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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 pdyftris(hydroxymethyl)methyljacrylamidee-2-
acrylamido-2-methylpropanesulfonate (PTRISAMPS) with different degrees of charge allows a deeper insight

into the ion distribution around the polymer chains. Results from atomic force microscopy (AFM)-filistance
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 further developed in two directions: the Odijkolnick—

Polyelectrolytes are polymer chains that contain ionizable F|xr(;16}n f(([))SbF) rr)odél;fc;r stronEIIy chhargec;j frlzha_|tr)1|s arr:d_ the

groups. When dissolved in water, these ionizable groups model of Dobrynin Pft. or weakly charged, Tiexibie chains.
The theoretical predictions are verified by experimental studies.

dissociate and the chains become charged while releasing_ ™. .
counterions into the solution. A large number of biological For instance, the small-angle scattering (SANS or SAXS) spectra

macromolecules such as DNA and most proteins and synthetic®f Polyelectrolyte solutions show structure peaks, indicating
macromolecules belong to this category. Since polyelectrolytes Ntermolecular interactions within the solutions. The peak
have higher solubility in water than neutral polymers and possessPOSItion Gmax scales withc! in bulk solutions>™** Under the
interesting properties in solutions due to their ionizability, they assumption that the Bragg relation is justified, a length can be
are widely used in industry, e.g., as flocculation agents in paper calculated by 2/gmax, Which corresponds to the mesh size
making and wastewater treatment, or in the coating of various (i-€., the average chain distance), thus confirming the theoretical
materials such as paper, textile, and contact lenses. Theprediction: & ~ ¢ %2
conformation of the polyelectrolyte chains and the ion distribu-  To study the effect of geometrical confinement of polyelec-
tion are strongly related to each other and determine the trolyte solutions in thin films, thin film pressure balance
macroscopic properties (e.g., rheology) of the system. BecausgTFPBY1 17 and atomic force microscopy (AFNM 22 tech-
of an enhanced interest in miniaturization, motivated by niques were used. Both the disjoining pressure across the film
applications in nanotechnology, their behaviors in thin films in TFPB experiments and the force in AFM experiments
have come more and more into research focus. oscillate during approach of the interfaces. In semidilute regime,
One main scientific interest in polyelectrolytes is the chain the oscillation period also scales witht2. Further studies
conformation in solutions, which depends critically on the combined small-angle scattering and TFPB technitjfé24in
concentration. In the so-called semidilute regime above certain grder to determine the effect of thin film confinement on the
threshold concentration, the polyelectrolyte chains are assumednesh structure. It was found that the oscillation period is equal
to overlap and to form a transient network structurehe to the mesh size of the respective bulk solution, suggesting no
theoretical mesh sizé scales with the concentratianof the  effect of thin film confinement. However, as negative pressure
repeat unit axc™2 In the following years, this theory was s well as the mechanically unstable part cannot be obtained
with the TFPB technique, it is difficult to analyze further the

' Max-Planck-Institute of Colloids and Interfaces. partial pressure vs film thickness curves. AFM has the advantage

;U”'Vers'ty of Aarhus. . of obtaining almost complete oscillatory force curves, which
Frauhofer Institute for Applied Polymer Research. can be fitted to the form of a harmonic oscillation with an
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detailed information on not only the mesh structure but also

the interactions within the systethTherefore, to achieve better

comparison between the bulk solution and the film, it is - )/
necessary to combine the AFM and the small-angle scattering o o
techniques and perform a more thorough analysis of both. HN HN

The structuring of polyelectrolyte in solutions also depends / |
oH K\OH
OH

crucially on the charge dissociation and counterion distribution.

The effect of different charge fraction of polyelectrolyte chains SO*Na*

with hydrophilic-+12141%and hydrophobit*-**?*backbones has  rigure 1. Chemical structure of polj-[tris(hydroxymethylymethyi]-
been studied. The scaling behavior of the mesh &izec is a acrylamideeo-2-acrylamido-2-methylpropanesulfonate (PTRIS-
critical test of the structure, wit§ ~ ¢ 2 indicating a mesh ~ AMPS) with nominal charge fractioh

structure while ¢c™1% indicating the dominance of micro-

domainst# For those with hydrophobic backbones, the effect panesulfonate (PTRISe-AMPS) of various nominal charge frac-

of backbone hydrophobicity competes with the effect of charge tions f, whose chemical structure is shown in Figure 1. The
to determine the chain structuring. With decreasing degree of cOPolymers were prepared by aqueous free radical polymerization

