
Effect of Polymer Charge and Geometrical Confinement on Ion
Distribution and the Structuring in Semidilute Polyelectrolyte
Solutions: Comparison between AFM and SAXS
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ABSTRACT: This paper focuses on the effect of geometrical confinement on the structruring of a semidilute
polyelectrolyte solution in a thin film geometry. Studying poly-N-[tris(hydroxymethyl)methyl]acrylamide-co-2-
acrylamido-2-methylpropanesulfonate (PTRIS-co-AMPS) with different degrees of charge allows a deeper insight
into the ion distribution around the polymer chains. Results from atomic force microscopy (AFM) force-distance
measurements in films are compared with results from small-angle X-ray scattering (SAXS) in bulk. It is found
that the characteristic lengths obtained from force oscillation measured by AFM, such as the intermediate chain
distance (mesh size) and the correlation length, correlate well with those obtained from the structure peak measured
by SAXS. In the direction perpendicular to the film surface, both length scales of the meshlike structure, i.e., the
average chain distance and the correlation length, are not influenced by the geometrical confinement. The
dependencies of force period and decay length on the polymer charge are analyzed in detail and related to the
counterion distribution in the solutions. A new model for counterion condensation is proposed, in which the
condensed ions are not fixed on the polyion chains and can exchange freely with the free ions. However, there
is still a length scale beyond which the ion condensation theory of Manning and Oosawa is valid. Results from
conductivity measurements support the proposed model.

I. Introduction

Polyelectrolytes are polymer chains that contain ionizable
groups. When dissolved in water, these ionizable groups
dissociate and the chains become charged while releasing
counterions into the solution. A large number of biological
macromolecules such as DNA and most proteins and synthetic
macromolecules belong to this category. Since polyelectrolytes
have higher solubility in water than neutral polymers and possess
interesting properties in solutions due to their ionizability, they
are widely used in industry, e.g., as flocculation agents in paper
making and wastewater treatment, or in the coating of various
materials such as paper, textile, and contact lenses. The
conformation of the polyelectrolyte chains and the ion distribu-
tion are strongly related to each other and determine the
macroscopic properties (e.g., rheology) of the system. Because
of an enhanced interest in miniaturization, motivated by
applications in nanotechnology, their behaviors in thin films
have come more and more into research focus.

One main scientific interest in polyelectrolytes is the chain
conformation in solutions, which depends critically on the
concentration. In the so-called semidilute regime above certain
threshold concentration, the polyelectrolyte chains are assumed
to overlap and to form a transient network structure.1 The
theoretical mesh sizeê scales with the concentrationc of the
repeat unit asc-1/2. In the following years, this theory was

further developed in two directions: the Odijk-Skolnick-
Fixman (OSF) model2,3 for strongly charged chains and the
model of Dobrynin et al.4 for weakly charged, flexible chains.
The theoretical predictions are verified by experimental studies.
For instance, the small-angle scattering (SANS or SAXS) spectra
of polyelectrolyte solutions show structure peaks, indicating
intermolecular interactions within the solutions. The peak
positionqmax scales withc1/2 in bulk solutions.5-11 Under the
assumption that the Bragg relation is justified, a length can be
calculated by 2π/qmax, which corresponds to the mesh sizeê
(i.e., the average chain distance), thus confirming the theoretical
prediction: ê ∼ c-1/2.

To study the effect of geometrical confinement of polyelec-
trolyte solutions in thin films, thin film pressure balance
(TFPB)11-17 and atomic force microscopy (AFM)18-22 tech-
niques were used. Both the disjoining pressure across the film
in TFPB experiments and the force in AFM experiments
oscillate during approach of the interfaces. In semidilute regime,
the oscillation period also scales withc-1/2. Further studies
combined small-angle scattering and TFPB techniques11,23,24in
order to determine the effect of thin film confinement on the
mesh structure. It was found that the oscillation period is equal
to the mesh size of the respective bulk solution, suggesting no
effect of thin film confinement. However, as negative pressure
as well as the mechanically unstable part cannot be obtained
with the TFPB technique, it is difficult to analyze further the
partial pressure vs film thickness curves. AFM has the advantage
of obtaining almost complete oscillatory force curves, which
can be fitted to the form of a harmonic oscillation with an
envelope of exponential decay. Such quantitative analysis yields
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detailed information on not only the mesh structure but also
the interactions within the system.21 Therefore, to achieve better
comparison between the bulk solution and the film, it is
necessary to combine the AFM and the small-angle scattering
techniques and perform a more thorough analysis of both.

