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III.  Polyelectrolyte Phenomena 

(Dautzenberg et al., Polyelectrolytes: Formation, Characterization, and Application, Hanser, 
1994; Radeva (ed.), Physical Chemistry of Polyelectrolytes, Surfactant Science Series 99, 
Marcel, 2001) 
This handout summarizes a variety of important polyelectrolyte phenomena, highlighting 
behaviors that are new or strikingly different from neutral polymers.  Topics discussed: 

1. Dilute Solution Viscosity 
2. Electrophoresis 
3. Conductivity 
4. Semidilute and Concentrated Solutions 
5. Solubility and Phase Behavior 
6. Acid/Base Titration 
7. Osmotic Pressure 
8. Diffusion 
9. Gels 
10. Electric Birefringence 
11. Adsorption 
12. Attraction between Like-Charged Chains 

1.  Dilute Solution Viscosity 

At low polymer concentration c, the solution viscosity η can follow remarkably different 
trends for a polyelectrolyte than for a neutral polymer, defining the so-called “polyelectrolyte 
effect”, observed back to the first study of synthetic polyelectrolytes in 1934. 
 
For a neutral polymer, the c dependence of specific viscosity ηs, defined 

  
ηs =  η - ηo

ηo
 

where ηo is the solvent viscosity, obeys the standard Huggins formula, 

ηs
c

 =  [η] + kH[η]2c
  

where [η] is the intrinsic viscosity and kH is the Huggins coefficient.  The contribution to 
ηs/c due to isolated polymer chains is captured in [η], while the contribution due to binary 
chain-chain interactions is captured in kH.  Contributions from higher order chain-chain 
interactions are neglected in the Huggins formula but can safely be ignored when c is below 
the critical overlap concentration c* (i.e., the value of c when dissolved chain domains begin 
to overlap).  
 
Molecular theories for neutral polymers show that [η] is proportional to the average 
hydrodynamic volume Vh pervaded by a single chain divided by the chain’s molecular 
weight M, i.e., [η]~Vh/M.  With Vh proportional the cube of the chain’s radius,  
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[η]~M3ν-1, the well-known Mark-Houwink formula and basis of a standard method for 
measuring M by viscometry.   
 
At high concentrations cs of added electrolyte, electrostatic interactions between 
polyelectrolyte chain segments are heavily screened, and polyelectrolyte solutions behave 
similarly to neutral polymer solutions, with the c dependence of ηs/c in accord with the 
Huggins formula.  At somewhat smaller values of cs, expansion of polyelectrolyte chains by 
intramolecular electrostatic repulsions elevates [η], but again, ηs/c follows the Huggins 
formula.   
 
When there is little or no added electrolyte, matters become complex.  As shown in the figure 
below, plots of ηs/c vs. c for solutions of poly(styrene sulfonate) containing low 
concentrations of sodium chloride display a pronounced maximum in the low c range.  Such 
a maximum is inconsistent with the Huggins formula and precludes viscometric methods of 
M measurement.  As shown in the same figure, varying cs causes the position of the 
maximum to move in a way that maintains a rough equality between the concentrations of 
dissociated counterions and cs.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To model the anomalous behavior of ηs/c at low cs, Fuoss and Strauss long ago proposed an 
empirical relationship to replace the Huggins formula, 

ηs
c

 =  A
1+ Bc1/2  

Empirical 
Fuoss law: 
η ~ c1/2 
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where A and B are unspecified constants.  The Fuoss-Strauss formula tracks only the 
downward shift in ηs/c for c above the maximum, not the rise and maximum itself at lower c. 
 
Diluting a polyelectrolyte solution with solvent aliquots containing a low but constant value 
of cs causes the ionic strength I to fall because the volume density of counterions is 
sequentially lowered.  Configuration-based models for trends in ηs/c attribute the anomalous 
polyelectrolyte viscosity behavior to electrostatically driven chain expansion as I falls.  In the 
limit of infinitely small c, some have suggested that chains in salt-free solution become rod-
like, an expectation crudely supported by the observed proportionality of A with the second 
power of M. 
 
Configuration-based models suggest that the maximum in ηs/c can be eliminated by adding 
sufficient electrolyte ions during dilution to compensate for the loss of liberated counterions, 
a procedure termed isoionic dilution.  Indeed, the maximum disappears when isoionic 
dilution is followed.   
 
Strong evidence suggests that polyelectrolytes in salt-free solution do not fully extend at low 
c and that electrostatic interactions between chains influence η significantly at unexpectedly 
low c, in a c regime where chain interactions are conventionally thought to be relative weak. 
 
Competing, nonconfiguration-based models for polyelectrolyte viscosity also have appeared, 
motivated largely by observations that undeformable charged colloids also display a 
maximum in plots of ηs/c vs. c.  In the colloidal systems, the maximum is attributed to the 
impact on viscosity of long-ranged interparticle electrostatic interactions, a phenomenon 
sometimes termed the “secondary electroviscous effect,” which can be assessed at various 
levels of approximation by mode-coupling theories.  From this perspective, the linear 
Huggins equation fails at low cs because the primary interactions between chains are 
electrostatic, not hydrodynamic as this equation assumes; the interpretation is also consistent 
with the appearance and c-dependence of the small angle scattering peak observed for dilute 
polyelectrolytes under the same solution conditions.  
 
2.  Electrophoresis 
As charged molecules, polyelectrolytes dissolved in solution migrate toward regions of lower 
electrostatic potential when an external electric field is applied.  This electrophoretic 
migration can be monitored either in free (i.e., open) solution or in the presence of a porous 
separation medium imposing molecular-level geometric hindrances; these hindrances reduce 
the rate of migration compared to that in free solution.  Gels, dissolved neutral polymers, and 
other porous materials all can act as effective separation media, with their hindrances tailored 
to attenuate the migration of polyelectrolytes according to chain size or other property.  
 
The ratio of steady state drift velocity v to the electric field strength E defines the 
electrophoretic mobility µ, the property measured by electrophoresis, 

µ =
v
E   
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To designate results from a free solution experiment, one conducted without a separation 
medium, the mobility in free solution is usually written µo.   
 
The value of µo manifests electrostatic and electrodynamics of the charged chain and its 
counterion cloud. 
 
When the value of E is low enough to avoid field-induced distortion of a polyelectrolyte’s 
configuration, µ is independent of E.  Measurements of µ have long been a cornerstone of 
polyelectrolyte characterization, especially for polyelectrolytes of biological origin. 
 
