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Poly(ethylene oxide),—(CH,—CH,—O)y— (PEO), is almost 10000 10000
unique in being a nonionic polymer that is highly soluble in both
aqueous and organic solveAtdhis, together with its relative
biocompatibility! 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 templattog;ontrolled
drug releasé to modifying the adhesion and spreading of cells on
surfaced. The modification of surface properties by PEO, and its
adsorption to various organic and inorganic surfaces, have been
well investigated:® Here we report that high-molecular-weighM) 1004
PEO, which is known to adsorb strongly onto mica surfaces from
aqueous salt solutidrsurprisingly does not adsorb on it from water 0 50 100 150 200 250
in the absence of added salt. An analysis of the charge state of the D (nm)
mica in these two limits, together with its known complexation  rigyre 1. Normalized force profile&,(D)/R between curved mica surfaces
with alkali metal ions, suggests that the hydrated metal cation in across water (no added salt) in the absence (empty symbols) and in the
the salt solution (K) may act as a ligand in binding the PEO to  presence (full symbols) of added PE® ¢ 150 000, 170 000; 1509/

: ; ; ; mL), measured using an SFB (schematic inset). Different symbols represent
the negatively charged mica. This sheds light on the molecular different contact points and different experiments. Fits to prdfilésolid

mechanism of PEO adsorption and may have interesting implica- line) yield Debye screening lengths in the range-242 nm, corresponding

jump-into D= 0.0+ 0.5nm i

/ 1000 ;’f %A% % e
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tions for its control. to effective monovalent salt concentrations .6076—1 x 1075 M (scatter

To establish the adsorbance of the PEO (weight aversliges due to variance in trace salt presence) and surface potentials- 1BD
150 000 and 170 000, and polydispersity RD1.02; Polymer mV. Inset shows region of jump-in on an expanded scale.
Laboratories, UK), we used a surface force bal&n@&FB) to surprising result, insofar as it is well established that PEO of high

measure normal and shear interactions between molecularly SmOOt"(though not low!) M adsorbs strongly onto mica from aqueous
mica surfaces in the following four configurations: (a) across 4t solutions.

purified water (Milli-Q gradient system, resistivity18.2 M2, and To confirm this nonadsorbance, we carried out also shear force
total organic content-34 ppb) with no added salt or polymer; (b)  neasurements between the mica surfaces in pure water with and
across purified water with added PEO; (c) across aqueous 0.1 Myithout added PEO. In these, the upper mica surface moves laterally

KNOs solution with no added polymer (KNOAIdrich 99.999%); st the lower surface and the shear force transmitted across the
and (d) across aqueous 0.1 M Ki®olution with added PEO. g4 petween them is monitored with great sensitivity the
Figure 1 shows the profiles of the normalized normal fofe¢B)/R bending of the lateral sprindé, (schematic inset in Figure 1). This

between the curved mica surfaces (mean radius of curv&are  5nr0ach can, in principle, reveal the presence of weakly adsorbed
1 cm in the standard crossed-cylinder configuration) a closest o\ mer through its effect on the shear forces, even when its effect
distanceD apart. Proﬂle; are slhown. for both polymer-free Water on the normal forces may be swamped by counterion osmotic
and water with P_EO, asin conflggratlons (a) and (b) above. Within pressure, and when the jump into contact may mask the presence
the scatter, profiles with and without PEO (bdthvalues) are ot any weak adsorption by squeezing the polymer out during the
identical and resemble earlier profiles for mica across water with jump. In Figure 2, we show shear force traces across water with
no added saf.Mica in water ionizes, losing Kions from its and without added PEO, when the surfaces are some nanometers
surface, to develop_a net negative charge. Thls results in the We_akapart, approaching slowly (under thermal drift) and jumping into
long-ranged repulsion seen in Figure 1, arising from the 0Smotic ¢ontact from the instability point. In both cases, as evidenced also
pressure of+the trapped counterions (predominantly hydrated py 5 frequency analysis of the transmitted force (not shown), there
protons, HO™), followed by a jump into adhesive contact from s g shear force (above the noise level) between the surfaces either
ca. 6+ 1 nm. Atthis point, counterions condense into the negatively prior to or during the jump-in. This confirms the essentially total
charged mica surface sites and the attractive van der Waals force;psance of any PEO adsorption.
dominates;'® resulting in the jump at the instability point when In contrast, as shown in the normal force profiles of Figure 3,
9Fn(D)/dD = Ky, the normal spring constant (inset to Figure 1). pgQo adsorbs strongly when mica surfaces are immersed in PEO
The facts that the presence of the polymer makes no discerniblegg|tion in agueous 0.1 M KN§Figure 3 shows both the short-
difference to the force profiles, and that they jump into mica  ange repulsion between the mica surface in polymer-free aqueous
mica contact both with and without the polymer in solution, indicate 1 KNO; and the long-range repulsion following addition of
that the PEO is not adsorbing onto the mica. This is a qualitatively o PEO, as in configurations (c) and (d) above. Both sets of profiles
t Weizmann Institute of Science. are clogely similar to Iitgrature valuleand demonstrate the clear
*Oxford University. adsorption of the PEO in the presence of the salt.
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3) yield potentialsy, at the ionized mica surfaces of 150 10
and 904+ 30 mV for water and 0.1 M KN@ respectively8 From
the Grahame equation for the corresponding effective charge density

0, 0 = \/8eeks T sinh(eyo/2keT))4/[K 1., (Wheree ande, are the

dielectric constant and the free space permitti\étig, the electronic
charge, and [K]. is the bulk salt concentratiofi,or its monovalent
equivalent for the pure water, which from the measured Debye
lengths, Figure 1, is ca. & 107 M), we find surface charge
densities of ca. 0.002 and 0.1 CG/ror the pure water and the
aqueous 0.1 M KNg) respectively. That is, far more of the charged
mica surface lattice sites are neutralized in the pure water case.
jump-in to Since the—O— atom on the PEO backbone carries a slight net
D=0.0+0.5nm negative charge, its van der Waals-driven attachment to the surface
Figure 2. Typical time traces of shear forces transmitted across water (no is likely to be less favorable from the salt solution, where the mica
added salt) in the absence (trace c) and presence (trace b) of added PEQs more negatively charged relative to pure water. The fact that

(M = 150 000, 170 000; 15@g/mL), in response to lateral motiakX, of :
the upper mica surface (inset to Figure 1 and trace ), at separfions PEO nonetheless adsorbs from the salt solution but not from pure

close to jump-in as shown. No shear force is detected above the noise inWater SUQ_QGStS therefore another_ mechanism. .We propose, in
either trace b or c. analogy with the known complexation of PEO with alkali metal

ions in organic and aqueous solvehisthat 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 3. Normalized surface interactions between mica surfaces across
aqueous 0.1 M KN@(empty symbols) and in the presence of 1&mL

PEO (full symbols). Different symbols represent different contact points
and different experiments. Fits to profilégsolid line) across the polymer-
free salt solution yield surface potentials 2030 mV. The dotted line is

the literature profile for a similar KN@PEO system.The inset illustrates

the proposed ligand action.
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