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Poly(ethylene oxide),-(CH2-CH2-O)N- (PEO), is almost
unique in being a nonionic polymer that is highly soluble in both
aqueous and organic solvents.1 This, together with its relative
biocompatibility,1 has made it not only a popular model polymer
but also a widely used material in both technological and particularly
biomedical areas: these range from zeolite templating,2 to controlled
drug release,3 to modifying the adhesion and spreading of cells on
surfaces.4 The modification of surface properties by PEO, and its
adsorption to various organic and inorganic surfaces, have been
well investigated.5,6 Here we report that high-molecular-weight (M)
PEO, which is known to adsorb strongly onto mica surfaces from
aqueous salt solution,5 surprisingly does not adsorb on it from water
in the absence of added salt. An analysis of the charge state of the
mica in these two limits, together with its known complexation
with alkali metal ions,7 suggests that the hydrated metal cation in
the salt solution (K+) may act as a ligand in binding the PEO to
the negatively charged mica. This sheds light on the molecular
mechanism of PEO adsorption and may have interesting implica-
tions for its control.

To establish the adsorbance of the PEO (weight averagesM )
150 000 and 170 000, and polydispersity PD) 1.02; Polymer
Laboratories, UK), we used a surface force balance8 (SFB) to
measure normal and shear interactions between molecularly smooth
mica surfaces in the following four configurations: (a) across
purified water (Milli-Q gradient system, resistivityg18.2 MΩ, and
total organic content 3-4 ppb) with no added salt or polymer; (b)
across purified water with added PEO; (c) across aqueous 0.1 M
KNO3 solution with no added polymer (KNO3, Aldrich 99.999%);
and (d) across aqueous 0.1 M KNO3 solution with added PEO.
Figure 1 shows the profiles of the normalized normal forcesFn(D)/R
between the curved mica surfaces (mean radius of curvatureR ≈
1 cm in the standard crossed-cylinder configuration) a closest
distanceD apart. Profiles are shown for both polymer-free water
and water with PEO, as in configurations (a) and (b) above. Within
the scatter, profiles with and without PEO (bothM values) are
identical and resemble earlier profiles for mica across water with
no added salt.9 Mica in water ionizes, losing K+ ions from its
surface, to develop a net negative charge. This results in the weak
long-ranged repulsion seen in Figure 1, arising from the osmotic
pressure of the trapped counterions (predominantly hydrated
protons, H3O+), followed by a jump into adhesive contact from
ca. 6( 1 nm. At this point, counterions condense into the negatively
charged mica surface sites and the attractive van der Waals force
dominates,9,10 resulting in the jump at the instability point when
∂Fn(D)/∂D ) Kn, the normal spring constant (inset to Figure 1).
The facts that the presence of the polymer makes no discernible
difference to the force profiles, and that they jump into mica-
mica contact both with and without the polymer in solution, indicate
that the PEO is not adsorbing onto the mica. This is a qualitatively

surprising result, insofar as it is well established that PEO of high
(though not low11) M adsorbs strongly onto mica from aqueous
salt solutions.5

To confirm this nonadsorbance, we carried out also shear force
measurements between the mica surfaces in pure water with and
without added PEO. In these, the upper mica surface moves laterally
past the lower surface and the shear force transmitted across the
gap between them is monitored with great sensitivity8 by the
bending of the lateral springsKs (schematic inset in Figure 1). This
approach can, in principle, reveal the presence of weakly adsorbed
polymer through its effect on the shear forces, even when its effect
on the normal forces may be swamped by counterion osmotic
pressure, and when the jump into contact may mask the presence
of any weak adsorption by squeezing the polymer out during the
jump. In Figure 2, we show shear force traces across water with
and without added PEO, when the surfaces are some nanometers
apart, approaching slowly (under thermal drift) and jumping into
contact from the instability point. In both cases, as evidenced also
by a frequency analysis of the transmitted force (not shown), there
is no shear force (above the noise level) between the surfaces either
prior to or during the jump-in. This confirms the essentially total
absence of any PEO adsorption.