The structuring of polyelectrolyte in solutions also depends
crucially on the charge dissociation and counterion distribution.
The effect of different charge fraction of polyelectrolyte chains
with hydrophilic11,12,14,15and hydrophobic12,21,24backbones has
been studied. The scaling behavior of the mesh sizeê vs c is a
critical test of the structure, withê ∼ c-1/2 indicating a mesh
structure while c-1/3 indicating the dominance of micro-
domains.1,4 For those with hydrophobic backbones, the effect
of backbone hydrophobicity competes with the effect of charge
to determine the chain structuring. With decreasing degree of
charge, the influence of the backbone hydrophobicity becomes
more dominant, leading to a transition of the scaling behavior
of the mesh sizeê from c -1/2 to c -1/3,21,25 indicating a gradual
formation of microdomains. Such formation of microdomains
is subdued in the case of polyelectrolyte with hydrophilic
backbones, where the scaling law ofê ∼ c-1/2 remains
unchanged. It is thus suitable to use a hydrophilic polyelectrolyte
for studying the correlation of structuring and ion distribution.
According to the theory of Manning and Oosawa which was
based on a simple model of a rodlike, single chain, when the
average distance between two charges on a polyelectrolyte chain
is smaller than the Bjerrum lengthlB (lB ≈ 7 Å in water at
room temperature), the effective charge will be renormalized
such that the average distance between two charges on the chains
becomes equal to the Bjerrum length.26-28 However, polyelec-
trolyte chains are entangled in semidilute solutions, far from
the rod-chain assumption of the Manning-Oosawa model.
Several experiments9,15 in semidilute polyelectrolyte solutions
show that the average chain distance of the mesh structure
remains unchanged above the threshold charge fraction predicted
by Manning’s theory. On the other hand, there are many
examples where polyelectrolyte systems do not follow the
Manning model.29-33 In addition, certain molecular simulations
showed that condensed ions also have certain mobility and will
move along the chains in even very weak electric field.34,35This
indicates the difficulty to classify the ions in strict terms of “free”
and “condensed” ions. Therefore, questions arise as to how
counterions condense in semidilute polyelectrolyte solutions and
how this influences the structuring of the solution. Further, film
confinement may also influence the ion distribution and
consequently the network structuring.

The present paper deals with the questions of how ions are
distributed in a semidilute solution of hydrophilic polyelectro-
lyte, how this distribution influences the structuring of the
network, and how a geometrical confinement affects both. A
random copolymer with different charge fractions both above
and below the Manning condensation threshold is chosen as
the model polyelectrolyte. In comparison to many other poly-
electrolytes like polystyrenesulfonate, the backbone is quite
hydrophilic. AFM results in film are compared with SAXS
results in bulk. The applicability of Manning’s theory of ion
condensation is examined for this system, and a new model is
proposed for the counterion distribution in the network.
Conductivity measurements were also carried out, and the results
support the proposed picture of counterion condensation.

II. Experiments

II.1. Materials. Our model polyelectrolyte is poly-N-[tris-
(hydroxymethyl)methyl]acrylamide-co-2-acrylamido-2-methylpro-

panesulfonate (PTRIS-co-AMPS) of various nominal charge frac-
tions f, whose chemical structure is shown in Figure 1. The
copolymers were prepared by aqueous free radical polymerization
of given mixtures ofN-[tris(hydroxymethyl)methyl]acrylamide
(TRIS) and 2-acrylamido-2-methylpropanesulfonate (AMPS) at 60
°C for 15 h, using azobis(cyanoisovalerianic acid) as initiator, as
described before.36 According to1H NMR, the copolymers are free
of any residual monomer. As the copolymer composition corre-
sponds within the analytical precision to the composition of the
monomer feed even at low-to-moderate conversions, the reactivity
parameters of both monomers must be close to 1. Therefore, the
resulting copolymers are true random copolymers with a Bernouil-
lian distribution of the anionic repeat units derived from AMPS
along the polymer chain. As the polyelectrolyte chains stick to the
column of the GPC, it is unable to determine the molecular weight.
However, previous studies have shown that molecular weight has
no influence on the mesh size of the mesh structure.1-4,11,14,18,20,24,37

For vinylic polymers such as PTRIS-co-AMPS, the length of the
repeat unit along the chain backbone is around 2.5 Å. Thus, the
calculated charge fraction for Manning condensation is 36%.9

Above this charge fraction, counterions shall condense to the chains
if Manning’s law is valid. Detailed osmotic pressure and SAXS
measurements indicate the actual limit of the ion condensation to
be around 45%.37 With the knowledge that Manning’s theory is
based on a very simple model and has limitations, we still use the
concept of effective charge fractionfeff for convenience and usef
) 45% as a rough estimation of the threshold charge fraction. The
details of the limitations will be discussed later.

