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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

I Condensed counter
I Free counterions ©
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Fraction of charged monomers: f = e Bjerrum length:  Ip = AmtkgTe
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COUNTERION CONDENSATION IS THE CENTRAL
PROBLEM OF POLYELECTROLYTE SCIENCE

Osmotic
pressure

Chain Diffusion

r Limiting laws and counterion condensation in polyelectrolyte solutions I.

[ciration] Polyelectrolytes, Chap. 5 ting :
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

F Oosawa - (No Title), 1971 cir.nii.ac.jp
. . - rmu os
ﬁ Save 99 Cite (Cited by 2041 Related articles mobile-ion activity cogfie polyelectrolyte solution with or without added sample salt. ...
Y Save DY Cite Related articles All 5 versions
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METHODS FOR DETERMINING COUNTERION

oo CONDENSATION
o S 0 o * Various methods yield
O OH .
OCH,COO on | d1ffe.rent results for. the
- fraction of free counterions.
3 : :
f’ AMethod fnacmc fMgCMC * Osmotic pressure is one of
&5 Ton selective the most direct (theory-light)
s potentiometry 0.72 0.3 methods to determine f:
Osmometry
(Vapour pressure) 0.67 — M=%k B T f C
Osmometry | |
N (Membrane) 0.69 0.37 Each free co.unterlon contributes = kT
@"? Conductivity 0.5 0.22 to the osmotic pressure. B
& Dielectric DRAWBACK: very difficult for
Q,é spectroscopy 0.35 — non-agueous systems.
IS 4
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LIGHT SCATTERING FROM SALT-FREE POLYELECTROLYTES

dc In combination with IT = kgTfc,
S(0) = kgTc— ~ f—1 this provides a way to measure the
dll fraction of free counterions

SLS can be carried out in organic/volatile solvents

LifSOﬂ, S. and Katchalsky, A, 1954. Journal ofPolymer Science, 13(68), pp43-55 Thls was recognlzed over 70 years ago'
Alexandrowicz, Z., 1959. Journal of Polymer Science, 40(136), pp.91-106.
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LIGHT SCATTERING FROM SALT-FREE POLYELECTROLYTES

Excess light
Scattering intensity Structure factor o . .
) u| Static light scattering provides a way to
_ measure the osmotic compresibility of a
R(q) KpZ,NaS(q) P ty

two-component solution

/

Optical contrast Polymer density
factor

dc In combination with II = kgzTfc,
S(0) = kgTc— ~ f —1 this provides a way to measure the
dll fraction of free counterions

SLS can be carried out in organic/volatile solvents

LifSOﬂ, S. and Katchalsky, A, 1954. Journal ofPolymer Science, 13(68), pp43-55 Thls was recognlzed over 70 years ago'
Alexandrowicz, Z., 1959. Journal of Polymer Science, 40(136), pp.91-106.
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SCATTERING FROM SALT-FREE POLYELECTROLYTES

SANS/SLS

10‘: T Frrrerg T |IIIIII| T T |||EIT|
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Intensity

10'

10"

L1 1011
0.001 0.01 0.1

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

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

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




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

SANS/SLS

Low q upturn =
large domains?

Intensity

S0)=f"1

0.001 0.01 0.1

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

@ 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 DLS
T T T ' T 0.20
Low q upturn =
large domains? ] slow mode:
: Sl ry = 700nm 4 0.15
= 15
5 [\ : : ©
> . 55 Multi chain :
® o 0.2
g 1S aggregates?| ®'° &
E £ ] c
1% o, Fastmode: 2 e %
_ ry ~02nm |8 '
il YT i il i I% 0.0 i A[ i | i I‘TI'I 0.00
0.001 0.01 0.1 10 10° 10°
g A" T, MS

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

@ Ejg“sme Ermi, B.D. and Amis, E.J., 1998. Domain structures in low ionic strength
ge of Earth
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FILTRATION (MOSTLY) REMOVES LOW-Q UPTURN