: . f given mixtures ofN-[tris(hydroxymethyl)methyllacrylamide
charge, the influence of the backbone hydrophobicity becomes? .
moregdominant leading to a transition (;q‘thep scalin ybehavior (TRIS) and 2-acrylamido-2-methylpropanesulfonate (AMPS) at 60
' 9 9 °C for 15 h, using azobis(cyanoisovalerianic acid) as initiator, as

of the mesh siz¢ from ¢ Tm toc *1’3,21'25|n_d|cat|ng agradual  gescribed befor® According to'H NMR, the copolymers are free
formation of microdomains. Such formation of microdomains of any residual monomer. As the Copo|ymer Composition corre-
is subdued in the case of polyelectrolyte with hydrophilic sponds within the analytical precision to the composition of the
backbones, where the scaling law &f ~ ¢ 12 remains monomer feed even at low-to-moderate conversions, the reactivity
unchanged. It is thus suitable to use a hydrophilic polyelectrolyte parameters of both monomers must be close to 1. Therefore, the
for studying the correlation of structuring and ion distribution. ~resulting copolymers are true random copolymers with a Bernouil-
According to the theory of Manning and Oosawa which was lian distribution of the.anlonlc repeat units derlveq from AMPS
based on a simple model of a rodlike, single chain, when the &0nd the polymer chain. As the polyelectrolyte chains stick to the
average distance between two charges on a polyelectrolyte chairfUm"n Of the GPC, itis unable to determine the molecular weight.
is smaller than the Bjerrum lengtls (Is ~ 7 A in water at owever, previous studies have shown that molecular weight has

- _ i no influence on the mesh size of the mesh structutél-14.18.20.24.37
room temperature), the effective charge will be renormalized gqr yinylic polymers such as PTRI&-AMPS, the length of the

such that the average distance between two charges on the chaingpeat unit along the chain backbone is around 2.5 A. Thus, the

becomes equal to the Bjerrum length?® However, polyelec-  calculated charge fraction for Manning condensation is 36%.
trolyte chains are entangled in semidilute solutions, far from Above this charge fraction, counterions shall condense to the chains
the rod-chain assumption of the Mannir@osawa model.  if Manning’s law is valid. Detailed osmotic pressure and SAXS

Several experimerftd5in semidilute polyelectrolyte solutions ~Mmeasurements indicate the actual limit of the ion condensation to
show that the average chain distance of the mesh structureP® around 45%7 With the knowledge that Manning’s theory is
remains unchanged above the threshold charge fraction predicted?@S€d on a very simple model and has limitations, we still use the
by Manning’s theory. On the other hand, there are many concept of effective charge fractidg; for convenience and ude

I h Welectrolvt " 4 t foll th = 45% as a rough estimation of the threshold charge fraction. The
examples where polyelectrolyle systems do not 10lIow "€ a5 of the limitations will be discussed later.

Manning modef®-33 In addition, certain molecular simulations The AFM and conductivity experiments were performed on our
ShOWGd that Condensed iOﬂS a|SO haVe Certain mObIlI'[y and W|” Samp|e Solutions W|th varying Charge fractibmz 100’ 801 60]
move along the chains in even very weak electric ff8RP.This 40, 30, 20, and 10%) and repeat unit concentratidr= 0.005,
indicates the difficulty to classify the ions in strict terms 6E€’ 0.01, 0.02, 0.04, 0.08, and 0.1 M). The SAXS experiments were

and ‘condensetions. Therefore, questions arise as to how performed on only two selected series of the above sample solutions.
counterions condense in semidilute polyelectrolyte solutions and Sample series | contains PAMPS of fixed charge fractibr= (
how this influences the structuring of the solution. Further, film 100%), with varyingc. Sample series Il contains PTRES-AMPS