A uniform external electric field imposes four types of forces on a polyelectrolyte in free 
solution: 
 
First, the field acts directly on the fixed charge of the polyelectrolyte, producing on the chain 
a “direct electric force” Fe of magnitude EZe, where Z is the polyelectrolyte charge (or 
effective charge).   
 
Second, the field acts directly on the local excess of counterions, and since the charge of the 
counterion cloud is equal and opposite to that of the polyelectrolyte itself, produces on these 
ions an opposite but spatially distributed force of magnitude –EZe.  However, due to the 
physical separation of counterions from polyelectrolyte, the force experienced by each ion is 
transmitted to the polyelectrolyte through intervening solvent only as a velocity disturbance.  
During the transmission, the disturbances are attenuated by viscous dissipation.  Thus, the 
polyelectrolyte chain experiences the electric forces acting on counterions only indirectly, as 
dampened hydrodynamic forces distributed along the chain backbone.  The magnitude of the 
overall transmitted force Fc, termed “the retardation force”, can be significantly less than  
–Eze.  Indeed, Fc depends strongly on the spatial disposition of the counterions and thereby 
on κ-1.  When κ-1 is large, Fc is much reduced because the velocity disturbances must 
propagate a long distance through solvent before impact on the chain.   
 
Third, the viscous character of the solvent resists chain translation, creating a “drag force” of 
magnitude Fd.  This force is calculated as the product of v with the chain friction coefficient 
ζ, Fd=-ζv.   
 
Fourth, the field can distort and polarize the counterion cloud surrounding the 
polyelectrolyte, modifying two of the forces already described.  With polarization, the force 
transmitted to the chain from counterions no longer can be calculated using the equilibrium 
structure of the counterion cloud, and the local dipole field associated with polarization 
reduces the electric force on the chain’s fixed charges.  Together, the two corrections 
comprise “the relaxation force” Fr.   
 
Summing forces on the chain undergoing steady state motion, 

Fe+Fc+Fd+Fr = 0  
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While Fe is positive, Fc, Fd, and Fr are negative, i.e., directed against the polyelectrolyte’s 
migration. 
 
Irrespective of cs, as seen in the next figure, µo is independent of M for high M 
polyelectrolytes.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This trend has often been incorrectly rationalized by balancing only Fe and Fd while 
assuming that both are proportional to M.  This argument assumes that polyelectrolytes are 
inherently “free-draining”, which is incorrect: the hydrodynamics of a charged polymer are 
inherently no different than those for a neutral polymer, and high M polymers are never truly 
free-draining.  
 
The independence of µ on M actually arises through the screening by counterions of long-
ranged hydrodynamic interactions that ordinarily exist between distant chain segments.  This 
screening has roots in Fc.  The velocity disturbance propagated through solvent due to 
electric force acting on one chain segment is always accompanied by a comparable 
disturbance transmitted through solvent due to the force acting on a nearby counterion.  At 
distances large compared to κ–1, the two disturbances cancel, and for this reason, the 
polyelectrolyte gains only “apparent” free-draining character.  
 
As displayed in the previous figure, µo drops significantly with increasing I.  Again, the 
explanation lies in Fc.  As I increases, κ–1 becomes smaller, and the hydrodynamic coupling 
of counterions to polyelectrolyte is enhanced, reducing µo as Fc grows.   
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Still another important trend, one not yet fully understood, is the dependence of µo on ξ.  The 
next figure shows that at low ξ, µo~ξ, but at high ξ, µo≈constant.  One explanation for the 
loss of ξ dependence at high ξ is counterion condensation.   This matter has been much 
studied in my own research group. 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In a separation medium such as a gel, the dependence of Fd on M is affected by the 
polyelectrolyte’s configurational interactions with the medium, and consequently, µ becomes 
M dependent.  Various sorts of interactions have been proposed, ranging from sieving to 
reptation to entropic barriers transport. Which type of interaction dominates depends on the 
heterogeneity and pore size of the medium, the size and flexibility of the polyelectrolyte, and 
the magnitude of the electric field.  In recent years, characterization of polyelectrolytes by the 
traditional method of gel electrophoresis has slowly been supplanted by various capillary 
electrophoresis techniques, including many that exploit nongel separation media.  
 
 
3.  Conductivity 
Polyelectrolyte solutions contain a variety of ionic species, including the polyelectrolyte 
itself, which move electrophoretically toward either the anode or cathode when an electric 
field is applied, and as a consequence, polyelectrolyte solutions carry current via the 
mechanism of ion translation in a field.   
 
The specific conductance χ, characterizing the current-carrying ability of a solution, is 
defined as the reciprocal of the specific resistance; the specific resistance is the resistance in 
ohms across 1 cm of solution that has a cross section of 1 cm2; the units of χ are ohm-1cm-1.  
In the discussion that follows, any contribution to χ from pure solvent is ignored; 
experimentally, any solvent contribution can simply be subtracted from the solution 
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measurement.  The equivalent conductance Λ for a polyelectrolyte solution is calculated from 
χ by multiplying by 1000/cp,  

Λ =  1000χ
cp   

The factor of 1000 is necessitated by expressing polymer concentration cp in molar units so 
that Λ has the standard units of Ω–1cm2mol–1. 
 
The equivalent conductance of a polyelectrolyte solution is conventionally apportioned to the 
various ionic species present.  If the solution is salt-free, the apportioning suggests the 
following empirical equation, summing contributions from the two species present: 

Λ =  fc Λ p +  Λc
o( ) 

where fc is an interaction parameter dependent, in part, on the fraction of dissociated 
counterions, and Λ p  and Λc

o  are the equivalent conductances of polyelectrolyte and 
counterion, respectively (the latter defined/measured at infinite dilution in absence of 
polyelectrolyte).  The same type of apportioning can more rigorously be written in terms of 
individual mobilities for the same two species, 

Λ =  F Z *
Z

µo + µc( )
 

where F is the Faraday constant, representing a mole of elementary charges e, and µo and µc 
are the mobilities of polymer and counterion, respectively, evaluated together in solution; the 
parameters Z* and Z have the same meanings as before, representing the number of 
counterions released upon dissolution and the number of ionizable units on the chain, 
respectively.  Condensed counterions are thereby viewed as moving with the polyelectrolyte 
chain. 
 
Relating fc and Z*/Z is not without ambiguity, clouding interpretations of the meaning of fc 
and Λ p.  The value of fc fundamentally accounts for how uncondensed ions electrostatically 
interact with the chain. 
 