The AFM and conductivity experiments were performed on our
sample solutions with varying charge fractionf () 100, 80, 60,
40, 30, 20, and 10%) and repeat unit concentrationc () 0.005,
0.01, 0.02, 0.04, 0.08, and 0.1 M). The SAXS experiments were
performed on only two selected series of the above sample solutions.
Sample series I contains PAMPS of fixed charge fraction (f )
100%), with varyingc. Sample series II contains PTRIS-co-AMPS
of fixed repeat unit concentration (c ) 0.04 M), with varyingf.

II.2. Methods. II.2.1. Colloidal Probe AFM. The colloidal
probe technique was first developed by Ducker et al.38 In our
experiments, a silica particle is glued with epoxy to a tipless
cantilever (Ultrasharp Contact Silicon Cantilevers, CSC12) pro-
duced byµMasch. The silica particles are produced by the Bangs
Laboratories, Inc., and all have a radiusR of about 3.35µm. The
tip is cleaned with plasma cleaning for 10 min right before each
measurement cycle to remove all the organic components on its
surface. The substrate used is a silicon wafer with a native SiO2

top layer, cleaned with the RCA method,39 and stored in Millipore
water before usage. Just before each experiment, the substrate is
taken out of the water and dried in a nitrogen stream. Then a drop
of the polymer solution is put onto the substrate, and the probing
head is immersed in the solution. Force vs distance (F(x)) curves
were measured with a commercial atomic force microscope MFP
(Molecular Force Probe) produced by Asylum Research, Inc., and
distributed by Atomic Force (Mannheim, Germany). Since the
distance between the colloidal probe and the substrate is much
smaller compared to the diameter of the probe, by the Derjaguin
approximation, the curved surface of the silica particle can be
considered as a flat surface, and the interaction energy per area
E(x) can be acquired from the forceF(x), E(x) ) F(x)/2πR. As

Figure 1. Chemical structure of poly-N-[tris(hydroxymethyl)methyl]-
acrylamide-co-2-acrylamido-2-methylpropanesulfonate (PTRIS-co-
AMPS) with nominal charge fractionf.
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both the polymer chains and the SiO2 surfaces are negatively
charged, there is generally no adsorption of polymer onto the
surfaces. For each solution, altogether 10-20 force-distance curves
were measured at different lateral positions on the same substrate
as well as on different substrates to ensure reproducibility and to
get good statistics. Oscillatory force curves occur, and they are fitted
by the following equation:

whereF(x) is the force,R is the radius of the colloidal probe, and
x is the distance between the substrate and the probe, i.e., the
thickness of the liquid film between the two solid surfaces. The
three important parameters that characterize the oscillation are the
amplitudeA, the decay lengthλ, and the periodd. In the discussion
that follows, the phase shift and offset are omitted for the sake of
clarity. In fitting the force data, we have neglected the region close
to hard contact, since additional nonstructural forces are contributing
there. The final result of each parameter is the average of 10-20
fitting results, and the error bars are from the standard deviation.

II.2.2. Small-Angle X-ray Scattering (SAXS). The SAXS
measurements were carried out on a modified version of a
commercially available small-angle X-ray equipment (NanoStar),
which is produced by Anton Paar, Graz, and distributed by Bruker
AXS.40 The instrument consists of a powerful rotating anode X-ray
source (Cu KR, 0.3 × 0.3 mm2 source point, 6 kW power) and a
pinhole camera with two Go¨bel mirrors for monochromatizing and
focusing the beam. The data were collected with a two-dimensional
position-sensitive gas detector (HiSTAR). The water background
was subtracted and the data were converted to absolute scale using
the scattering from water as a primary standard.

where I0 is the incoherent background,I1 is the incident beam
intensity,qmax is the peak position, and∆q is the full width at half-
maximum of the peak.∆q, qmax, I0, andI1 are all obtained by fitting
the data in the region of the peak. The error bars are calculated
from the propagation of the standard deviation from the fits.