: ; ; iotrib of fixed repeat unit concentratior & 0.04 M), with varyingf.
ggzgggTeenq}y ?plzyn:tl\i/%rllng#sgtfﬁing]e lon_distribution and II.2. Methods. 11.2.1. Colloidal Probe AFM. The colloidal

probe technique was first developed by Ducker e¥dh our

The present paper deals with the questions of how ions areexperiments, a silica particle is glued with epoxy to a tipless
distributed in a semidilute solution of hydrophilic polyelectro- cantilever (Ultrasharp Contact Silicon Cantilevers, CSC12) pro-
lyte, how this distribution influences the structuring of the duced byuMasch. The silica particles are produced by the Bangs
network, and how a geometrical confinement affects both. A Laboratories, Inc., and all have a radR=f about 3.3%um. The
random copolymer with different charge fractions both above tiP is cleaned with plasma cleaning for 10 min right before each
and below the Manning condensation threshold is chosen asMéasurement cycle to remove all the organic components on its
the model polyelectrolyte. In comparison to many other poly- surface. The substrate used is a silicon wafer with a native SiO

lectrolvies lik Vst fonate. the backb - it top layer, cleaned with the RCA meth&tand stored in Millipore
electrolytes like polystyrenesulionate, the backbone IS quite 5o pefore usage. Just before each experiment, the substrate is
hydrophilic. AFM results in film are compared with SAXS

. L e ’ taken out of the water and dried in a nitrogen stream. Then a drop
results in pulk.. The appllcablllty. of Manning’s theory of ion ~ of the polymer solution is put onto the substrate, and the probing
condensation is examined for this system, and a new model ishead is immersed in the solution. Force vs distaid®)) curves

proposed for the counterion distribution in the network. were measured with a commercial atomic force microscope MFP
Conductivity measurements were also carried out, and the result§Molecular Force Probe) produced by Asylum Research, Inc., and

support the proposed picture of counterion condensation. distributed by Atomic Force (Mannheim, Germany). Since the
distance between the colloidal probe and the substrate is much
II. Experiments smaller compared to the diameter of the probe, by the Derjaguin
approximation, the curved surface of the silica particle can be
II.1. Materials. Our model polyelectrolyte is polix-[tris- considered as a flat surface, and the interaction energy per area

(hydroxymethyl)methyl]Jacrylamidee-2-acrylamido-2-methylpro- E(x) can be acquired from the ford&(x), E(X) = F(X)/27R. As CDV
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both the polymer chains and the Si®urfaces are negatively
charged, there is generally no adsorption of polymer onto the

=100% @)

surfaces. For each solution, altogether20 force-distance curves Ll z<-' 4
were measured at different lateral positions on the same substrate #
as well as on different substrates to ensure reproducibility and to i
get good statistics. Oscillatory force curves occur, and they are fitted v
by the following equation: =
E.0 -
=20
F(x _ ) b4
FO9 _ g cos(2x/d + phase shift)t offset (1) s
27R pot
B
o™
-

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 length, and the periodl. In the discussion
that follows, the phase shift and offset are omitted for the sake of 20 —
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 200
fitting results, and the error bars are from the standard deviation.
11.2.2. 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 K, 0.3 x 0.3 mn? source point, 6 kW power) and a
pinhole camera with two Gzel 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.

o
et T P AT

F/2rR (pN/nm)

Il
+
(@ = Opa)’” + (AG/2)

I(@) = lo )

where |y is the incoherent backgroundl, is the incident beam
intensity,gmax IS the peak position, anlq is the full width at half-
maximum of the peakAq, gmax lo, @andl; 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.

11.2.3. Conductivity. A commercial conductimeter WTW inoLab  — T T T T
pH/con. Level 1 with the probe head WTW TetraCon 325 was used. 0 10 20 30 40
The output voltage is 200 mV dc, under which the voltage drop x (nm)
along the contour length of each polymer chain is only on the order Figure 2. AFM force vs distance curves for PTRE®-AMPS (a) of
of microvolts. Consequently, the energy that counterions could gain different repeat unit concentration at the same charge percehtage
from this applied voltage is much lower than the thermal energy 100% and (b) of different charge percentages at the same concentrations
25 meV and could not affect the ion distribution in the solution. ¢ = 0.02 M. For better viewing, the curves are offset. Data points are
The conductivityx was measured and plotted vs the repeat unit fitted to the formF/2zR = Ae™ cos(2rx/d + phase shift)t offset.
concentrationc for the differently charged PTRISe-AMPS
solutions. solutions are still clear. The possibility of any formation of
microdomains can also be ruled out due to the styigk ~ c1/2
dependency (as will be shown in section 111.1).

