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Strong long-range repulsion between oppositely charged surfaces

Abstract

Two oppositely charged surfaces separated by a dielectric medium attract each other. In contrast we observe a strong repulsion between two plates of a capacitor that is lled with an aqueous electrolyte upon application of an alternating potential dierence between the plates. This longrange force increases with the ratio of diusion coecients of the ions in the medium and reaches steady state after a few minutes, which is much larger than the millisecond time scale of diusion across the narrow gap. The repulsive force, an order of magnitude stronger than the electrostatic attraction observed in the same setup in air, results from the increase in osmotic pressure as a consequence of the eld-induced excess of cations and anions due to lateral transport from adjacent reservoirs.

Manifold electrokinetic phenomena, such as electrohydrodynamic colloid manipulation [START_REF] Bukosky | Simultaneous aggregation and height bifurcation of colloidal particles near electrodes in oscillatory electric elds[END_REF][START_REF] Woehl | Bifurcation in the steady-state height of colloidal particles near an electrode in oscillatory electric elds: Evidence for a tertiary potential minimum[END_REF], AC pumping [START_REF] Ajdari | Pumping liquids using asymmetric electrode arrays[END_REF], AC electro-osmosis (ACEO) [START_REF] Ramos | Ac electric-eld-induced uid ow in microelectrodes[END_REF], induced-charge electro-osmosis (ICEO) [START_REF] Bazant | Induced-charge electrokinetic phenomena: theory and microuidic applications[END_REF], induced-charge electrophoresis (ICEP) [START_REF] Velev | Particle-localized ac and dc manipulation and electrokinetics[END_REF] and asymmetric rectied electric eld (AREF) [START_REF] Hashemi Amrei | Oscillating electric elds in liquids create a long-range steady eld[END_REF] have been studied experimentally and theoretically [START_REF] Bazant | Towards an understanding of inducedcharge electrokinetics at large applied voltages in concentrated solutions[END_REF][START_REF] Bazant | Induced-charge electrokinetic phenomena[END_REF]. To describe some of these phenomena classical models, like the Poisson-Boltzmann equation, have been modied and expanded, resulting in additional terms to account for large voltages [START_REF] Højgaard Olesen | Strongly nonlinear dynamics of electrolytes in large ac voltages[END_REF][START_REF] Bazant | Nonlinear electrokinetics at large voltages[END_REF], nite sizes of ions [START_REF] Borukhov | Steric eects in electrolytes: A modied poissonboltzmann equation[END_REF] and molecular crowding [START_REF] Kilic | Steric eects in the dynamics of electrolytes at large applied voltages. i. double-layer charging[END_REF], and allows understanding many problems qualitatively and quantitatively.

We present a new phenomenon that eludes all previously developed electrokinetic descriptions -the strong, long-ranged repulsion between surfaces upon application of an AC voltage. Although repulsion of oppositely charged surfaces was reported previously, all such cases were strictly limited to unequal amounts of charges accumulated at both surfaces [START_REF] Parsegian | On the electrostatic interaction across a salt solution between two bodies bearing unequal charges[END_REF], short-range interactions (compared with the Debye length) [START_REF] Aranda-Espinoza | Electrostatic repulsion of positively charged vesicles and negatively charged objects[END_REF], multivalent ions [START_REF] Besteman | Direct observation of charge inversion by multivalent ions as a universal electrostatic phenomenon[END_REF][START_REF] Trulsson | Repulsion between oppositely charged surfaces in multivalent electrolytes[END_REF], exhibiting forces in the range of nN [START_REF] Besteman | Direct observation of charge inversion by multivalent ions as a universal electrostatic phenomenon[END_REF], or ionic liquids [START_REF] Perez-Martinez | Surface forces generated by the action of electric elds across liquid lms[END_REF]. None of these features apply to our measurements.

