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ABSTRACT: Polyelectrolyte brushes were formed at the interface between hydrophobized mica and water
by adsorbing amphiphilic diblock copolymers consisting of a hydrophobic and a charged block. We
measured force-distance profiles with the surface force apparatus (SFA) for several polyelectrolyte brushes
of different lengths as a function of aqueous 1:1 electrolyte concentration. Long-ranged electrostatic double-
layer forces were not observed in the force curves, and our results suggest that more counterions than
predicted by the Manning theory are condensed onto the polymer backbones inside the brush. The brush
height observed with the SFA follows the predictions of the mean field theory: at low ionic strength the
height is independent of the external salt concentration cs, whereas at high external ionic strength the
height shrinks with a weak power law L0 ∝ cs

-1/3. All force vs separation data for three different brushes,
with various salt concentrations, collapse with reasonable accuracy into two reduced plots of data in the
osmotic and salted brush regimes, respectively, the variables of which are developed in the scope of the
mean-field brush theory.

Introduction

Polyelectrolytes remain among the least understood
materials in condensed matter science, despite their
widespread presence and use. The barrier to under-
standing is connected with the entwined correlations of
chain configurations and charge, coupled with the long-
range interactions inherent to these structures. As a
natural extension of the study of neutral polymer
brushes,1 end-tethered polyelectrolytes are the central
models of many important systems, for example, colloid
stabilization2,3 or lubrication.4 Polyelectrolyte brushes
bring to polyelectrolyte solution physics the additional
feature of end-tethering and the resultant confinement
to a small surface region. However, this controlled
confinement also gives us a well-defined “grip” on one
end of every polyelectrolyte chain, thereby giving us a
new avenue to study polyelectrolyte chain stretching
under the influence on intermolecular interactions, pH,
salt, and other controllable parameters of the environ-
ment. By studying polyelectrolyte brush model systems,
we gain better understanding of the physics of charged
macromolecules and are able to provide new ideas for
designing biomaterial systems, improving the effective-
ness of drug delivery and fine-tuning cell/surface inter-
actions.5

Recently, polyelectrolyte brushes have attracted sig-
nificant attention of theoreticians6-10 and experimen-
talists,11-15 the main challenge being to capture and
understand the configurations and forces of interaction
in such systems under various conditions. The measure-
ment of brush height, forces between opposing polyelec-

trolyte layers, and segment density profiles as functions
of salt concentration (cs), adsorption density (σ), number
of segments per chain (N), and fraction of free counter-
ions per chain (R) are essential to achieve this aim. A
surface forces apparatus (SFA) similar to the design
introduced by Israelachvilli et al.16 was used in this
study for the direct force measurements between the
opposing polymer layers. This apparatus permits ac-
curate measurements of attractive or repulsive forces,
F(D), as a function of the surface separation D. Before
presenting the measurements, a brief presentation of
some theoretical expectations is given.

Theoretical Considerations
For highly charged and densely tethered polyelectro-

lyte brushes, the mean-field scaling theories distinguish
two different regimes depending on the ionic strength
in the solution: the osmotic brush and the salted brush
regimes.9 In the osmotic brush regime, the concentration
of counterions inside the brush is greater than the
external salt concentration in solution; thus, stretching
is produced by the osmotic pressure of the confined
counterions.6 In this regime, the stretching forces are
resisted by the elastic force (Fel = 3LkT/(Na2)), which
balance the counterion osmotic pressure (Fion =
RNkT/L), modeled as an ideal gas of counterions:

where L is the equilibrium brush height, N is the
number of monomer units of Kuhn length a, R is the
ratio of the total number of free mobile counterions to
the total number of monomer segments, which may be
adjusted for counterion condensation,17 σ is the adsorp-
tion density (chains per unit area), and kT is the
thermal energy. The balance between the forces leads
to the equilibrium thickness of the uncompressed
brush L0:
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L0 is expected, by this argument, to be independent of
the adsorption density and of the external salt concen-
tration. By integrating eq 1 with respect to L, from L0
to D/2, D being the distance between the two adsorption
surfaces, we obtain the interaction free energy Gf per
chain.

which leads to

Equations 2 and 4 allow us to write the free energy per
area, Gf(D)σ, as a function of D/2L0, where σ represents
chains per area:

with f(D/2L0) ) A1[(D/2L0)2 - 1] - A2 ln(D/2L0), A1 and
A2 being arbitrary constants to account for the fact that
there are unknown prefactors in eq 1.