Figure 2 shows some examples of the AFM fordéstance The validity of using the Lorenzian form for the fit is based
oscillation curves at different repeat unit concentratioand on the assumption that there is a periodic correlation which
charge fractiorf. The data shows a harmonic oscillation with  decays exponentially, following €29, where the decay length
an exponential decay. At first glance, wheror f decreases,  2/Aqis the correlation length of the system amid the distance
the amplitude decreases and the period increases. For do the scattering core. This assumption is in agreement with
guantitative and systematical study, we have fitted each the exponentially decaying oscillation of the force measured
individual force-distance curve to eq 1.The fitted curves are with AFM. Thus, 2Aqg can be compared with the AFM decay
also shown in Figure 2. length 1. The mesh size in the bulk is reciprocally related to

Figure 3 shows all the SAXS scattering data of sample seriesthe peak positiommay, i.€., 27/gmax and can be compared with
I and Il, with fitted curves by the Lorenzian described in eq 2. the force periodd from the AFM force measurements.

With increasing polymer concentration, the peak shifts to higher  The most important characteristic lengths of the polyelec-
g values. But as the charge fraction increases, the peak firsttrolyte solutions and their notations are summarized in Table
shifts to higheiq values and then remains at the sagFmosition 1. In the first column of Table 1, the general notations and their
for f = 60%. The intensity of the scattering curves fer 10% physical meaning are listed. In the next two columns, their
andf = 20% are exceptionally high due to unknown reasons. corresponding expressions in film and in bulk in terms of
However, it should not be due to any aggregation, since the measurable parameters are summarized. In the foIIowingéBv

Ill. Results and Discussion



Macromolecules, Vol. 39, No. 21, 2006

Semidilute Polyelectrolyte Solutions7367

0.20 — 4.I
(a) _
f=100% £ £=100% @
% o X SAXS 2n/q, .,
o o s
015 - & : &
o O 0.02M
- o + 0.04M Z2x10'
H o O 0.08M s
A
- En
0.10 = I%
DQ) 1 1 1 1 1 I 1 T T T T T 1
u] 0.01 C(M)
0.05 -
v LN DDD to4 100 - (b)
i AAAAADDD og oy
" vvavéAAA A f Bop g
VWV v
0.00 - vIeoe ¢
| T T T | £
02 0.4 06 08 1.0 £
a (1/nm) o
+ f=100%
(b) 1 o =80%
° XX + c=0.04M X f=60%
012_ g ;800/% T T T T IIII T T T T T III>I<
0
a o 0% 0.01 c (M) 0.1
ooo A 40%
010~ 8 v 30% 30
~ ® 20% ¢=0.04M ©
> X 10% = 28
s x X< ® € 26 + SAXS 2n/q,,,
0 g o AFMd
o 24 —
&
0.06 — 2 “7
' S 20
v ’ & N 18 — -
0oa— Y W +‘ i _, 16 — T = 3
v at ¥} o T T T T 1
I I I I I I | 20 40 f (%f° 80 100
0.1 02 03 0.4 05 06 07

a (1/nm)

Figure 3. SAXS scattering intensity vg vector for different sample
series. (a) Sample series | with fixed charge fraction 100% and
varying repeat unit concentratian (b) Sample series Il with fixed
repeat unit concentratioo = 0.04 M and varying charge fractioin

Data are fitted to the Lorenzian form.

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

Figure 4. (a) Comparison between AFM periadand SAXS 2r/Qmax

for sample series |, varyingat fixed charge, plotted aband 2t/Qmax
vscin a log-log scale. Solid line: fid ~ c=2. (b) AFM periodd vs
repeat unit concentratioo for differently charged PTRISo-AMPS
solutions, plotted in a loglog scale. Solid lines: fitsl ~ c* wherea

~ —1/2 for all charge fractions. (c) Comparison between AFM period
d and SAXS 2i/gmax for sample series |l, varying charge at fixed
Solid line: fitd ~ f” wherey = —0.27+£ 0.02 for the SAXS angt =
—0.32+ 0.04 for the AFM results.

characteristic corresponding corresponding shows d = 27/gnax Both lengths show the same 12
length parameter in film parameter in bufk dependency oo
mesh sizef) force periodd 271/ Omax . . . .
correlation length force decay length 2IAq In Figure 4bd s plotted vsc for all different charge fractions.

3 0max peak positionAg: peak width.