II.2.3. Conductivity. A commercial conductimeter WTW inoLab
pH/con. Level 1 with the probe head WTW TetraCon 325 was used.
The output voltage is 200 mV dc, under which the voltage drop
along the contour length of each polymer chain is only on the order
of microvolts. Consequently, the energy that counterions could gain
from this applied voltage is much lower than the thermal energy
25 meV and could not affect the ion distribution in the solution.
The conductivityκ was measured and plotted vs the repeat unit
concentrationc for the differently charged PTRIS-co-AMPS
solutions.

III. Results and Discussion

Figure 2 shows some examples of the AFM force-distance
oscillation curves at different repeat unit concentrationc and
charge fractionf. The data shows a harmonic oscillation with
an exponential decay. At first glance, whenc or f decreases,
the amplitude decreases and the period increases. For a
quantitative and systematical study, we have fitted each
individual force-distance curve to eq 1.The fitted curves are
also shown in Figure 2.

Figure 3 shows all the SAXS scattering data of sample series
I and II, with fitted curves by the Lorenzian described in eq 2.
With increasing polymer concentration, the peak shifts to higher
q values. But as the charge fraction increases, the peak first
shifts to higherq values and then remains at the sameq-position
for f g 60%. The intensity of the scattering curves forf ) 10%
and f ) 20% are exceptionally high due to unknown reasons.
However, it should not be due to any aggregation, since the

solutions are still clear. The possibility of any formation of
microdomains can also be ruled out due to the strictqmax ∼ c1/2

dependency (as will be shown in section III.1).
The validity of using the Lorenzian form for the fit is based

on the assumption that there is a periodic correlation which
decays exponentially, following e-r/(2/∆q), where the decay length
2/∆q is the correlation length of the system andr is the distance
to the scattering core. This assumption is in agreement with
the exponentially decaying oscillation of the force measured
with AFM. Thus, 2/∆q can be compared with the AFM decay
length λ. The mesh size in the bulk is reciprocally related to
the peak positionqmax, i.e., 2π/qmax, and can be compared with
the force periodd from the AFM force measurements.

The most important characteristic lengths of the polyelec-
trolyte solutions and their notations are summarized in Table
1. In the first column of Table 1, the general notations and their
physical meaning are listed. In the next two columns, their
corresponding expressions in film and in bulk in terms of
measurable parameters are summarized. In the following sec-

F(x)
2πR

) Ae-x/λ cos(2πx/d + phase shift)+ offset (1)

I(q) )
I1

(q - qmax)2 + (∆q/2)2
+ I0 (2)

Figure 2. AFM force vs distance curves for PTRIS-co-AMPS (a) of
different repeat unit concentration at the same charge percentagef )
100% and (b) of different charge percentages at the same concentrations
c ) 0.02 M. For better viewing, the curves are offset. Data points are
fitted to the formF/2πR ) Ae-x/λ cos(2πx/d + phase shift)+ offset.
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tions, these corresponding parameters in film and in bulk will
be analyzed quantitatively and compared. If there exists any
effect of geometrical confinement, it shall be reflected in the
change of the values from bulk to film.

III.1. AFM Force Period d and SAXS Peak Positionqmax.
Figure 4a shows the comparison between the periodd measured
with AFM and the inverse of the SAXS peak width 2π/qmax for
sample series I at a fixed degree of polymer chargef of 100%.
Both d and 2π/qmax are plotted vsc. There is a remarkable
agreement between the results from the two methods, which

shows d ) 2π/qmax. Both lengths show the samec-1/2

dependency onc.

In Figure 4b,d is plotted vsc for all different charge fractions.
At each charge fractionf, the straight lines in the log-log plot
indicate thatd follows the power lawd ∝ c -1/2 without
exception, confirming the result from sample series I for thef
) 100% solutions. This also reconfirms the theoretical prediction
of ê ∼ c -1/2 1,41and agrees with previous experimental results
on hydrophilic polyelectrolytes.5,9-12,14,15,18,20,24,42That the power
of c does not change from-1/2 to-1/3 as the charge fraction
decreases indicates that, despite the increase of the average chain
distance, the chain configuration in solution has not changed
from a homogeneous mesh structure to one containing micro-
domains of coiled “pearls”. This is different from the behavior
of polyelectrolytes with a more hydrophobic backbones.21,43,44

The prefix of thed ∝ c-1/2 power fit depends onf.