The interaction force measured in the SFA between
the two surfaces of crossed cylinder in geometry is
normalized by the local geometric mean radius of
curvature of the two surfaces, F(D)/R. F(D)/R can be
related to Gf(D)σ by the Derjaguin approximation:18

leading to

When the external salt concentration is greater than
the concentration of the counterions inside the brush,
the “salted brush” regime is entered. The electrostatic
interaction among chain segments becomes screened.
The brush remains stretched by the excluded-volume
repulsion, where the chains may still be swollen locally
(within a Debye length) by electrostatics. This can be
modeled using a second virial coefficient. In this “salted
regime”, the force can be written6

where ω ∝ R2/(4cs) is the excluded-volume parameter
and cs is the external salt concentration. The same
procedure used for the osmotic regime leads to

with a functional form of the force curve given by
g(D/2L0) ) A3[(D/2L0)2 - 1] - A4[1 - (2L0/D)], A3 and
A4 being constant prefactors.

Equations 7 and 10 will be tested against experimen-
tal data.

Experimental Procedure
In this study, we take the advantage of the amphiphilic

nature of hydrophobically modified polyelectrolytes to form the
desired brush structure on a hydrophobized mica substrate.
A series of various molecular weight diblock copolymers (Table
1), poly(tert-butylstyrene)-sodium poly(styrenesulfonate) (Pt-
BS-NaPSS) (Figure 1), were synthesized as described previ-
ously.19 The PtBS block is strongly hydrophobic and insoluble
in aqueous media while the NaPSS block is hydrophilic and
soluble in water. The diblock copolymers are made highly
asymmetric (small PtBS block compared to a large NaPSS
block) to ensure water solubility. As indicated in Table 1, the
sulfonation levels of the PSS block are around 85%, based on
elemental analysis. The hydrophobic PtBS block acts as an
anchor toward the surface and adsorbs onto hydrophobic
surfaces from aqueous solutions.

Normal Force Measurements. Force measurements were
carried out on a surface forces apparatus (SFA) similar to the
Israelachvili design.16 The basic techniques20 and the detailed
experimental procedures involved in force measurements have
been described elsewhere.21 In a typical experiment, two mica
pieces were glued onto the two cylindrical lenses. Monolayers
of octadecyltriethoxysilane (OTE) were transferred by a Lang-
muir-Blodgett technique onto mica substrates that had been
treated with water plasma to generate hydroxyl groups on the
surface. The details of this mica surface modification are
described in the next paragraph and discussed elsewhere.22

After deposition of the OTE layer, the two lenses were mounted
in the SFA and a thickness of 20 ( 5 Å for the OTE layer was
measured. This result is in accordance with the literature.23,24

The SFA was then filled with a solution of 80 ppm PtBS-
PSSNa in 0.3 M NaNO3, a salt which was found to produce
less deterioration over long periods of time of the silvered mica
surfaces of the SFA than NaCl and is high enough in
concentration to produce a significant adsorbed amount19 (see
Table 1). This polymer concentration exceeds the critical
micelle concentration of the block copolymers used.25

Once filled, the two surfaces were separated to approxi-
mately 1 mm. After 14 h, the solution was replaced with pure
water to quench the adsorption. NaNO3 solution was added
into the box until the concentration reached about 0.3 M. A
force-distance profile (F/R vs D) was obtained at this concen-
tration, where R is the mean curvature of the cross-cylindrical
lenses. The bulk salt concentration was then gradually diluted,
and force-distance profiles at different salt concentrations
were measured. The salt concentration in the bulk solution
was measured with a conductivity probe. All adsorption and
force measurement experiments were done at temperatures
of T ) 30 ( 0.2 °C. No desorption was observed during the
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Table 1. Molecular Information and Adsorption Density
of PtBS-NaPSS Diblock Copolymers

polymer name MT3 MT5 MT6
chain length of PtBS block 27 15 15
chain length of NaPPS block, N 747 438 612
degree of sulfonation, â (%) 87 85 84
polydispersity 1.04 1.03 1.04
adsorption density, σ

(1015 chains/m2)
7.4 ( 0.2 12.5 ( 0.4 9.5 ( 0.3

Figure 1. Schematic structure of PtBS-PSSNa.
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experiment, in good agreement with our adsorption experi-
ments by using ellipsometry, which also show no desorption
at similar conditions.19,25 After the compression/separation
cycles at the lowest salt concentration, 0.3 M NaNO3 was again
introduced, and the force measurement was repeated; the same
force curves as originally measured at 0.3 M were obtained.