Manning determined fc and Λ p  for a line charge model with counterion condensation Above 
ξc, he predicted 

fc =  0.866
zi ξ  

This coupling parameter accounts for counterion condensation (denominator) and 
polyelectrolyte suppression of uncondensed counterion motions (numerator), Likewise, his 
value of Λ p  reflects the influence of counterions on polyelectrolyte mobility, as described in 
the previous section.  The model implicitly assumes that condensed counterions migrate with 
the polyelectrolyte line charge to which they have condensed.  
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Measurements of Λ in salt-free or nearly salt-free polyelectrolyte solutions reveal complex 
and seemingly nonuniversal trends.  If Λ is measured as a function of cp, a maximum is 
sometimes seen at very small values of cp, and the maximum is usually followed at higher cp 
by a broad minimum.  For cp below the minimum, M strongly affects Λ, but above the 
minimum, little impact of M on Λ is noted.  At high M, the initial maximum may disappear.  
A schematic of typical behavior is presented below.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Wandrey correlated the position of the maximum with cp~cs and the height of the maximum 
with L~κ-1 but why these conditions lead to a maximum in Λ is unclear.  Decrease of Λ after 
the maximum can be explained through the continuous strengthening of electrostatic 
coupling between polyelectrolyte and counterions as κ–1 falls with increasing cp; 
electrophoretic mobilities of both polyectrolyte and counterion decrease in consequence.  
 
Note that µo, the polyelectrolyte mobility, is not much different than the mobility of a small 
ion; this feature is drastically different than for diffusion, a context in which solute mobilities 
depend mainly on solute size.  Further, since one polyelectrolyte chain contains many 
dissociated charges, in a salt-free system half the current of a polyelectrolyte solution is 
carried by the migrating polymer chains themselves. 
 
With added electrolyte, the polyelectrolyte conductance can be derived from the measured 
solution conductance by subtracting the measured conductance of a polyelectrolyte-free 
solution containing the same level of added electrolyte.  The polyelectrolyte equivalent 
conductance is then defined exactly as before.  Trends in Λ vs. cp in this case do not match 
those of a salt-free solution, demonstrating that electrostatic interactions disallow additivity 
laws; in this case, additivity would suppose that the solution conductivity is simply the sum 
of independent conductances of each component.  Strong polyelectrolyte-counterion 
electrostatic interactions disallow additivity.  
 
 
4. Semidilute and Concentrated Solutions 
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Properties of a single polyelectrolyte chain are best displayed in dilute solution, where on 
average, individual polymer molecules are widely separated.  Most technological 
applications employ polyelectrolytes in semidilute or concentrated solutions, environments in 
which the polyelectrolyte coils overlap and perhaps entangle with one another. 
Unfortunately, many of the properties of semidilute and concentrated polyelectrolyte 
solutions are not well understood.  The crossover from dilute to semidilute occurs at a value 
of c termed the critical overlap concentration c*.  As with neutral polymer solutions, the 
crossover is not abrupt, so c* is properly interpreted as a mean value characterizing a broad c 
crossover range.   
 
The overlapping of polyelectrolyte chains at c larger than c* causes solution thermodynamic 
properties to lose their dependence on M, and instead, these properties depend on the 
solution’s correlation length ξs, effectively the average mesh size of the fluctuating network 
formed by overlapping chains.  At c*, ξs≈R (the polymer coil size), and above c*, ξs<R.  In 
semidilute or concentrated polyelectrolyte solutions, interactions between segments along the 
chain backbone separated by distances greater than ξs are screened by the presence of 
interposing segments attached to other chains. 
 
Closely packed but nonoverlapped chains fully occupy a polymer solution at c*, so the 
concentration of segments inside any one chain domain approximately matches the solution’s 
bulk segment concentration c.  

 
The strong dependence of R on added cs implies that c* for polyelectrolytes can vary greatly 
with solution conditions.  Especially for salt-free polyelectrolyte systems, electrostatically 
driven chain swelling can strongly lower c* from values expected for a neutral polymer.  
Dilute, salt-free polyelectrolyte systems are for this reason rarely examined.  Dautzenberg 
calculated c* for sodium poly(styrene sulfonate) of degree polymerization 104 dissolved in 
water without any added electrolyte; he found c* ≈ 6x10-7 g/cm3.  However, applying the 
OSF model in a similar calculation for a solution containing a relatively modest level of 
added 1:1 electrolyte at I= 0.01 M, he obtained c*≈6x10-4 g/cm3, an enhancement of c* by 
three orders-of-magnitude.   
 
Although flexible polyelectrolyte coils overlap above c*, these coils are not necessarily 
entangled.  Through measurements of the c dependence of η, the polyelectrolyte 
concentration ce required for onset of entanglement has been found to be substantially higher 
than c*, usually by an order of magnitude or more. 
 
To understand how chain-chain interactions affect polyelectrolyte solution properties at 
concentrations above c*, many investigators have developed cell models that assign to each 
polyelectrolyte chain a nonoverlapping, c-dependent cylindrical volume.  For the Poisson-
Boltzmann cell model, the potential field and ion distributions are solved within a single cell 
by assuming that radial gradients vanish at the cylinder’s outer radial surface.  From these 
distributions, both thermodynamic and dynamic properties of the polyelectrolyte and its 
surrounding electrolyte ions can be solved without further consideration of neighboring 
chains.  Although providing insights and qualitative trends, cell models have a major 
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drawback in their assumption that polyelectrolytes assemble into identical, space-filling cells.  
Such well-ordered structures have not been observed in actual polyelectrolyte solutions. 
 
The understanding of organization and structure in dilute, semidilute and concentrated 
polyelectrolyte solutions remains incomplete.  Dobrynin et al. and others developed a 
generalized scaling formalism for predicting thermodynamic and transport properties of both 
dilute and semidilute solutions of flexible polyelectrolytes.  Rather complicated state 
diagrams distinguishing a variety of solution regimes (up to 10) were proposed.  The 
complexity of such diagrams arises from the interplay of intrinsic chain stiffness, 
electrostatic chain stiffness, chain entanglement, screening by electrolyte, intrinsic backbone 
hydophobicity, concentration of dissociated counterions, etc. as temperature, polymer 
concentration, and electrolyte concentration vary.  At the current time, experimental methods 
have not caught up with theory, and the proposed state diagrams have not been confirmed.   
 