Figure 3. SAXS scattering intensity vsq vector for different sample
series. (a) Sample series I with fixed charge fractionf ) 100% and
varying repeat unit concentrationc. (b) Sample series II with fixed
repeat unit concentrationc ) 0.04 M and varying charge fractionf.
Data are fitted to the Lorenzian form.

Table 1. Notations of Characteristic Lengths with Their
Corresponding Parameters in Film and in Bulk

characteristic
length

corresponding
parameter in film

corresponding
parameter in bulka

mesh size(ê) force periodd 2π/qmax

correlation length force decay lengthλ 2/∆q

a qmax: peak position;∆q: peak width.

Figure 4. (a) Comparison between AFM periodd and SAXS 2π/qmax

for sample series I, varyingc at fixed charge, plotted asd and 2π/qmax

vs c in a log-log scale. Solid line: fitd ∼ c-1/2. (b) AFM periodd vs
repeat unit concentrationc for differently charged PTRIS-co-AMPS
solutions, plotted in a log-log scale. Solid lines: fitsd ∼ cR whereR
≈ -1/2 for all charge fractions. (c) Comparison between AFM period
d and SAXS 2π/qmax for sample series II, varying charge at fixedc.
Solid line: fit d ∼ fγ whereγ ) -0.27( 0.02 for the SAXS andγ )
-0.32 ( 0.04 for the AFM results.
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The curves in Figure 4b indicates that the curves for strongly
charged chains (f g 60%) are coincident, and it becomes more
visible in Figure 4c, whered and 2π/qmax are shown vsf at a
fixed concentration of 0.04 M (data series II). Two distinctly
different behaviors are found for low and high degrees of charge.
For f e 40%, d increases significantly asf decreases. This
behavior is predicted by theoretical models.4 But for f g 60%,
d stays approximately constant irrespective of the degree of
polymer charge. This behavior seems to support the Manning
condensation theory, and the threshold charge fraction should
be between 40 and 60%. The 45% value from previous
experiments37 can thus serve as a good estimation. The effective
charge on the chains as well as the counterion concentration in
solution should then be the same for allf > 45%. This may
explain whyd remains almost constant whenf decreases from
100 to 60%. Therefore, at distanced, the approximation by using
Manning’s theory for counterion condensation is valid. The
chains seem to have a constant effective charge independent of
the nominal charge due to the counterion condensation. The
very slight increase ofd for 60%, however, may be an indication
that Manning’s theory works less well for a border case close
to the threshold charge fraction.

The relationd ) 2π/qmax also holds for data series II with
changingf (see Figure 4c). We have fitted bothd and 2π/qmax

to the power off. The two power fits yield 0.32( 0.04 and
0.27( 0.02, respectively, and agree with each other within the
error bars. The powers also agree with the theoretical prediction
of ê ∼ f -2/7 for flexible chains without ion condensation.4 This
sets PTRIS-co-AMPS chains within the category of flexible
chains.

III.2. AFM Decay Length λ and SAXS Peak Width ∆q.
As in the previous section, the AFM and SAXS comparison is
first checked for sample series I. Figure 5a shows the results
from sample series I, whereλ and 2/∆q are plotted vsc. Both
2/∆q andλ scale asc-1/2. There is a good agreement between
2/∆q andλ, except forc ) 0.005 M, where the low contrast of
the SAXS data makes the determination of the width unreliable
(see Figure 3a). Bothλ and 2/∆q describe interaction range. A
smaller λ or larger ∆q indicates a stronger screening of
interactions, which corresponds to a more disordered structure.
λ ) 2/∆q implies a negligible, if not nonexistent, confinement
effect on the degree of ordering in the direction perpendicular
to the film surface. Certainly, the exhibition of the force decay
relies on the existence of confinement,46,47 as the surfaces do
rearrange the structure ordering.48-50 However, such surface
rearrangement is rather restricted in the film plane and not in
the perpendicular direction and thus does not cause the lengths
of eitherd or λ in the perpendicular direction to change.

Figure 5b showsλ vsc for all different charge fractions. The
decay lengthλ also follows a power law of∼c-1/2 for all degrees
of charge.