AR ] SANS/SLS Filter
TBACMC/D,0 DL ) Bl S
A | ]10.8 um pore size

 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

@ PennState Poster #494 On the origin of the slow mode and low q upturn in salt-free
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FILTRATION (MOSTLY) REMOVES LOW-Q UPTURN

[ pancor } SANS/SLS Filter
&80 e S — — —— .
TBACMC/D,O 0.1 um pore size
ol | ]0.8 um pore size
i
.
] 20 s
iy
10f k
LA— . .
1073 107 q [A1] 107 10°
- « >
SLS SANS

 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

@ PennState Poster #494 On the origin of the slow mode and low q upturn in salt-free
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FILTRATION (MOSTLY) REMOVES LOW-Q UPTURN

pawcor T e SANS/SLS Filter
TBACMC/D,O 0.1 um pore size
wl _ 0.8 um pore size

103 107® q [A-1] 107" 10°

SLS SANS

 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

@ PennState Poster #494 On the origin of the slow mode and low q upturn in salt-free
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FILTRATION (MOSTLY) REMOVES LOW-Q UPTURN

oH OCH,CO0™
)
o oA
: o OH O~
- OH
OCH,COO N2

SANS/SLS Filter DLS
TBACMC/D,0 0.1 pm pore size [ - ! | oy
ol ® | ]10.8 um pore size : 2 0.1 pm
0.8r J
067
L
\*;N’OA-
0.2r
10° 107 10

t [ms]

 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

@ PennState Poster #494 On the origin of the slow mode and low q upturn in salt-free
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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
2 2 in DLS is used to isolate the structure
q1(7,q) = Ai(g)e @7 (1 + B2t ) + As(gq)e (1 + K22 ) factor without the slow mode:

2 2
Al(CI)
' S(CI) ast — S(CI)
1 | Filter | f A1(CI) n Az(q)
0.1 um pore size
08} 0.8 um pore size | | S
=l A S(q)]
o6l
T 2 S(q)total
0371.5_ R
e e N R ADAMAAALp, L
| S@iase~ £
e B I S
o 0.5
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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
2 2 in DLS is used to isolate the structure
q1(7,q) = Ai(g)e @7 (1 + B2t ) + As(gq)e (1 + K22 ) factor without the slow mode:

2 2
A1(q)
- S5(q) fast = 5(q)
1 | Filter | f A1(CI) + Az(CI)
0.1 um pore size
08} 0.8 um pore size - . =
25f A S¢(q)f|
0.6}
l 2 S(D¢total
%\J 04+ o
<0§1'5' A A A A
o2b o= X LT e L8 ALAMMN My - - -
1 S(‘I)fcist ~ f_l
0 . st
107 1072 10° 102 10*
t [ms] 05 > f ~ 0.7
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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
2 2 in DLS is used to isolate the structure
q1(7,q) = Ai(g)e @7 (1 + B2t ) + As(gq)e (1 + K22 ) factor without the slow mode:

2 2
A;(q)
i S(Q)fast — S(CI)
1 | Filter | A(q) + A,(q)
0.1 um pore size
08} 0.8 um pore size - . =
2o A S¢(q)]]
~-0.6}
| 2 5(q@) totat
%\30.4 - o
<0§1'5' A A AAAA
o2b o X L e ALALDA MG o - - -
S — 1 S (Q) fast ~ f -1
? 04 102 10° S 102 I > f ~ 0.7
t [ms] . . . . ~
0 1 15 2 25 3 feona ~ 0.6
q A" «10°  not bad!
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SLS/DLS METHOD: POLYGLUTAMIC ACID

. NaPGA O conductivity

X osmotic pressure

-, %M%
~ —Mo-ﬂ/o:s

ethylene glycol ‘

0.0001 0.01 1
c [M]