At each charge fractiof) the straight lines in the loeglog plot
indicate thatd follows the power lawd O ¢ ~¥2 without
exception, confirming the result from sample series | forfthe

tions, these corresponding parameters in film and in bulk will - _ 19094 solutions. This also reconfirms the theoretical prediction
be analyzed quantitatively and compared. If there exists any ¢ £ ~ ¢ 112 141and agrees with previous experimental results
effect of geometrical confinement, it shall be reflected in the hydrophilic polyelectrolytes?-1214.1518.202443 hat the power
change of the values from bulk to film. of ¢ does not change from1/2 to —1/3 as the charge fraction

IIl.1. AFM Force Period d and SAXS Peak Positiommax. decreases indicates that, despite the increase of the average chain
Figure 4a shows the comparison between the pefioeéasured distance, the chain configuration in solution has not changed
with AFM and the inverse of the SAXS peak width/2max for from a homogeneous mesh structure to one containing micro-
sample series | at a fixed degree of polymer chdrgie100%. domains of coiled “pearls”. This is different from the behavior
Both d and 27/gmax are plotted vsc. There is a remarkable  of polyelectrolytes with a more hydrophobic backbofes:44

agreement between the results from the two methods, whichThe prefix of thed O ¢~2 power fit depends of CDV
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The curves in Figure 4b indicates that the curves for strongly
charged chaind & 60%) are coincident, and it becomes more
visible in Figure 4c, wherel and 2t/gmax are shown vs at a
fixed concentration of 0.04 M (data series Il). Two distinctly
different behaviors are found for low and high degrees of charge.
For f < 40%, d increases significantly ak decreases. This
behavior is predicted by theoretical modéBut for f > 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
experiment¥’ 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 &b 45%. This may
explain whyd remains almost constant whédecreases from
100 to 60%. Therefore, at distandethe approximation by using
Manning’s theory for counterion condensation is valid. The
chains seem to have a constant effective charge independent o
the nominal charge due to the counterion condensation. The
very slight increase al 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 = 27/0max also holds for data series Il with
changingf (see Figure 4c). We have fitted badhand 2t/qmax
to the power off. The two power fits yield 0.32: 0.04 and
0.274 0.02, respectively, and agree with each other within the
error bars. The powers also agree with the theoretical prediction
of & ~ f =27 for flexible chains without ion condensatiéThis
sets PTRISe0-AMPS chains within the category of flexible
chains.

IIl.2. AFM Decay Length 4 and SAXS Peak Width Ag.
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 |, whereand 2Aq are plotted ve. Both
2/Aq andi scale ax~2 There is a good agreement between
2/Aq andA, except forc = 0.005 M, where the low contrast of
the SAXS data makes the determination of the width unreliable
(see Figure 3a). Both and 2Ag describe interaction range. A
smaller A or larger Aq indicates a stronger screening of
interactions, which corresponds to a more disordered structure
A = 2/Aqg 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 confineméht’ as the surfaces do
rearrange the structure orderiffg®® However, such surface
rearrangement is rather restricted in the film plane and not in

Macromolecules, Vol. 39, No. 21, 2006
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Figure 5. (a) Comparison between AFM decay lendttand SAXS
correlation length 2%q for sample series |, varying at fixed charge,
plotted ast and 2Ag vs ¢ in a log—log scale. Solid line: fit ~ ¢
where§ = —0.53 £ 0.03. (b) AFM decay lengtii vs repeat unit
concentrationc for differently charged PTRISo-AMPS solutions,
plotted in a log-log scale. Solid lines: fitd ~ o whereg ~ —1/2 for
all charge fractions. (c) Comparison between AFM decay leAgthd
SAXS correlation length Alq for sample series Il, varying charge at
fixed c.

the perpendicular direction and thus does not cause the lengths

of eitherd or 4 in the perpendicular direction to change.

Figure 5b shows vsc for all different charge fractions. The
decay lengtii also follows a power law of-c~2for all degrees
of charge.