Hydrophobic Surface Preparation. Langmuir-Blodgett
(LB) deposition were carried out using a KSV 5000 Langmuir
trough. LB monolayers were deposited onto cylindrically
curved glass lenses with a 1 cm2 mica coupon (thickness 2-3
µm) glued to them. The lenses were held by stainless steel
tweezers for the deposition. The protocol developed by Wood
and Sharma23 was slightly modified. Monolayers of OTE were
transferred onto mica surface that had been treated with
argon/water-vapor plasma (30 min at 20 W). The water vapor
flow rate was such that the pressure in the plasma chamber
(initially at 34 mT) was maintained at 54 mT. Transfer of the
OTE monolayer was performed at 30 mN m-1. 35 µL of OTE
solution was spread from a 2 mg/mL OTE solution in chloro-
form/methanol (95/5), onto a subphase of neutral pH, and
allowed to stand for 30 min before compressing the film to 30
mN m-1 at a rate of 10 mm/s. The pH of the subphase was
then lowered to pH 2 ( 0.5 using sulfuric acid, and the film
was allowed to stand compressed at 30 mN m-1 for 90 min.
Deposition of the monolayer was performed at 1 mm/min with
a transfer ratio of 0.95 ( 0.05. After drying in a clean air
stream for 15 min, these samples were annealed at 100 °C for
120 min. This protocol produced relatively smooth and homo-
geneous OTE surfaces on mica.22 Any small scale roughness
that was produced on the surface was irrelevant at the length
scales of the polyelectrolyte force measurements. The resulting
contact angle of the hydrophobic OTE layer was about 110°,
in accord with other studies.23,24

Adsorption Density Measurements. Using ellipsometry,
we measure separately the adsorbed amount on an OTE-
covered SiO2 substrate. The OTE deposition was carried out
using a simpler method than that described in the previous
section,24 leading to the same water contact angle. Therefore,
we assume the two OTE surfaces to be equivalent in terms of
the amounts of adsorbed polymer; we, therefore, calculated the
adsorption density under the same adsorption conditions from
the ellipsometric measurements.26 The average value of σ
obtained in this way, reported in Table 1, exceeds the overlap
concentration for chains on the surface. We know that there
is some heterogeneity of adsorption of the hydrophobic block,14

as seen in atomic force microscopy images, but this heteroge-
neity is at a much smaller scale than that of the contact region
over which the SFA measurement is made. These surfaces are
homogeneous from the point of view of ellipsometry and SFA.

Results

Figures 2-4 show the force profiles of three NaPSS
brushes with different molecular weights (MT6, MT5,
and MT3, respectively) in water of various salt concen-
trations. The forces were measured with the surfaces
both approaching and retreating from each other. At
each particular salt concentration, the compression
curves overlap the separation curves very well, indicat-
ing that no appreciable hysteresis is observed in any of
these experiments. The superposition of compression
and separation curves is good evidence that possible
effects of weak adsorption of PSS on the hydrophobic
surface are negligible. This contrasts with many obser-
vations of hysteresis in SFA measurements between
adsorbed polyelectrolyte layers.27,28 The measured in-
teraction forces are purely repulsive for both compres-
sion and separation. The force profiles clearly show the
influence of the external salt on the conformation of the
adsorbed polyelectrolyte chains.

Several features are evident from visual observation
of the data and identical for all the brushes described
in Figures 2-4. Figure 4, for example, is a convenient

place to discuss these features. On reducing the con-
centration of NaNO3 from 0.49 to 9.1 × 10-5 M, two
regimes of behavior were observed. In the first regime,
from 0.49 to 0.020 M NaNO3, the interaction range
shifts progressively to larger distance. This decrease of
the ionic strength leads to decrease of the screening and
increase of electrostatic excluded-volume repulsion,
which gives rise to the expansion of the “salted” brush.