Electrostatic repulsions in nearly salt-free solutions create sufficient order for the appearance 
of a well-defined peak in the low angle scattered intensity.  In a plot of scattered intensity 
versus scattering vector q, the following figure displays how the peak varies with c.  
Analogous peaks do not occur for flexible neutral polymers.  When 

 
 
polyelectrolyte chains are dilute (but for c not too far below c*), the angular position of the 
peak is associated with the average distance d between physically separated chains; d is 
measured and predicted to be proportional to c-1/3.  The spacing arises from the 
electrostatically induced liquid-like order of chain locations when electrostatic interactions 
with neighboring chains exceed a given chain’s thermal energy.   
 
When the polyelectrolyte chains in salt-free solutions are semidilute, the scattering peak’s 
angular position reflects the value of ξs; ξs is measured and predicted to be proportional to c-1/2.  
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In the so-called “isotropic model,” this scattering peak is attributed to the presence of an 
electrostatically depleted correlation hole of size κ-1 about each chain segment.  In a salt-free 
solution, dissociated counterions do all the screening, and κ-1~ c-1/2 
 
Understanding of structure in polyelectrolyte solutions at c well above c* is poor, with many 
predictions but little experimental support for additional transitions as c increases.   Characteristic 
features in rheology and scattering data do reveal transitions associated with the onset of chain 
entanglement and the crossover from semidilute to concentrated.  Even under salt-free conditions, 
electrostatic interactions in concentrated solutions are screened heavily by liberated counterions, 
leading to structure comparable to a swollen neutral polymer solution.   Experimentally, preparing 
concentrated, homogeneous polyelectrolyte solutions is difficult. 
 
 
5.  Solubility and Phase Behavior 
Polyelectrolytes solutions display complex phase diagrams strongly affected by the type and 
concentration of added electrolyte.  The next figure plots phase behavior for sodium 
polyvinylsulfonate in aqueous solutions varying in cs of added sodium chloride; the ordinate is the 
cloud point temperature Tp, indicating the appearance of cloudiness as the solution is cooled.  

 
 
In this 1:1 electrolyte, the polymer roughly obeys a standard, Flory-Huggins-type phase 
behavior, as indicated by the presence of an upper critical solution temperature at all cs.  A 
closer examination reveals less expected trends, such as an increase and subsequent decrease 
of the critical temperature with increasing electrolyte concentration.  Also, the shape of the 
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phase envelope at low cs is flattened into comparison to the form predicted by the Flory-
Huggins theory or typically observed for neutral polymers in solution.   
 
The rise of the critical temperature with increasing cs can be rationalized in terms of 
weakened electrostatic repulsions between polyelectrolyte chains.  As electrostatic repulsions 
lose strength, the bare attractive segment-segment interactions of the uncharged polymer 
begin to dominate and polyelectrolyte insolubility eventually ensues (i.e., “salting out”).  In 
the absence of charge, most polyelectrolytes are hydrophobic, so this sort of insolubility is 
expected but not always observed.   
 
The observed resolubilization or “salting in” of this polymer at higher cs is more difficult to 
explain, although such resolubilization is not rare.  Resolubilization may reflect specific 
chemical interactions of electrolyte ions with polyelectrolyte or development of a dense 
counterion layer near the backbone that overcompensates the polyelectrolyte’s fixed charge.  
Computer simulations of ion distributions near polyelectrolytes often observe spontaneous 
overcharging at high cs due to short-range correlations in ion placement.  
 
Theories that accurately correlate or predict polyelectrolyte phase diagrams are lacking.  
Letting electrostatic excluded volume between chain segments be modeled at the level of the 
Debye-Hückel approximation, a modified or effective Flory-Huggins parameter χeff is found 
via the random phase approximation, 

χeff  =  χo -  πlbf2

2κ2lo
3

  
where χo is the interaction parameter in the absence of electrostatic interactions, a large and 
positive quantity for a polyelectrolyte with a hydrophobic backbone.  The negative sign of 
the second term, which accounts for the added excluded volume derived from electrostatic 
interactions, confirms the tendency of repulsive forces among chain segments to heighten 
solubility.   Substituting χeff  into the standard Flory-Huggins model, allows shifts in the 
phase envelope as noted in Figure 9 at low cs to be qualitatively predicted.  However, the 
same approach does not predict the observed change of phase envelope shape or the salting 
in effect found at higher cs.  The Flory-Huggins model admits the presence of only short-
range forces, so discrepancies arising from use of the model in the presence of long-range 
forces are not surprising.   
 
Relatively few complete polyelectrolyte phase diagrams have been determined, and thus the 
universality of experimental trends remains uncertain.  Even neutral water-soluble polymers 
display diverse phase diagrams, exhibiting in many instances a lower critical solution 
temperature due to entropy changes of solvent associated with hydrogen bonding; similar 
phenomena might be expected of polyelectrolytes in water.   
 
By plotting cs vs. cp at fixed temperature, Ikegami and Imai identified two types of solubility 
behavior in polyelectrolytes solutions containing added electrolyte.  In the first, values of cs 
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required for phase separation are nearly independent of cp (H-type).  In the second, values of 
cs at the onset of phase separation increase linearly with cp (L-type).  Subsequently, systems 
exhibiting intermediate behavior were discovered, the phase separation onset displaying a 
minimum on a cs vs. cp plot (I-type).  Even more vexing trends have been reported.  The 
phase-separated region can be characterized by the appearance of a transparent, polymer-
poor liquid phase in equilibrium with a polymer-rich phase variously possessing the character 
of a solid precipitate, liquid, dispersion of microgel aggregates, or uniformly dense gel. 
 
Trends in polyelectrolyte phase behavior and solubility are more complicated when solutions 
contain multivalent counterions.  For poly(styrene sulfonate), Delsanti et al. demonstrated 
that both salting out and salting in occur for a wide range of added multivalent electrolyte 
types  
 
Many investigators have discussed the possibility that multivalent counterions have an ability 
to form inter- and/or inter-molecular ionic bridges or cross-links between polymer segments.  
However, phase separation requires an attractive force between chains, and the origin of this 
attraction remains mysterious; this subject will be discussed separately 
 
The solubility of polyelectrolytes, regarded as the maximum polyelectrolyte concentration 
before a gel or precipitate first forms, is nearly always lowered substantially in the presence 
of a substantial concentration of multivalent counterion.   
  
 
6.  Acid/Base Titration 
Polyelectrolytes that dissociate as polyvalent weak acids or bases in an aqueous medium can 
be titrated with strong acid or base for the purpose of characterizing or varying the polymer’s 
charge density.   
 