Figure 5¢ shows the comparison betweeand 2Aq from

seems to be a slight increase with decreakiagd 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

sample series Il. There are greater deviations here than in datadid hold at the close-up distandefrom the chainsA should

series |, and and 2Aq are not always in good agreement when

f < 40%, due mainly to the low contrast in the SAXS
experiment, especially dt= 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 hear
60% is visible. Above this degree of chardegnd 2Aq 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 lengthA(and 2Aq) is more or less
independent of. At other concentrations (see Figure 5b), there

have behaved qualitatively the samedase., being independent

of the nominal chargéwhen above the threshold charge. Since
in experiments. always changes with) the counterions within
distancel 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 thah(see also
Figure 7). When observed from a distareel from the chains,
there is the same ratio betweerrég’ and “condenset
counterions within the distanakas predicted by the ManningDV
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Figure 6. Schematic of the proposed model for the counterion
distribution in a polyelectrolyte mesh structure.
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Figure 7. Comparison between the AFM periali decay lengthl,
and Debye-Hiickel lengthipy for f = 10, 60, and 100%, plotted in a
log—log scale.

model, andes will remain the same for different nominal charge
fractions. Therefore, the mesh sidés only influenced byfes,

not byf. However, the deviation of the correlation length from
Manning’s model shows that a strict separation of the ions into
“fre€’ and “condenselis not justified. On a length scale df

or 2/Aqg, the Manning concept is not valid anymore. One can
speculate howffe€’ and how ‘condensetithe ions are. A more
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the opposite way as the counterions, the two effects compete
to determinel. An alternative explanation is given by Dobrynin

et al.# 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 #2 dependency oe

and is greater thabpy but smaller than the mesh sizalso is
qualitatively confirmed by our results.

In this image, all counterions are mobile below a threshold
charge fraction. A$ decreases, both the concentrationfoéé&
ions and that of the bare polyion charges decrease. Since in
Figure 5b 1 increase ad decreases, the overall effect of
screening is weaker at lower charges. This could suggest that
the effect of counterion screening is dominating when40%.
However, wherf > 60%, the effect of on 4 is opposite from
that for f < 40%. One possible explanation could be as
follows: Because of the insufficient neutralization of the excess
polyion charges by thecbndensetions, whenf increases, even
the “fre€’ counterions are somehow trapped by the strong
polyion charges, which would effectively cause less screening
and thus causg to increase. In other words, the price paid for
the “condensetlions to be mobile to a certain extent is that
the “fre€’ ions become less free and tend to distribute closer to
the chains. And the higher the polyion charges, the higher this
tendency. Therefore, fdr= 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 of on f below and above the threshold charge
fraction.

I11.3. AFM Amplitude. As shown in Figure 8a, for fixed
charge fraction f(= 100%), the amplitude is proportional to
the repeat unit concentratienAs shown in Figure 8b, for fixed
repeat unit concentratiort & 0.04 M), the amplitude is also
proportional to the charge fraction This implies thatA is

plausible scheme would rather be as follows. The so-called proportional to the total concentration of polymer charges in

“condensedions are not necessarily fixed on the chains, but

the systemic. Figure 8c shows the amplitude vs the product of

only entrapped in a region close to the chains, forming a cloud f andc, which showsA [ fc, with slight deviations at = 0.08

of counterions in a manner similar to the cloud dfe¥’

M, f = 100% andc = 0.02 M, f = 100%.fc is both the total

counterions. The extension of the counterion clouds dependsnumber of polyion charges and the total number of counterions

on the nominal chargé Thus, at differenf, the screening of
counterions will be different, causingto be different as well.

in the solution. The increase in polymer charge density leads
to an increase in amplitude, while the connected increase in

The threshold distance at which Manning’s condensation theory counterion concentration leads to a decrease in amplitude. For

changes from valid to nonvalid lies somewhere betwetand
A.

It is worth going into more detail regarding the correlation
between the decay length and the counterion condensdtion.
is reminiscent of the DebyeHiickel lengthlpy, which also
scales as-c~12 and characterizes the counterion screening in
solution. Figure 7 shows the comparisondhfi, andApy for
10, 60, and 100% charged PTRE8-AMPS, in whichApy =

instance, when salt is added to the solutions, in which case the
number of polyion charges remains unchang&djecreases
significantly. The outcome of this competition as shown in
Figure 8c indicates clearly that polyion charge is the dominating
factor that controls\. 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

1/v/4nlgferc. The Debye-Hckel length decreases with increas-  concentration is very high and the charge fraction very low,
ing ferr due to a larger amount of counterion screening. Under the amplitude is suppressed and does not follow the nice linear
the assumption that Manning's law of ion condensation holds, laws, probably partially due to the high viscosity of the solutions.