Figure 2. Normalized force-distance profiles of PtBS15/
NaPSS612 (MT6) at different added salt (NaNO3) concentra-
tion: 0.30 M (square), 0.12 M (pentagon), 0.056 M (triangle
up), 0.020 M (triangle down), 5.4 mM (diamond), 0.92 mM
(star), and 0.11 mM (circle). Filled symbols refer to compres-
sion force curves, and open symbols refer to separation force
curves. Force curves of several compression/separation cycles
are presented at each salt concentration.

Figure 3. Normalized force-distance profiles of PtBS15/
NaPSS438 (MT5) at different added salt (NaNO3) concentra-
tion: 0.30 M (square), 0.16 M (pentagon), 0.076 M (triangle
up), 0.034 M (triangle down), 0.012 M (diamond), 0.91 mM
(star), and 0.15 mM (circle). Filled symbols refer to compres-
sion force curves, and open symbols refer to separation force
curves. Force curves of several compression/separation cycles
are presented at each salt concentration.
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In a second regime (“osmotic brush” regime), observed
here at lower salt concentrations of 0.0092-9.1 × 10-5

M, the force curves almost remain the same, which
suggests that not only the brush height but also the
segment distribution has a very weak dependence on
the external salt concentration.

Interestingly, the force curves become softer (less
abrupt increase of force at smaller separations) with
decreasing salt concentration, meaning that the seg-
ment distribution is becoming more diffuse. This agrees
with theoretical analysis8 and other experimental ob-
servations.12 The force profiles of other molecular weights
(Figures 2 and 3) show very similar behavior.

Discussion

When two polyelectrolyte brush layers are brought
together, a steric repulsive force develops when the
segments of the two opposing layers come into contact
with each other. Furthermore, a longer-ranged electrical
double-layer force might also be observed if the coun-
terion clouds of the two layers come into to overlap
before steric interactions occur.15,29 However, most
theories of polyelectrolyte brushes6,9,10,30 assume that
all of the counterions are trapped inside the polyelec-
trolyte brush. Under this assumption of brush electro-
neutrality, the counterion cloud extends only negligibly
outside the brush; thus, the long-ranged electrical
double-layer force does not exist. Indeed, none of the
measured force curves in Figures 2-4 exhibit the
exponential tail of the electrostatic double-layer force
at any salt concentration, which indicates that the long-
ranged electrostatic interaction was not observed.31 The
onset of the measured force can be regarded as the
interaction range of the steric forces. Thus, the separa-
tion distance at which the interaction forces are first
detectable equals twice the brush height (2L0). Hence,

the brush height can be estimated at each salt concen-
tration for each polymer. The absence of the electrostatic
tail is also a strong indication that the low salt data
actually are in the osmotic brush regime.

To examine the scaling relationship between brush
height and salt concentration for different brushes, a
log-log plot (log L0 vs log [NaNO3]) was constructed for
MT3, MT5, and MT6. As shown in Figure 5, one can
easily distinguish the osmotic brush and salted brush
regime. For each molecular weight, the brush height L0
is nearly constant and independent of the bulk salt
concentration in the osmotic brush regime at low cs.
While in the salted brush regime, the brush height
shrinks upon the addition of monovalent counterions,
and the slopes of the three different brushes are all very
close to -1/3, which is in good agreement with the scaling
law9 L0 ∝ cs

-1/3. The overlap of the data for different
molecular weights in both regimes is consistent with the
linear scaling of L0 with N, embodied in eqs 2 and 9.

The transition from the osmotic brush to the salted
brush happens when the bulk salt concentration equals
the free mobile counterion concentration. We determine
the crossover concentration c0 from Figure 6, which
turns out to be in the range from 0.01 to 0.02 M for the
three different brushes. The Debye screening length κ-1

and Gouy-Chapman length Λ at the crossover concen-
tration can be calculated by using κ-1 ) (8πlBc0)-1/2 and
Λ ) (2πlBc0L0)-1, where lB is the Bjerrum length (7.14
Å for water).18 The Gouy-Chapman length is defined
as the characteristic thickness of the counterion cloud
near a charged surface.32 As in Table 2, both κ-1 and Λ
are much smaller than the brush height L0. Therefore,
the decay of the counterion density from a mean value
of NR/L0 inside the brush, to zero in the external
solution, occurs within a narrow region of thickness κ-1

at the brush/solution interface (κ-1 , L0, 30 Å vs 1300
Å in the case of MT3). This explains why no electrical
double-layer force is observed in the force profiles.

