect

More strongly bound to the surface than in 

the PBE

This phenomenon can be understood as the 

attraction of a Z-valent counterion to its 

correlation hole in SCL

PBE becomes valid  and the characteristic scale of the PBE 

solution 
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Thus SCL together with the intermediate boundary layer,                    from the 

point of view of PBE, provide only a new boundary condition N(x)=N(0) at x=0.
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At finite N(), N(x)=N(0)  the positive charged density of SCL compensates -. 

At N()>N(0), it becomes even lager than , so that the total charge of the 

surface become positive.



A new boundary condition for the PBE

For N(x) dose not depend on x and equals

The condition of equilibrium between SCL at x=0 and the gaslike phase layer 

between                        is 

chemical potential of SCL
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Hydration energy at the surface

Hydration energy at the bulk

Correlation energy of attraction to the hole
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e.g. at =1.0 e/nm-2  ~ 1.8, 12.3, 1.66 nm at Z=2,3,4 compared with l/4=0.7, 1.6,2.8 nm

Planer Geometry
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The renormalized Gouy-Chapman length, lambda

1
2

( , )
[2 (0)] exp

2

c

B

n Tw
lN

nl k T






  
    

 

One finds the total surface charge density located at distance x<l/4 is

* (0) /(2 ) ( / )BN l       

e.g. for =1.0 e/nm-2 , one obtain that *=7x10-2, 7x10-3 , 4x10-4  at Z=2,3,4

One finds compared these results with from l/4 to 

* 22 /Ze l 

e.g. *=5x10-2, 2x10-2 nm-2 at  Z=3,4

These values of * are much lager than intermediate region. Thus, binding to the surface is 

strongly enhanced by correlation effects.



Planer Geometry

Here, we imported by Debye-Hückel screening radius.
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Debye-Hückel screening leads to exponential decay 

of the potential around a pointlike charge Q.

If N()>>N(0), negative charges dominate at x<<r. We try to PBE approach.
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To compensate for the bulk negative charge, the positive 

surface charge density of SCL becomes lager than , so that 

the net surface charge density, *, becomes positive!!