Osmotic pressure measured by SLS after removing the slow mode
contribution with DLS splitting gives the correct osmotic pressure
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SLS/DLS METHOD: POLYGLUTAMIC ACID

1 0.8 |

" NaPGA O conductivity !
: X osmotic pressure - NaPGA
08 | water & SLS/DLS 06 T oo%o o
0.6 | B ; xaﬁ Jo48

AR %ﬁvws — 04
04 | \ .
>~ —°°¢;h“3'z‘tﬂ'f~03 0.2 | MgPGA

ethylene glycol ‘ [ Cooo f~0 08
0 NP R 0
0.0001 0.01 1 0.0001 0.01
c [M] ¢ [M]

Osmotic pressure measured by SLS after removing the slow mode
contribution with DLS splitting gives the correct osmotic pressure
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VARYING FILTER SIZE o 08
0.4 S T B;{; — 04_.._)@ T .E,“"I — 8 05 F ® f = O 4-7
0.35 ——Two-mode fit| 0.35 _'\ 7 ;Tv?'imode atl .E
0.3 03 i g 04 } @ ®
o= 0.1 um filter ozsf 0.2 pm filter{ ;|
S ozf E o2 1 @
o [}
0.15 0.15 S
0.1 o o 0.2
0.05} 0.05} .§ 0.1 |
ok . ol . . — o
T1((S"; 10 10 1074 10°2 s 0 L T N N T
07 . Iwo-Mode g2Fit Y P ..I‘!‘,’,‘.’,-"E,"(;‘)%.??F.“......,. = 0 0.2 04 06 08
06 ;'Er)\z:)a-mode fit i ;'[?v?'ga-mode ﬁt_ Filter Size (um)
0.5 g C 1 .
0.45 pm filter While the slow mode
E E becomes more prominent

as the filter size increase,

remains constant, as it
should

~

TP BT T BT TP ST T E . P AP BT P PRI £ LM AV L
10 10 102 10 10 10 10°
T (s) T (s)
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VISCOSITY METHOD

Msp R
Scaling theory predicts for semidilute

~ non-entangled solutions:
T]sp ~ nsp, salt-free 5

0
Nsp(Cs) = i) 0.75

-0.75 2
P

@ PennState 1 tsumoto, A., Ikeda, M., Sugihara, S. and Maeda, Y., 2025. Nihon Reoroji Gakkaishi, 53(1), pp.1-10. 11

Coll f Earth
ar?deh?liengralagciences Dobrynin, A.V., Colby, R.H. and Rubinstein, M., 1995. Macromolecules, 28(6), pp-1859-1871.
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VISCOSITY METHOD

Scaling theory predicts for semidilute

~ non-entangled solutions:
T]sp nsp, salt-free 5

0
Nsp(Cs) = i) 0.75

-0.75 2
P

2¢cs = fep
salt ions ~ free counterions - Measuring the viscosity as a
: function of added salt concentration

provides a way of estimating f

@ PennState  y;.tsumoto, A., Ikeda, M., Sugihara, S. and Maeda, Y., 2025. Nihon Reoroji Gakkaishi, 53(1), pp.1-10.

Coll f Earth
ar?deMgiengralagciences Dobrynin, A.V., Colby, R.H. and Rubinstein, M., 1995. Macromolecules, 28(6), pp-1859-1871.
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VISCOSITY METHOD: NaPGA/water

Cpca
100 ¢
& o o 30 g/L
o ¢— (T4
> ¢ © 20 g/L
Z 10 ¢ e 10 g/L
S 9
E ( O 5¢/L
SR o 3glL
= ; O
8—1 - Nsplcs) = TIZ( )0.75 o 1g/L
75 [1 +f—§5
o A 0 0.5g/L

1.E-06 1.E-04 1.E-02 1.E+00

Added NaCl [M]
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VISCOSITY METHOD: NaPGA/water