Figure 4. Normalized force-distance profiles of PtBS27/
NaPSS747 (MT3) at different added salt (NaNO3) concentra-
tion: 0.49 M (square), 0.30 M (pentagon), 0.12 M (triangle up),
0.052 M (triangle down), 0.020 M (diamond), 9.2 mM (star),
2.8 mM (circle), 0.57 mM (triangle left), and 0.091 mM
(triangle right). Filled symbols refer to compression force
curves, and open symbols refer to separation force curves.
Force curves of several compression/separation cycles are
presented at each salt concentration.

Figure 5. Salt concentration dependence of the brush height
for the three different brushes. The solid and dashed lines are
linear fits. The dashed lines have slopes close to zero. The
slopes for the linear fit 1, 2, and 3 are -0.33 ( 0.02, -0.33 (
0.02, and -0.30 ( 0.02, respectively.
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The total counterion concentration inside the brush,
including both free counterions and condensed counter-
ions, can be calculated assuming that all the counterions
remain inside the brush, through cT ) âσN/(LcNav),
where â is the degree of sulfonation of the polyelectro-
lyte chains, Lc refers to the brush height at the
crossover, and Nav is Avogadro’s number. Condensation
here means close association of a counterion with a
polyelectrolyte chain. The transition between the salted
regime and osmotic brush regime is defined as the point
where the osmotic pressure from the salt ions in solution
outside the brush equals the osmotic pressure from the
salt ions inside the brush. Since only the fraction of
counterions that are uncondensed contribute to the
osmotic pressure, we assume that the free counterions
trapped in the brush equal the crossover concentration.
Therefore, the resulting fraction of condensed counter-
ions reported for different molecular weights in Table
2 suggests that in all cases about 80% of the counterions
inside the brush are condensed.

This observation implies that the majority of coun-
terions is bound to the polyelectrolyte chains and that
the fraction of counterion condensation is higher than
the value predicted by the Manning theory (Table 2).
The fraction of counterion condensation predicted by the
Manning theory17 equals 1 - b/lB, where b is the average
contour length between two neighboring monomers.
Since the polymer chains are not 100% charged, b )
2.5 Å/â. This fraction of counterion condensation is in

close agreement with another experimental study on a
quenched polyelectrolyte brush studied by X-ray reflec-
tivity.13 This result indicates that the actual counterion
condensation amount for brushes exceeds the value
predicted by the Manning theory by about 20-25%. The
origin of this difference is not certain. A possible
explanation for this is that, due to the overlap of the
polyelectrolyte chains in the brush structure, for a
selected charged monomer, the closest charged monomer
may not be on the same chain but on a neighboring
backbone, and this on average leads to a decrease in
the contour length b.

For polyelectolyte brushes, our data support the
predictions of simple models which predict that the
brush height scales with molecular weight to the first
power for both salted and osmotic brush regimes. This
stronger dependence on molecular weight implies that
the tethered chains are highly stretched as compared
to the untethered case. Table 2 shows that when the
brushes are maximally stretched, a value of about 70-
80% of the contour length is reached. Even though the
adsorption densities of these polyelectrolyte brushes are
lower than those of many neutral polymer brush con-
structions studied in our laboratory and others,34 the
stretching here is much greater than has been observed
in neutral brushes.