For a low molecular weight monoprotic acid HA, the degree of dissociation α closely follows 
the classic Henderson-Hasselbalch equation 

pKa =  pH +  log1 -α
α   

where pKa is the negative logarithm of the acid equilibrium constant Ka.   Modeling the 
polymerized acid as a line charge as described in the first handout, the analogous equation for 
polyHA has the form,  

pKa(α) =   pH + log (1 − α)
α

 +  0.4343eψs(α)
kT  

where the dependence of the polyelectrolyte’s surface potential ψs on α is explicitly 
recognized so as to demonstrate that a single, well-defined acid equilibrium constant can no 
longer be defined. 
 
For instance, if the fully ionized form of poly(acrylic acid) is titrated with H+, the strong 
attraction of the negatively charged polymer for H+ at high pH weakens as more H+ ions 
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associate with the chain.  Indeed, because the fully ionized chain is so negatively charged, H+ 
associates with the polymer at pH values much above those at which H+ associates with a 
hypothetical, isolated repeat unit.  Although the pKa of acrylic acid is 4.25, poly(acrylic acid) 
at pH=6.0 is about 20% protonated, while at the same pH acrylic acid is essentially 
unprotonated. 
 
Theory for pKa(α) requires an electrostatic model.  Viewing titration solely as a chain-
charging process, and adopting the line charge model, the previous equation suggests 

ΔpKa (α) =  pKa (α) -  pKa =  0.4343 eψs(α)
kT  

where the needed function ψs(α) can be obtained from an expression given in the first 
handout. 
 
However, as the following extremely poor comparison of the previous equation’s predictions 
to actual experiment shows, to interpret a polyelectrolyte’s titration curve quantitatively 
requires a understanding of how the chain’s overall free energy varies upon association with 
protons, and this understanding must also incorporate nonelectrostatic factors such as the 
local spacing of charge groups, changes of chain flexibility and local conformation, and 
counterion hydrophobicity and size.  The two-step titration of this sample is believed to arise 
from discrete nearest neighbor charge-charge interactions. 

 
Many so-called hydrophobic polyelectrolytes display a sharp conformational transition as 
their charge level decreases.  The following figures shows this effect during the titration of 
poly(methyl methacrylate), as opposed to poly(acrylic acid), which doesn’t.   
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7.  Osmotic Pressure 
The osmotic pressure π is a fundamental thermodynamic property that measures the activity 
of solvent in solution after the solution is equilibrated across a solute-impermeable 
membrane against a reservoir of pure solvent.  For a neutral polymer solution, π can be 
expanded in c according to the well-known formula, 

π

c
 =  RT 1

Mn
+ A2c +...

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

 
where Mn is the polymer’s number average molecular weight, and A2 is the polymer-solvent 
second virial coefficient, which reflect nonideal chain mixing when its value is nonzero.   
 
With nonideal mixing, chain locations in solution are correlated by either attractive or 
repulsive chain-chain interactions.  Extrapolated to c=0, or evaluated at theta conditions 
where A2=0, measurements of π  frame an absolute method for determining an unknown 
polymer’s average molecular weight.  Equally important, these measurements provide a 
means to evaluate A2, and thus solvent quality, if π is obtained as a function of c at constant 
Mn. 
 
For a polyelectrolyte solution, the situation is entirely different, as each dissociated 
counterion can contribute as much to π as the polymer itself.  If each chain dissolved in a 
salt-free solution dissociates Z* monovalent counterions, the value of π  can be written, in the 
limit of ideal mixing (usually an inappropriate approximation), 

π

c
 =  RT

Mn
(1+ Z*)

 

pKapp 

α 
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In the usual case, with Z*>>1 and Z*~Mn, measurements of π extrapolated to zero c do not 
offer a way to measure Mn, as even a small variation or uncertainty in Z* will override the 
polyelectrolyte chains’ contribution to π.  In general, Z* is less than Z, the total number of 
fixed charges on the chain, due to effects such as counterion condensation that reduce 
counterion activity.  The reduction of π as a consequence of reduced counterion activity 
defines the osmotic coefficient φo, 

π

c
 =  RT

Mn
φo(1 + Z)

 
The same concepts apply to a polyelectrolyte solution containing added electrolyte.  In the 
presence of a monovalent electrolyte at concentration cs, 

π =  φoRT[(1 + Z)cm + 2cs]  
where c and Mn from the previous expression have been replaced by cm, the molar 
concentration of polymer molecules.  When the first term exceeds the second for a highly 
charged polyelectrolyte at low cs/cm, the experimentally determined values of φo are much 
less than unity (as small as 0.1), indicating that even solutions at low electrolyte levels or 
high polymer concentration are strongly nonideal.   
 
Low values of φo demonstrate that highly charged polyelectrolytes strongly suppress the 
activity of counterions, a finding in accord with counterion condensation, or more generally, 
the strong electrostatic interaction of counterions with polyelectrolyte chains.  
Experimentally, values of φo in salt-free solution slightly increase with cp, as qualitatively 
captured by the Posson-Boltzmann cell model.  However, this and other simple electrostatic 
models cannot predict observed changes in φo when ε varies, a finding arguing for the 
presence of additional interactions between polyelectrolyte and counterion, such as ion-
pairing.  Also, experimental data indicate that small counterions associate with 
polyelectrolytes to a greater extent than larger ones, a feature not explainable through a 
mean-field ion cloud description. 
 
The osmotic pressures of polyelectrolyte solutions are most often measured in the presence 
of a membrane permeable to solvent and small ions but not to polyelectrolyte.  The chemical 
potentials of the added electrolyte and solvent on each side of the membrane in this instance 
must match, a condition defining Donnan equilibrium.  Assuming ideal chain mixing, the 
quantity measured here is the Donnan osmotic pressure πd, which can be equated to the 
difference of the osmotic pressures π and πʹ′, as defined above, between the inner (polymer-
containing) and outer (polymer-free) compartments equilibrated in the presence of electrolyte 
across the membrane, 

πd =  RT φo[(1 + Z)cm + 2cs]− φo ʹ′2 ʹ′ c s{ }  
where unprimed and primed quantities are evaluated at conditions of the inner and outer 
compartments, respectively.  The need for electroneutrality establishes that csʹ′≠cs, a feature 
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referred to as the Donnan effect.  Balancing the appropriate chemical potentials and imposing 
electroneutrality, the expression for πd can be rearranged to a simpler form  

πd
c

 =  RT 1
Mn

+ A2
dc + ...

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

 
of similar appearance to the expression for the osmotic pressure π of a neutral polymer 
solution.  The quantity A2

d is the Donnan second virial coefficient, 

A2
d =  φo

2Z2

4Mn
2cs  

The major contribution to A2
d is the mismatch between csʹ′ and cs, and as one consequence, 

A2
dis independent of Mn (remembering that Z~Mn).  The asymmetric distribution of small 

ions is such that added electrolyte ions bearing the same charge as the polyelectrolyte are 
concentrated in the outer compartment while the converse is true for the added electrolyte 
ions of opposite charge.   