Figure 5c shows the comparison betweenλ and 2/∆q from
sample series II. There are greater deviations here than in data
series I, andλ and 2/∆q are not always in good agreement when
f e 40%, due mainly to the low contrast in the SAXS
experiment, especially atf ) 20% andf ) 10%, of which the
data points are not shown in Figure 5c. However, the qualitative
trend of a nonmonotonic dependence with a minimum nearf )
60% is visible. Above this degree of charge,λ and 2/∆q increase
with increasingf. Below f ) 60%, the behavior is not so clear
due to large error bars. At the concentration chosen in Figure
5c, the correlation length (λ and 2/∆q) is more or less
independent off. At other concentrations (see Figure 5b), there

seems to be a slight increase with decreasingf, and this increase
is systematic.

As Manning’s theory of ion condensation assumes that the
condensed ions completely neutralize the excess polyion
charges, they should not participate in any electrostatic interac-
tion anymore but are fixed on the chains. If Manning’s theory
did hold at the close-up distanceλ from the chains,λ should
have behaved qualitatively the same asd, i.e., being independent
of the nominal chargef when above the threshold charge. Since
in experimentsλ always changes withf, the counterions within
distanceλ from the chains must condense in a different way
than predicted by Manning. Figure 6 shows the schematic of a
model that we propose for the ion distribution. It is worth
noticing thatd is always significantly greater thanλ (see also
Figure 7). When observed from a distanceg d from the chains,
there is the same ratio between “free” and “condensed”
counterions within the distanced as predicted by the Manning

Figure 5. (a) Comparison between AFM decay lengthλ and SAXS
correlation length 2/∆q for sample series I, varyingc at fixed charge,
plotted asλ and 2/∆q vs c in a log-log scale. Solid line: fitλ ∼ câ

where â ) -0.53 ( 0.03. (b) AFM decay lengthλ vs repeat unit
concentrationc for differently charged PTRIS-co-AMPS solutions,
plotted in a log-log scale. Solid lines: fitsλ ∼ câ whereâ ≈ -1/2 for
all charge fractions. (c) Comparison between AFM decay lengthλ and
SAXS correlation length 2/∆q for sample series II, varying charge at
fixed c.
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model, andfeff will remain the same for different nominal charge
fractions. Therefore, the mesh sized is only influenced byfeff,
not by f. However, the deviation of the correlation length from
Manning’s model shows that a strict separation of the ions into
“ free” and “condensed” is not justified. On a length scale ofλ
or 2/∆q, the Manning concept is not valid anymore. One can
speculate how “free” and how “condensed” the ions are. A more
plausible scheme would rather be as follows. The so-called
“condensed” ions are not necessarily fixed on the chains, but
only entrapped in a region close to the chains, forming a cloud
of counterions in a manner similar to the cloud of “free”
counterions. The extension of the counterion clouds depends
on the nominal chargef. Thus, at differentf, the screening of
counterions will be different, causingλ to be different as well.
The threshold distance at which Manning’s condensation theory
changes from valid to nonvalid lies somewhere betweend and
λ.

It is worth going into more detail regarding the correlation
between the decay length and the counterion condensation.λ
is reminiscent of the Debye-Hückel lengthλDH, which also
scales as∼c-1/2 and characterizes the counterion screening in
solution. Figure 7 shows the comparison ofd, λ, andλDH for
10, 60, and 100% charged PTRIS-co-AMPS, in whichλDH )
1/x4πlBfeffc. The Debye-Hückel length decreases with increas-
ing feff due to a larger amount of counterion screening. Under
the assumption that Manning’s law of ion condensation holds,
feff ) 10% for f ) 10% chains andfeff ) 45% for bothf ) 60%
and f ) 100%. Accordingly,λDH for 60 and 100% charged
PTRIS-co-AMPS are the same. Figure 7 shows thatd is always
greater thanλ, and both are greater thanλDH for all charges.
Since λDΗ reflects the screening range of the electrostatic
interaction due only to “free” counterions, the fact thatλDΗ <
λ indicates that, with respect to the force decay, the effect of
screening is somehow reduced. An explanation could be that it
reflects a combined effect of “condensed” counterions and the
polyion charges besides the “free” ions.45 The combined effect
of the former two makes the total screening weaker than that
ascribed only by “free” counterions. Since the polyions act in

the opposite way as the counterions, the two effects compete
to determineλ. An alternative explanation is given by Dobrynin
et al.,4 where they conjectured that the longer screening length
is due to the high charge density of the polyions which cannot
be effectively screened by the counterions. Their prediction that
the electrostatic screening length has ac-1/2 dependency onc
and is greater thanλDΗ but smaller than the mesh sizeê also is
qualitatively confirmed by our results.