ferf = 10% forf = 10% chains anéL¢ = 45% for bothf = 60%
and f = 100%. Accordingly,Apy for 60 and 100% charged
PTRIS<co-AMPS are the same. Figure 7 shows ttié always
greater thark, and both are greater thdmy for all charges.
Since Apy reflects the screening range of the electrostatic
interaction due only toffe€’ counterions, the fact thaltpy <

A 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 otbndenseticounterions and the
polyion charges besides th&rée’ ions.*> The combined effect

Ill.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 witind f by
taking the derivative of/27R:

A

1 dF _ (1)2+(2dn

— o _ 27\ X

52R dx )e 005(2:1 d+(p) 3)
whereg = tarm(27A/d) is a phase shift. Therefore, the stiffness
is depending on all the three parameters:d, and . As c

of the former two makes the total screening weaker than that increases, botkd and 1 decreases andl increases; thus\[(1/

ascribed only by freg’ counterions. Since the polyions act in

A)2 + (2n/d)3 Y2 increases. Therefore, the higher the concer&rs—v
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0.14 — ) Table 2. Fitted A Values from k = Ac?

0.12 - f=100% I AAMV™ Avanning(A M Agee (A m? AJf (A m?
010 - f (%) mol™1) V~1mol?) V=imolt) V-imoll)
go 08 — 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
£0.06 60 0.002 30 0.002 25 0.003 00 0.003 83
< 0.04 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
0.02 5 10 0.000 57 0.000 50 0.000 50 0.005 74

T T T 1 @ Amaming the specific conductance when assuming Manning condensa-

40 60 80x10™° tion and only free ions conductifees the specific conductance when

c (M) assuming all counterions are free ions; &t the average conductance
for each charged ion pair.

0.08 ¢=0.04M (®) 2. We assignAmaming t0 be the specific conductance of
counterions when assuming Manning condensation and only free
0067 counterions conduct anlsee to be the specific conductance
E when assuming all counterions are free. TAWgnning= €kfitina
2.04 andAfree = €fing, Whereunss = 5.19x 108 m2V-1slis the
< mobility of free Na' in the limit of c — 0. The values 0fAmanning
0.02 — and Afee are also listed in Table 2.
If Manning condensation were to be understood in the way
T T
02 0.4

T T 1 that all condensed ions are fixed on the chains and only free
£ 0.6 0.8 1.0 ions could contribute to the conductivity, one would then expect

042 — the valueA to be independent dffor all f > 45%. However,
I (© this is not the case, as shown in Table 2. In fact, forf &

0.10 60%, we find that the measur@dfulfills Amanning< A < Afree
008 Therefore, the actual total mobility of ions is between that
S e ascribed by Manning’s theory and that if all ions were free.
s This also supports the result from the AFM measurements of
<004 force decay lengtii. Namely, the tondensetions also are

002 I mobile and contribute to conductivity. Yet, for= 60%, Amanning

< A while for f = 40%, Amanning > A, indicating a threshold
T T

T ] charge fraction which is fairly close to the previously observed
002 004 0.06 0.08 45% value?’
i & AEM force Amolitud fr (M)d( ) ) ) In addition to ‘free’ and “condensedions, polyion chains
igure 8. orce Amplitude plotted (a) vs repeat unit concentration  oqy|d also contribute to the conductivity. Thus, a full expression
h o c - .l ! . ,
c at fixedf = 100%; (b) vs charge fractiohat fixed c = 0.04 M; (c) of A should be written as. = ¥ efuu;, wherew: represents the

vsfe. mobility of all conducting components, both the conducting
o f=100% counterions and the polyions. To avoid the complications from
1200— 0O f=80% the problem that ¢ondensetlions, “fre€’ ions and polyions
oo 2 =60% all have different mobilities, we can assign an average mobility
. X f=50% Alf to each ion pair. The values of/f are also listed in Table
Esoo - © f=40% 2. Itis particularly noteworthy thak/f increases with decreasing
Do :4 f=30% f, which indicates that the average mobility of each ion pair is
- higher at lower charges. This monotonic dependency of average
400 — ion pair mobility onf is qualitatively different from that of the
200 —] force decay length, recalling thatl decreases with increasing
f whenf < 40% but increases wher= 60%. Whenf < 40%,
0 — their behaviors fit together into a unified picture. Namely, the
| I I | | charge dissociation is more complete and the polyion chains
000 0T LW 003 0.04 themselves are more like bare charges, causing a more ordered
Figure 9. Conductivityx vs repeat unit concentratiarfor differently struqtyre (larged), and each lon pair aIsp hasa hlgher average
charged PTRIS0-AMPS. mobility. Whenf > 60%, the situation is complicated by the

different contribution from fre€’ ions, “condensetions, and

tion, the more energy it takes to compress the film. In other polyions, and there is no direct connection between the two
words, more concentrated solutions are less compressible, aphenomena.

one would expect. .