 
The value of π for a polyelectrolyte solution generally manifests nonideal chain mixing in 
addition to the Donnan effect.  Because of intermolecular electrostatic repulsions, A2 is 
nearly always positive and large.  Thus, when A2≠0, an approximate expression can be 
written, 

π

c
 =  RT 1

Mn
+ A2c + A2

dc + ...
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

 

Values of A2
d are experimentally found to exceed substantially those of A2. 

 
The preceding equation demonstrates that membrane osmometry can be employed to 
determine Mn for polyelectrolytes much as the method does for neutral polymers.  The 
experiment works best when cs is high and Mn is low, conditions that weight the first term of 
the preceding expression over the second.  Polyelectrolyte molecular weights of up to 
105 g/mol have been successfully determined by membrane osmometry. 
 
 
8.  Diffusion 
The translational diffusion coefficient D is the most commonly measured transport property 
of polymer solutions, but as there are several distinct types of diffusion, care must be taken to 
interpret D properly.   
For c<<c*, Brownian motion of isolated chains in a homogeneous solvent defines the dilute 
solution diffusion coefficient Do.   
 
As c increases toward c* and above, chain-chain interactions modify the friction felt during 
chain motion.  Under these conditions, the tracer- or self-diffusion coefficient Dtr is 
measured by tracking the path of a single chain in a macroscopically uniform mixture of 
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chains and solvent.  To distinguish a test chain from neighbors so its path can be identified, 
the chain must be labeled in a way that does not modify its motion.  Chain-chain interactions 
typically increase friction and cause Dtr to fall with increasing c. 
   
The Brownian motion of highly diluted chains in a gel or similar medium defines a different 
type of tracer diffusion experiment, one in which labeling may not be necessary to follow 
chain motion.   
 
When diffusion is driven by a gradient of solute concentration (more properly, solute 
chemical potential), the situation envisaged by Fick’s law of diffusion, a diffusion 
experiment yields the cooperative- or mutual-diffusion coefficient Dm.  In a polyelectrolyte 
solution, Dm must be measured in the presence of a spatial gradient only in the 
polyelectrolyte component, holding the chemical potentials of other components everywhere 
uniform.  Hypothetically, one might imagine the mutual diffusion of polyelectrolyte being 
measured by contacting two baths of different c that had previously been brought into 
Donnan equilibrium.   As does Dtr, Dm in a dilute solution superimposes on Do, but unlike 
Dtr, Dm usually increases with c. 
 
The value of Dtr is fundamentally associated with a solute’s thermally driven root-mean-
square displacement <r2> in time interval t.  In three dimensions, 

Dtr  =  < r2 >

6t
 =  kT

ftr  
The second equality defines ftr, the tracer- or self-friction coefficient.   
 
Unlike Dtr, which reflects only solute friction, Dm manifests both solute friction and solute 
thermodynamics.  For a binary system of neutral polymer and solvent, the following 
formulas apply 

Dm =  cm
Nafm

∂µp
∂cm

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

T,µo

 =  1
Nafm

∂π

∂cm

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

T,µo  
where µp and µo are the polymer and solvent chemical potentials, respectively, and fm is the 
solute’s mutual friction coefficient.  For c<c*, fm and ftr both increase nearly linearly with c 
from a dilute solution value fo.  
 
Assuming sufficient added electrolyte in the asymptotic limit of small c, no distinction is 
made between Do, Dtr, and Dm.  In this limit, inserting fo for a sphere of radius R into the 
expression for Do, the Stokes-Einstein formula is obtained 

Do =  kT
fo

 =  kT
6πηoR  
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Results of diffusion experiments in dilute solution are reported in terms of the hydrodynamic 
radius Rh, defined through the Stokes-Einstein expression by solving for R after Do is 
measured.  

At high cs, Dm is found by experiment and predicted by theory to obey 

Dm =  Do(1 + kDc)  
where kD  is the virial coefficient of diffusion, a parameter approximately proportional to cs-

1.  The bigger cs influence on Dm at large cs is through Do; increasing cs causes 
polyelectrolyte coils to contract, raising Do. The strong dependence of Do on cs is shown for 
poly(styrene sulfonate) in the next figure. 

 
 
Polyelectrolyte solutions at large I contain at least two additional components, the added 
electrolyte’s counterions and coions, which were not explicitly considered in the preceding 
analysis.  Polyelectrolyte motions are strongly influenced by nearby ions because the 
polyelectrolyte and the ions move within a common electrostatic field.  Fluctuations in ion 
density near a polyelectrolyte impose fluctuating electrostatic forces on the chain that can 
affect the chain’s diffusion.  Polyelectrolyte diffusion is “fast diffusion” because counterions 
cause more rapid motion of a polyelectrolyte than would be noted of an equivalent neutral 
chain. 
 
At low cs, the understanding of polyelectrolyte diffusion remains unsettled.  Most diffusion 
experiments in polyelectrolyte solutions are conducted by dynamic light scattering, a method 
sensitive to Dm.  The light scattering method can detect whether the relaxation is by a single 
diffusive process, and thereby monomodal, or by multiple diffusive process, and thereby 
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multimodal.  Schurr and coworkers first discovered that when c is high and cs is low, 
multimodal relaxation occurs over widely separated time scales.  When two distinct diffusive 
modes are detected (as shown at the bottom plot of the following figure; Sedák in Physical 
Chemistry of Polyelectrolytes, Radeva, ed, Dekker, 2001)), the one that decays more rapidly 
is termed the “fast” mode and its effective diffusion coefficient designated Df, while the 
second, less rapid mode is termed the “slow” mode and its effective diffusion coefficient 
designated Ds.   

 
The next figure shows the emergence of two diffusive modes as a function of c for 
polyelectrolyte solutions at different values of cs.   
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The fast mode originates in the electrostatic coupling of polyelectrolyte and counterions, as 
just described under conditions of low c and large cs.  The rapid diffusive motions of the 
small counterions are moderated by the slower polyelectrolyte, and simultaneously, the slow 
diffusive motions of the polyelectrolyte are enhanced by the faster counterions. Values for Df 
are of the order 10-6cm2/s, a magnitude more typical for small molecule diffusion than for 
polymer diffusion.  
 