In this image, all counterions are mobile below a threshold
charge fraction. Asf decreases, both the concentration of “free”
ions and that of the bare polyion charges decrease. Since in
Figure 5b λ increase asf decreases, the overall effect of
screening is weaker at lower charges. This could suggest that
the effect of counterion screening is dominating whenf e 40%.
However, whenf g 60%, the effect off on λ is opposite from
that for f e 40%. One possible explanation could be as
follows: Because of the insufficient neutralization of the excess
polyion charges by the “condensed” ions, whenf increases, even
the “free” counterions are somehow trapped by the strong
polyion charges, which would effectively cause less screening
and thus causeλ to increase. In other words, the price paid for
the “condensed” ions to be mobile to a certain extent is that
the “free” ions become less free and tend to distribute closer to
the chains. And the higher the polyion charges, the higher this
tendency. Therefore, forf g 60%, the effect of polyion charges
seems to dominate. This difference in whether the counterions
or the polyion charges dominate might cause the different
dependencies ofλ on f below and above the threshold charge
fraction.

III.3. AFM Amplitude. As shown in Figure 8a, for fixed
charge fraction (f ) 100%), the amplitude is proportional to
the repeat unit concentrationc. As shown in Figure 8b, for fixed
repeat unit concentration (c ) 0.04 M), the amplitude is also
proportional to the charge fractionf. This implies thatA is
proportional to the total concentration of polymer charges in
the system,fc. Figure 8c shows the amplitude vs the product of
f andc, which showsA ∝ fc, with slight deviations atc ) 0.08
M, f ) 100% andc ) 0.02 M, f ) 100%.fc is both the total
number of polyion charges and the total number of counterions
in the solution. The increase in polymer charge density leads
to an increase in amplitude, while the connected increase in
counterion concentration leads to a decrease in amplitude. For
instance, when salt is added to the solutions, in which case the
number of polyion charges remains unchanged,A decreases
significantly. The outcome of this competition as shown in
Figure 8c indicates clearly that polyion charge is the dominating
factor that controlsA. Combined with the influence of polyion
charge on the decay length that has been discussed previously,
we see that the polyion charge is playing an important role in
the oscillatory force. It is worth noting, however, that when the
concentration is very high and the charge fraction very low,
the amplitude is suppressed and does not follow the nice linear
laws, probably partially due to the high viscosity of the solutions.

III.4. Stiffness of the Structure. Since the slope of the
force-distance curve reflects the stiffness of the structure, we
can easily understand the change of stiffness withc and f by
taking the derivative ofF/2πR:

whereæ ) tan-1(2πλ/d) is a phase shift. Therefore, the stiffness
is depending on all the three parameters:A, d, and λ. As c
increases, bothd and λ decreases andA increases; thusA[(1/
λ)2 + (2π/d)2]1/2 increases. Therefore, the higher the concentra-

Figure 6. Schematic of the proposed model for the counterion
distribution in a polyelectrolyte mesh structure.

Figure 7. Comparison between the AFM periodd, decay lengthλ,
and Debye-Hückel lengthλDH for f ) 10, 60, and 100%, plotted in a
log-log scale.

1
2πR

dF
dx

) Ax(1λ)2
+ (2π

d )2
e-x/λ cos(2π x

d
+ æ) (3)
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tion, the more energy it takes to compress the film. In other
words, more concentrated solutions are less compressible, as
one would expect.

III.5. Conductivity and Ion Mobility. To get further
understanding of the counterion distribution, the conductivity
κ of each solution was measured for each charge fraction at
different concentrations. The results are shown in Figure 9. For
each charge fractionf, there is a constant linear dependency of
κ on c, namely, κ ) Λc. In the case that all conducting
components contribute equally to the conductivity,Λ would
be the specific conductance. The fittedΛ’s are listed in Table