II.5. Conductivity and lon Mobility. To get further IV. Conclusion

understanding of the counterion distribution, the conductivity =~ We have studied the effect of polymer charge and geometrical
« of each solution was measured for each charge fraction atconfinement on the mesh structures of semidilute solutions of
different concentrations. The results are shown in Figure 9. For a typical hydrophilic polyelectrolyte. Counterion condensation
each charge fractiofy there is a constant linear dependency of plays an important role to regulate the structure and interaction
k on ¢, namely,k = Ac. In the case that all conducting in the solution. To investigate the effect of confinement, AFM
components contribute equally to the conductivity,would results in films are compared with SAXS results in bulk. Both
be the specific conductance. The fittAds are listed in Table techniques are suitable for the determination of the charactegﬂ'\?
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lengths of the polyelectrolyte system, i.e., mesh size and (13) Bergeron, V.; Langevin, D.; Asnacios, Bangmuir1996 12, 1550~
correlation length. The good agreement between the results of 1556

. o 14) Asnacios, A.; Espert, A; Collin, A; L in, Phys. Re. Lett.
the two completely different methods indicates no effect of ( )155;07'8’54974_28;3;_ onn angevin, THys. e. L€

confinement on the mesh size and correlation length of the (15) Kolaric, B.; Jaeger, W.; Klitzing, R. \d. Phys. Chem. 200Q 104,
network structure in the direction perpendicular to the film plane, 5096-5101.

although the observation of the force decay is only possible (16) ?”izsif%s -v.; Mller, H.-J.Curr. Opin. Colloid Interface Sc2002

under Suc_h cpnflngment. Mannmgts ,th?ory for Coume”?n (17) Stubenrauch, C.; Klitzing, R. J. Phys.: Condens. Matt&003 15,
condensation is valid only within a limit, i.e., beyond certain R1197-R1232.
threshold distance from the polyion chains. The mesh size is (18) Milling, A. J. J. Phys. Chem1996 100, 8986-8993.

beyond this threshold distance and is thus not influenced by (19) Miling, A. J.; Vincent, B.J. Chem. Soc., Faraday Tranto97, 93
the charge fraction so long as the effective charge fraction as (20) Kendall, K.. Milling, A. J.Langmuir200Q 16, 5106-5115.

predicted by Manning’s theory remains constant. However, the (1) Qu, D.; Baigl, D.; Williams, C. E.; Mowald, H.; Fery, A.Macro-
structure ordering of the system is reflected in the decay length molecules2003 60, 6878-6883.
of the force oscillation, which is smaller than this threshold gg; E:_?C,h' M-Fé Walef J-_dYJ-SF’h¥S~tChtemb%O(goégfiS?lggg_%lgg-

H H , Itzing, K. v. Ienside, surfactants. bete y .
distance where Ma”'.“”g s theory no Ionger_h_ol_ds. The fqrce (24) Theodoly, O.; Tan, J. S.; Ober, R.; Williams, C. E.; Bergeron, V.
decay thus reveals finer structures at the vicinity o_f polyion Langmuir 2001, 17, 4910-4918.
chains, namely, thecondensetions are actually mobile and  (25) Moussaid, A.; Candau, S. J.; Joosten, JMacromolecules1994
form a counterion cloud in the close vicinity of the chains. This 27, 2102-2110.
idea is further supported by evidence from conductivity

(26) Manning, G. SJ. Chem. Physl1969 51, 924-933.
measurements, where theohdensed ions seem also to (27) Oosawa, FPolyelectrolytesMarcel Dekker: New York, 1971.
contribute to the conductivity.

(28) Ray, J.; Manning, G. SMacromolecules 997, 30, 5739-5744.

(29) Olvera de la Cruz, M.; Belloni, L.; Delsanti, M.; Dalbiez, J. P.; Spalla,
O.; Drifford, M. J. Chem. Phys1995 103 5781-5791.
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