The physics underlying the slow mode remain unclear, although many ideas have been 
suggested, such as the presence of an ordered phase, temporal aggregates, self-diffusion, or 
undissolved polymer.  The structures responsible for Ds are larger than individual polymer 
chains, a feature taken by some to manifest the presence of attractive forces between chains.  
Others argue that filtration or long equilibration eliminates the slow mode, and thus its 
origins must be sought in kinetic rather than thermodynamic factors. 
 
Techniques such as forced Rayleigh scattering, pulsed gradient NMR, and fluorescence 
recovery after photobleaching have recently made information concerning self- and tracer 
diffusion coefficient available for polyelectrolytes across the full range of c.  The complex 
diffusion dynamics uncovered for Dm by dynamic light scattering are not reflected in Dtr.  As 
cs rises from zero to 1.0 M in a semidilute polyelectrolyte solution, Dtr usually increases by 
roughly a factor of about 2, simply reflecting alterations in coil size.   Likewise, Dtr decreases 
with M and c across this range in a manner analogous to the trends expected of an 
unentangled polymer melt. 
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9.  Gels 
Placement of fixed charges in a swellable polymer network can endow the network with a 
variety of useful properties, perhaps most importantly, a discontinuous swelling transition.  
For example, the volume of a polyelectrolyte gel may abruptly expand by several hundred 
times as cs of a contacting solution falls below a critical value.  A discontinuous swelling 
transition of this type can be understood via concepts already discussed, with attention 
focused on counterions and their impact on osmotic pressure. 
 
Volume changes of a polyelectrolyte gel are usually expressed in terms of the swelling ratio 
α, defined as the gel’s current volume V divided by the gel’s volume Vo in absence of 
electrostatic interactions and with network strands in their unperturbed (or theta) state.   
 
At equilibrium, a polyelectrolyte gel adopts α that minimizes the gel’s total free energy G(α).  
Although different free energy forms have been proposed, expressions for G(α) generally 
assume additive contributions from network elasticity Gelasticity (which disfavors swelling), 
thermodynamics of polymer-solvent mixing Gmixing (which either favors or disfavors 
swelling depending on solvent quality), and counterion osmotic pressure Gosmotic (which 
favors swelling).  Writing G(α) as a sum, 

G(α) = Gelasticity+Gmixing+Gosmotic 

Sometimes also included is a term accounting for electrostatic repulsions between the 
dissociated ionizable units of the network strands, but this term is small enough to be safely 
neglected.  
 
The first two terms of the preceding equation explain the equilibrium swelling of a neutral 
polymer network.   Gelasticity arises in the stretching of network strands from their 
unperturbed state during swelling.  Such stretching, which opposes swelling, can be analyzed 
by approximating network strands as Gaussian, or in more sophisticated modeling, as limited 
in extensibility.   Absorbing a good solvent into the dry network allows the strands to sample 
a larger range of conformations, creating a positive mixing entropy that drives swelling.  The 
addition, however, increases solvent-segment contact, which usually raises mixing enthalpy, 
a factor that opposes swelling.  The overall balance of entropy and enthalpy captured in the 
first two terms constitutes the Flory-Huggins model of swelling for neutral polymer gels. 
 
The distinctive features of polyelectrolyte gels come from the third term, Gosmotic.  Because 
a polyelectrolyte gel’s dissociated charge units are fixed to the network and thus can’t escape 
the gel volume, polyelectrolyte gels establish Donnan equilibrium with a external bathing 
solution containing electrolyte and solvent.  As noted earlier, the Donnan effect is associated 
with a mismatch in cs across the boundary between two compartments held in Donnan 
equilibrium.  For a polyelectrolyte gel, the mismatch is traced to electroneutrality, which 
requires retention of a sufficient number of dissociated counterions in the network to 
neutralize the fixed charges held there. 
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The excess counterions inside a polyelectrolyte gel can be considered to apply a Donnan 
osmotic pressure πd at the gel-solution interface that causes the gel to swell. The gels swell 
until their elastic modulus rises to counter πd.  The latter falls with increases of cs in the 
external solution, and at a critical cs, becomes too small to stabilize the swollen gel against 
contractile elastic forces.   
 
For univalent fixed charges and 1:1 electrolyte, the critical value of cs approximately 
matches the volume concentration of fixed charges in the swollen network.  Above the 
critical value, the gel shrinks, as only the first two terms of the expression for G remain 
important.  The abrupt shrinkage corresponds to a first order phase transition if the reduced 
temperature is low enough, i.e., the solvent is not a good solvent for the neutral polymer. 
 
The next figure displays the volume changes observed for N-isopropylacrylamide gels 
containing a small fraction of charged sodium acrylate units.  Uncrosslinked poly(N-
isopropylacrylamide) solutions in water display a lower critical solution temperature slightly 
above room temperature.  Upon heating, the crosslinked copolymer gel undergoes a 
discontinuous volume change as the temperature rises above 33°C, in some instances, 
shrinking by a factor of nearly 100.  The presence of dissociated ionizable units increases the 
transition temperature and expands the magnitude of the discontinuous volume change.  
Indeed, without any charged repeat units in the network, the volume change, occurring at 
~33°C, is continuous.  

 
 
10.  Electric Birefringence 
In addition to causing polyelectrolyte migration, external fields can also make polyelectrolyte 
solutions become optically birefringent due to partial or even complete chain orientation.  
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The birefringence Δn of a transparent medium measures how the refractive index n varies 
with respect to polarization plane of propagated light. The difference in n between light 
polarized parallel and perpendicular to an external alignment field defines Δn. If Δn is 
positive, n in the field direction is greater than n in the direction perpendicular to the field.  
For a polymer solution, finite values of Δn manifest preferential alignment of anisotropic 
chain segments. For many polyelectrolytes such as poly(styrene sulfonate), the optical 
polarizability of chain segments is larger perpendicular to the backbone than parallel to the 
backbone; in this case, the alignment of chains with respect to an electric field produces 
negative Δn. 
 
Held in a steady field, polymer chains eventually reach a saturating level of segmental 
orientation associated with their stationary birefringence Δns.  For low magnitudes of E, Δns 
rises as the square of E, the ratio Δns/E2 defining the Kerr constant K.  At high enough E, Δns 
reaches an E-independent plateau corresponding to complete segment alignment. Achieving 
any level of segmental alignment implies the presence of permanent or induced dipoles that 
impose torque on the chain segments as the field is applied.  For most polyelectrolytes, which 
possess no permanent dipole, the polarization of the counterion cloud by the electric field is 
responsible for providing the necessary induced dipoles.   
 