2. We assignΛManning to be the specific conductance of
counterions when assuming Manning condensation and only free
counterions conduct andΛfree to be the specific conductance
when assuming all counterions are free. ThusΛManning) efeffµNa+

andΛfree ) efµNa, whereµNa+ ) 5.19× 10-8 m2 V-1 s-1 is the
mobility of free Na+ in the limit of c f 0. The values ofΛManning

andΛfree are also listed in Table 2.
If Manning condensation were to be understood in the way

that all condensed ions are fixed on the chains and only free
ions could contribute to the conductivity, one would then expect
the valueΛ to be independent off for all f > 45%. However,
this is not the case, as shown in Table 2. In fact, for allf g
60%, we find that the measuredΛ fulfills ΛManning< Λ < Λfree.
Therefore, the actual total mobility of ions is between that
ascribed by Manning’s theory and that if all ions were free.
This also supports the result from the AFM measurements of
force decay lengthλ. Namely, the “condensed” ions also are
mobile and contribute to conductivity. Yet, forf ) 60%,ΛManning

< Λ while for f ) 40%, ΛManning > Λ, indicating a threshold
charge fraction which is fairly close to the previously observed
45% value.37

In addition to “free” and “condensed” ions, polyion chains
could also contribute to the conductivity. Thus, a full expression
of Λ should be written asΛ ) ∑efeffµi, whereµi represents the
mobility of all conducting components, both the conducting
counterions and the polyions. To avoid the complications from
the problem that “condensed” ions, “free” ions and polyions
all have different mobilities, we can assign an average mobility
Λ/f to each ion pair. The values ofΛ/f are also listed in Table
2. It is particularly noteworthy thatΛ/f increases with decreasing
f, which indicates that the average mobility of each ion pair is
higher at lower charges. This monotonic dependency of average
ion pair mobility onf is qualitatively different from that of the
force decay lengthλ, recalling thatλ decreases with increasing
f whenf e 40% but increases whenf g 60%. Whenf e 40%,
their behaviors fit together into a unified picture. Namely, the
charge dissociation is more complete and the polyion chains
themselves are more like bare charges, causing a more ordered
structure (largerλ), and each ion pair also has a higher average
mobility. When f g 60%, the situation is complicated by the
different contribution from “free” ions, “condensed” ions, and
polyions, and there is no direct connection between the two
phenomena.

IV. Conclusion

We have studied the effect of polymer charge and geometrical
confinement on the mesh structures of semidilute solutions of
a typical hydrophilic polyelectrolyte. Counterion condensation
plays an important role to regulate the structure and interaction
in the solution. To investigate the effect of confinement, AFM
results in films are compared with SAXS results in bulk. Both
techniques are suitable for the determination of the characteristic

Figure 8. AFM force Amplitude plotted (a) vs repeat unit concentration
c at fixed f ) 100%; (b) vs charge fractionf at fixedc ) 0.04 M; (c)
vs fc.

Figure 9. Conductivityκ vs repeat unit concentrationc for differently
charged PTRIS-co-AMPS.

Table 2. Fitted Λ Values from K ) Λca

f (%)
Λ (Α m2 V-1

mol-1 )
ΛManning(Α m2

V-1 mol-1 )
Λfree (Α m2

V-1 mol-1 )
Λ/f (Α m2

V-1 mol-1 )

100 0.003 23 0.002 25 0.005 00 0.003 23
80 0.002 68 0.002 25 0.004 00 0.003 35
60 0.002 30 0.002 25 0.003 00 0.003 83
40 0.001 81 0.002 00 0.002 00 0.004 53
30 0.001 35 0.001 50 0.001 50 0.004 49
10 0.000 57 0.000 50 0.000 50 0.005 74

a ΛManning: the specific conductance when assuming Manning condensa-
tion and only free ions conduct;Λfree: the specific conductance when
assuming all counterions are free ions; andΛ/f: the average conductance
for each charged ion pair.
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lengths of the polyelectrolyte system, i.e., mesh size and
correlation length. The good agreement between the results of
the two completely different methods indicates no effect of
confinement on the mesh size and correlation length of the
network structure in the direction perpendicular to the film plane,
although the observation of the force decay is only possible
under such confinement. Manning’s theory for counterion
condensation is valid only within a limit, i.e., beyond certain
threshold distance from the polyion chains. The mesh size is
beyond this threshold distance and is thus not influenced by
the charge fraction so long as the effective charge fraction as
predicted by Manning’s theory remains constant. However, the
structure ordering of the system is reflected in the decay length
of the force oscillation, which is smaller than this threshold
distance where Manning’s theory no longer holds. The force
decay thus reveals finer structures at the vicinity of polyion
chains, namely, the “condensed” ions are actually mobile and
form a counterion cloud in the close vicinity of the chains. This
idea is further supported by evidence from conductivity
measurements, where the “condensed” ions seem also to
contribute to the conductivity.
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