According to the predictions of eqs 2 and 9, the brush
height depends on four variables: the chain length N,
fraction of free counterions R, adsorption density σ, and
salt concentration cs. It is desirable to plot all our data
in a master curve based on the scaling forms of eqs 2
and 9, which takes all four parameters into consider-
ation. Here, R is the charge density after counterion
condensation and is calculated from the data in Tables
1 and 2; i.e., R ) â*(1-81%) ) 0.17 for MT3 and â is
87% here. In Figure 6, L0/(NaR1/2) is plotted vs acs/(σR1/2),
and all the data fall onto a universal curve in a log/log
plot, which has a slope of zero in the low salt regime
and a slope of -1/3 in the high salt regime. This supports
the validity of the asymptotic relations L0 ∝ R1/2Na, for
osmotic brush, and L0 ∝ R2/3Nσ1/3cs

-1/3, for salted brush.
Figures 7 and 8 show the plots of (F/R)/(2πkTσRN) vs

D/2L0 and (F/R)a2/3Cs
2/3/(2πkTσ5/3R4/3N) vs D/2L0, as

suggested by eqs 7 and 10, respectively, for the three
different molecular weights in the osmotic regime and
the salted regime. In each regime, all the force profiles
collapse without any adjustable parameters, indicating
that the physics of our system is well described by eqs
7 and 10 and therefore by the simple force balances
embodied in eqs 1 and 8. The two universal force curves
in Figures 7 and 8 can be fit reasonably well by the
two equations f(x) ) A1(x2 - 1) - A2 ln(x) and g(x) )
A3(x2 - 1) - A4[1 - (1/x)], respectively. The constants
are A1 ) 0.75, A2 ) 1.62, A3 ) 0.45, and A4 ) 1.01. The
ratios A2/A1 and A4/A3 are both 2.2, indicating the
osmotic repulsion dominates the elastic force in both
brush regimes.

Table 2. Debye Screening Length and Counterion Condensation

polymer name MT3 MT5 MT6
crossover concentration, c0 (M) 0.011 ( 0.002 0.015 ( 0.002 0.013 ( 0.002
Debye screening length at c0 (Å) 29 ( 2 25 ( 2 27 ( 2
Gouy-Chapman length at c0 (Å) 2 3 3
maximum height of the brush (in % of the contour length) 71 ( 5 79 ( 5 75 ( 5
concentration of free counterions inside the brush (M) 0.011 ( 0.002 0.015 ( 0.002 0.013 ( 0.002
concentration of total counterions inside the brush (M) 0.059 ( 0.002 0.091 ( 0.002 0.071 ( 0.002
fraction of counterion condensation (%) (experimental) 81 ( 5 84 ( 5 82 ( 5
fraction of counterion condensation by the Manning theory (%) 60 59 58

Figure 6. A master curve for the brush height. The brush
height L is a function of N, R, σ, and cs for salted brush and
only depends on N and R for the osmotic brush. The solid lines
(with slopes of -1/3 and 0, respectively) are the theoretically
expected power laws for the salted brush and osmotic brush,
respectively.
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In comparing Figures 7 and 8, it is interesting to note
that, in the regions of weaker compression (D/2L0 value
greater than 0.4), the universal force curves in the
osmotic regime and salted regime can overlap each other
well. Differences between the two regimes start to occur

for higher compression (D/2L0 value lower than 0.4),
where it appears that there is more resistance to
compression of the two layers in the salted regime than
in the osmotic regime. This divergence is not suggested
by the scaling model, because the concentration of the
free counterions inside a salted brush increases with
compression, and it will exceed the bulk salt concentra-
tion and become indistinguishable from an osmotic
brush at sufficient high compression. Therefore, the
theory, which explains most features of our data quite
well, does not offer an explanation for the divergence
of the normalized force data in the two regimes at high
compression. Overall, however, we feel the simple
models tested here perform very well.

Conclusion
We have performed direct force measurement on three

quenched polyelectrolyte (PtBS-NaPSS) brush systems
at various bulk salt concentrations. The measured forces
can be regarded as the contributions of steric interac-
tions and short-ranged electrostatic interactions. Long-
ranged electrostatic double-layer forces have not been
detected. A large fraction of counterions condenses onto
the polyelectrolyte backbones, while the rest of the
counterions are trapped inside the brush. Finally, we
successfully assembled all our data into a “universal
brush height curve”, which considers all factors that
affect the brush height. A “universal force profile” was
successfully drawn in each brush regime (osmotic and
salted), based on equations derived from the scaling
theory. All our results clearly demonstrate the validity
of the scaling theory for both osmotic brush and salted
brush regimes and give an idea of the contribution of
the different forces at play in each case.
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