In contrast, as shown in the normal force profiles of Figure 3,
PEO adsorbs strongly when mica surfaces are immersed in PEO
solution in aqueous 0.1 M KNO3. Figure 3 shows both the short-
range repulsion between the mica surface in polymer-free aqueous
0.1 M KNO3 and the long-range repulsion following addition of
the PEO, as in configurations (c) and (d) above. Both sets of profiles
are closely similar to literature values5 and demonstrate the clear
adsorption of the PEO in the presence of the salt.
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Figure 1. Normalized force profilesFn(D)/Rbetween curved mica surfaces
across water (no added salt) in the absence (empty symbols) and in the
presence (full symbols) of added PEO (M ) 150 000, 170 000; 150µg/
mL), measured using an SFB (schematic inset). Different symbols represent
different contact points and different experiments. Fits to profiles12 (solid
line) yield Debye screening lengths in the range 94-242 nm, corresponding
to effective monovalent salt concentrations 1.6× 10-6-1 × 10-5 M (scatter
due to variance in trace salt presence) and surface potentials 150( 10
mV. Inset shows region of jump-in on an expanded scale.
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Why does the presence of salt lead to attachment of the PEO
from water? The attachment from solution of polymers onto solid
surfaces arises from their net preference for the polymer segments
rather than for the solvent molecules.13,14 The mean net change in
interaction energy per segment attaching to the surface,-δkBT
(wherekB and T are Boltzmann’s constant and the temperature),
depends on the balance between segment, solvent, and surface
interactions.14 In the present PEO/water vs PEO/aqueous KNO3

case, the water/PEO segment interaction is closely similar to the
aqueous KNO3/PEO segment interaction: both are good solvents
for the polymer,15 while dynamic light-scattering measurements of
the PEO hydrodynamic radiusRH show thatRH ) 12.9( 0.3 nm
in pure water and 12.6( 0.3 nm in aqueous 0.1 M KNO3, indicating
segment/solvent interaction parameters that are equal within the
scatter. The origin of the PEO adsorption from the salt solutions is
thus likely to be in the different PEO segment/mica interactions
between the two cases.

Attachment of nonionic polymers, including PEO, to solid
surfaces is in general largely driven by van der Waals attraction14,16

or, for PEO, by H-bonding of the backbone-O- to surface-OH
groups.2,17 An analysis of theFn(D)/R profiles, however, suggests
that this is not the case in the present study: these (Figures 1 and

3) yield potentialsψ0 at the ionized mica surfaces of 150( 10
and 90( 30 mV for water and 0.1 M KNO3, respectively.18 From
the Grahame equation for the corresponding effective charge density

σ, σ ) x8εε0kBT sinh((eψ0/2kBT))x[K+]∞ (whereε andε0 are the
dielectric constant and the free space permittivity,e is the electronic
charge, and [K+]∞ is the bulk salt concentration,19 or its monovalent
equivalent for the pure water, which from the measured Debye
lengths, Figure 1, is ca. 6× 10-6 M), we find surface charge
densities of ca. 0.002 and 0.1 C/m2 for the pure water and the
aqueous 0.1 M KNO3, respectively. That is, far more of the charged
mica surface lattice sites are neutralized in the pure water case.
Since the-O- atom on the PEO backbone carries a slight net
negative charge, its van der Waals-driven attachment to the surface
is likely to be less favorable from the salt solution, where the mica
is more negatively charged relative to pure water. The fact that
PEO nonetheless adsorbs from the salt solution but not from pure
water suggests therefore another mechanism. We propose, in
analogy with the known complexation of PEO with alkali metal
ions in organic and aqueous solvents,6,7 that the oxy-ethylene
segments bind to the negatively charged mica via an interlayer of
hydrated or partly hydrated potassium ions, as schematically shown
in the inset in Figure 3. Such a ligand configuration immediately
accounts for the propensity of the PEO to bind to the ostensibly
more repulsive surface (whose higher charge density results also
in a higher density of the counterions available for ligand formation
at the surface) and may have interesting implications also for
controlling PEO attachment to other negatively charged surfaces,
both in synthetic and in biological contexts.
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Figure 2. Typical time traces of shear forces transmitted across water (no
added salt) in the absence (trace c) and presence (trace b) of added PEO
(M ) 150 000, 170 000; 150µg/mL), in response to lateral motion∆X0 of
the upper mica surface (inset to Figure 1 and trace a), at separationsD
close to jump-in as shown. No shear force is detected above the noise in
either trace b or c.

Figure 3. Normalized surface interactions between mica surfaces across
aqueous 0.1 M KNO3 (empty symbols) and in the presence of 150µg/mL
PEO (full symbols). Different symbols represent different contact points
and different experiments. Fits to profiles12 (solid line) across the polymer-
free salt solution yield surface potentials 90( 30 mV. The dotted line is
the literature profile for a similar KNO3/PEO system.5 The inset illustrates
the proposed ligand action.
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