Cpca 1
100 ¢
— . 2 0 20 g/L 08 F
> ® [
Z ¢ S 10 glL :
5 g [
§ ( 0.6 C%}b AA A A
S ( °54g/L — [ Qmm%g
[ | i
=R o 3g/L — 04
i3 ; 1(0) S~ i O Conductivity
a nsp(CS) = 2 0.75 O 1 g/L 0.2 : <> Osmometry
N [1 +f—§z o T A Viscosity
04 i 0-5g/L L 6 SLS/DLS
1.E-06 1.E-04 1E02  1.E+00 0
0.0001 0.001 0.01 0.1
Added NaCl [M] ¢ [M]
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VISCOSITY METHOD: NaPGA/water

Cpca 1
100 ¢
_ 2,# ~ o 30 g/L :
= = 0 20 gL 08 [
> ® I
Z 10 8 10 g/L :
; g s
(@) [
8 ¢ ITI 0.6 - O% A
,; ( O 5 Q/L [ i Q(nw& 8
=R o 3g/L ~ 04 i o
'S : n(0) _ o Conductivity
a nsp(CS) = 2 0.75 O 1 g/L 0.2 : <> Osmometry
N [1 +f—§z o T A Viscosity
04 i 0-5g/L L 6 SLS/DLS
1.E-06 1.E-04 1.E-02 1.E+00 0 N
0.0001 0.001 0.01 0.1
Added NaCl [M] ¢ [M]

Reasonable agreement between viscosity and other methods
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1(0)
nSp(CS) — 0.75
100 ’1 + 2¢ |7 ———
- fe
— Q
>‘ v—e
=
2 10
o
Q
4
>
qc:)‘ 1 Modified exponent
'O _ n(0)
2 Nsp(Cs) = 20,172
N [1 + f_Cp
0.1 —  — —
1.00E-07 1.00E-04 1.00E-01

&

Scaling theory

Added NaCl [M]
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VISCOSITY METHOD: NaPGA/ethylene glycol

Cpca
O 5¢/L

o 10 g/L
O 20g/L

O 40 g/L




scaingtheory VISCOSITY METHOD: NaPGA/ethylene glycol

1(0)
Nsp(Cs) = S 1075 08

ﬁ1oo [1 +fTS Crca - O Conductivity
L - Y O 5g/L 06 | A Viscosity
> o °1 ¢ SLS/IDLS
g 10 0 10glL  — : o
Q 1 04}
A [—
o O 20gL S~
é 1 Modified exponent J 0o |
'O n(0) [
L r’Sp (CS) — 0.42 O 40 g/L
i 2Cg .

0.1 v v’ P e 0.0001  0.001 0.0l 0.1 1

1.00E-07 1.00E-04 1.00E-01

Added NaCl [M] c [M]
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scaingtheory VISCOSITY METHOD: NaPGA/ethylene glycol

1(0)
Nsp(Cs) = S 1075 08

ﬁ1oo [1 + ch Crca - O Conductivity

e - Y O 5g/L oe | A \Viscosity

> o °1 ¢ SLS/IDLS

g 10 0 10glL  — : o

Q 1 04 |

A [—

Z O 20gL S~ .

= 1 Modified exponent 02 |

'O n(0) [

L r’Sp (CS) - 0.42 O 40 g/L

i 2Cg .

N 1+fc R —
0.1 - P e 0.0001  0.001 0.01 0.1 1
1.00E-07 1.00E-04 1.00E-01

Added NaCl [M] [M]

Reasonable agreement between viscosity and other methods, but we

. | need to use a modified exponent, not predicted by theory -
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CONCLUSIONS

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

The fraction of free counterions can be derived from such measurements.
Main advantages of SLS/DLS over membrane osmometry or freezing point
depression: 1) it can be easily applied to organic solvents, 2) it becomes more
sensitive as the fraction of free counterions decreases.

Viscosity vs. added salt measurements can also be used to estimate the
fraction of free counterions. Experimental results deviate from the theoretical

prediction, therefore the method is semi-empirical at this point.
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