Several theories for the longitudinal polarizability of the counterion cloud surrounding a 
charged cylinder or rod have been developed, each employing a different treatment of the 
counterions.  All theories indicate that the polarizability of such a cylinder or rod increases 
approximately as the second or third power of length, a trend consistent with experiments 
performed on flexible polyelectrolytes under salt-free conditions.  Wormlike chain theories, 
incorporating the average polarizability and optical anisotropy per segment as independent 
parameters, find that K/cp in a sufficiently dilute solution has a significant dependence on lp, 
and this fact allows lp to be calculated from measurements of K/cp.  Analogously, lp can be 
determined by a magnetic field alignment experiment using the measured value of CM, the 
Cotton-Mouton constant, which plays an analogous role to K.   
 
Transient electric birefringence, the birefringence study of polyelectrolyte solutions under a 
pulsed or oscillating electric field, offer a powerful tool for examining both polyelectrolyte 
chain dynamics and structure.  An external electric field can be manipulated and Δn 
measured over times scales short compared to those associated with chain reorientation and 
deformation.  The field-free Δn decay curves, similar to stress relaxation curves of 
viscoelasticity, are fitted to a sum of exponentials, the largest of which is assigned to the 
longest conformational relaxation time τ1.  According to the extended Zimm theory, the 
longest relaxation time of an isolated chain in a good solvent obeys 

τ1 =  63/2

2.38
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
Φoηo
Na kT

Rg
3

 
where Φo is a constant draining parameter of value 1.81x1023.  Values calculated by this 
formula agree with remarkable precision to those measured by transient electric birefringence 
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for flexible polyelectrolytes in dilute solution.  The c-dependence of τ1 is shown for three 
values of M in the next figure, illustrating the change of dynamics near c*. 

 
Dielectric relaxation is an experimental method strongly related to electric birefringence, but 
for polyelectrolye solutions, dielectric relaxation remains poorly understood.  The method 
probes the polarization of the counterion cloud as a function of frequency.  Multiple 
relaxations are noted, including a low frequency mode associated with polarization of free 
ions over the whole length of the chain and a faster mode variously associated with 
polarization of condensed ions across a single segment, motion of counterions perpendicular 
to a segment, or segmental reorientation.  
 
 
11.  Adsorption 
The adsorption of polyelectrolytes from solution onto solid, liquid, or gas interfaces defines a 
vast field, one that encompasses innumerable phenomena and many technologies.  Only the 
grossest and most common issues can be introduced here.  
 
The next figure displays pictorially how flexible polyelectrolyte homopolymers interact with 
a flat, charged surface.   
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The left-hand side of the cartoon indicates behavior at low cs, a condition typically 
dominated by electrostatic interactions, while the right-hand side illustrates behavior at high 
cs, a condition requiring additional consideration of the segment-surface interaction energy 
χs and possibly the segment-solvent interaction energy χ.   
 
Diagram a represents the adsorption of a lightly charged electrolyte from dilute solution onto 
an oppositely charged surface.  In this instance, there is compensation by polyelectrolyte of 
surface charge, the adsorbed amount is high, and the adsorbed layer is thick (thickness ~ Rg).   
 
When the polyelectrolyte is more highly charged, as sketched in diagram b, there is again 
charge compensation, but the adsorbed amount is lower and the adsorbed layer is much 
thinner (thickness<<Rg).  This trend reflects the increased electrostatic attraction between 
polyelectrolyte and surface charges, resulting in a larger fraction of polyelectrolyte segments 
in contact with the surface.   
 
Diagram c shows that polyelectrolytes typically do not adsorb onto similarly charged 
surfaces when cs is low; electrostatic repulsions cannot be overcome by even a large positive 
segment-surface contact energy. 
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Turning to the right-hand side of the figure, the top portion of diagram d shows adsorption at 
high cs for a lightly charged polyelectrolyte attracted to an oppositely charged surface by a 
positive segment-surface interaction energy.  The bottom portion of the same diagram shows 
the analogous situation for a more strongly charged polyelectrolyte.  The strong screening of 
electrostatic interactions makes features in the two cases similar, including adsorbed amounts 
and layer thicknesses.  Electrostatic interactions are essentially irrelevant.   
 
The bottom of the right-hand side, diagram e, describes behavior at intermediate cs.  Either 
electrostatics (top portion) or segment-surface interaction energy (bottom portion) can 
dominate.  In the latter case, a polyelectrolyte adsorbs to a similarly charged surface with its 
fixed charges positioned as far away from the surface as is possible. 
 
Sufficiently large χs can drive polyelectrolytes to adsorb on uncharged surfaces, and factors 
that enhance electrostatic repulsions within and between chains will oppose this adsorption.  
Adsorbed amounts thus increase with cs and decrease with ξ.  Many studies show that 
polyelectrolyte adsorption is irreversible, just as for neutral polymers, (“irreversible” implies 
undetectable desorption into polymer-free solvent) and that adsorbed layers equilibrate 
slowly, over time scales much longer than would be ordinary with neutral polymers.    
Because relaxation within layers is so slow, metastable states may persist over all practical 
time scales, with properties reflecting not just current conditions but the entire layer history. 
 
12.  Attraction between Like-Charged Chains 
 
Considerable experimental evidence points to the presence of attractive electrostatic 
interactions between like-charged polyelectrolytes in simple electrolyte solutions.  One 
evidence is the upturn in scattered intensity in the low q range, as demonstrated in a previous 
figure, and another is the presence of a slow mode of dynamic light scattering at low cs.  
Attractive chain-chain interactions also would explain the visible aggregates or ordered 
domains that are often reported in semidilute and concentrated polyelectrolyte solutions.   
 
Because attractive interaction between like-charged solutes is not consistent with the 
standard mean-field formalisms (Poisson-Boltzmann, Debye-Hückel) for electrostatic 
interactions, numerous efforts have been undertaken to augment these formalisms so as to 
admit such interactions.  No consensus has yet been reached about the validity of extended 
formalisms.  Indeed, the existence of attractive interactions between polyelectrolytes in a 
solvent containing only 1:1 electrolyte ions remains a subject of debate.   
 
Experimental evidence for attractive electrostatic interactions in a solvent containing 
multivalent electrolyte ions is overwhelming.  For the multivalent case, attractions have been 
explained through coupled fluctuations in ion density or short-range correlated order in 
condensed ions (as sketched below).  Other theories predict that in more concentrated 
polyelectrolyte systems attractive electrostatic interactions might derive from potentials of 
mean force even when the pair-wise interaction potentials are purely repulsive. 



 28 

 
 