We utilize a surface forces apparatus (SFA) -a technique for precise measurement of surface interactions [1922], in which two back-silvered, molecularly smooth mica surfaces are aligned in a crossed-cylinder geometry [START_REF] Drummond | Electric-eld-induced friction reduction and control[END_REF]. One of the surfaces is mounted on a spring, which is deected in the presence of a normal force (Fig. 1(a)). The separation between the surfaces H is measured by Multiple Beam Interferometry (MBI) [START_REF] Israelachvili | Thin lm studies using multiple-beam interferometry[END_REF][START_REF] Heuberger | The extended surface forces apparatus. Part I. Fast spectral correlation interferometry[END_REF] and its changes (in the absence of a displacement of the distal end of the spring) signals a change in the force acting between the surfaces.

The space between the surfaces is lled with an electrolyte and an AC square voltage

V is applied at frequencies ranging from 20 Hz to 500 kHz (Fig. 1(b)). We typically used salt concentration of 1 mM, applied AC voltage of 10 V, frequency of 100 kHz, and initial separation of 300 nm. Intuitively, application of an AC voltage, which results in oppositely charged surfaces at every time instant, should cause surface attraction. Indeed, in the control measurement we applied the same protocol to the system lled with air and observed an attractive force compatible with the predictions of the classic electrostatic theory (see Eq. 87 Ref. [25]). On the contrary, for case of the capacitor lled with an electrolyte solution, a dierent behavior was observed: immediately after the application of the AC voltage, the surfaces were electrostatically attracted to each other as the result of a non-vanishing electric eld E -similar to [START_REF] Hashemi Amrei | Oscillating electric elds in liquids create a long-range steady eld[END_REF] -and after approximately 30 seconds strong repulsion appeared (Fig. 1(c)). The time scale at which the separation of the surfaces grew τ exp [25] was on the order of few minutes, which is at least ve orders of magnitude longer than diusive charge relaxation time (with diusion coecient D) at the length scale of the gap τ H = H 2 /D (milliseconds cf. Table S1 Ref. [25]). The nal force was up to 300 µN at 10 V applied potential dierence. After the voltage was turned o, the surfaces relaxed to the starting position again on the time scale of minutes. This time is signicantly longer than the expected 10 ms relaxation time of the spring-mass system (see Eq. 83 Ref. [25]). Thus, any previously reported electrokinetic phenomena cannot be the primary reason for the observed repulsion.

We have developed a simplied model to describe the measured repulsion. For this purpose, we identied four distinct length scales present in the experiment of which three ), which means that it is proportional to E 2 = (V /L) 2 . Third, both cations and anions, on average, accumulate on the oscillating electrode, but there is a larger excess of ions of higher D (∝ V 2 ). Thus, the layer has a net charge of the more mobile ions (Fig.

S6 Ref. [25]

). If the repulsion was to come from the direct non-vanishing charge-charge interactions it would scale as V 4 .

We performed the measurements multiple times in the same solution and found that the eect was reversible and reproducible -no degeneration was observed. In agreement with the model, we found that other factors being equal, the force is proportional to the square of the applied voltage (Fig. 2(a)). Moreover, the forcing frequency (up to 500 kHz) in all experiments falls below the Debye frequency D/λ 2 D (ca. 10 MHz), which is an important microscopic time scale (cf. Fig. S4 and Table S1 Ref. [25]). In such conditions, the ions are able to adapt their distribution to the changes of the electric eld and there is no signicant inuence of the frequency on the measurements (Fig. S10 Ref.

[25]).

We observe the eld-induced repulsion for separations from 300 to 2600 nm (Fig. 2(b)), which is more than two orders of magnitude larger than the Debye length (≈ 10 nm). Previously reported "long-range" forces in ionic solutions act over distances only few times the Debye length [2931]. The repulsion does not depend on the separation distance between the surfaces H and similar forces were measured for all initial separations. Using the model of the three-layer parallel plate capacitor (Eq. 90 Ref.

[25]) for a mica-uid-mica conguration one can show that the magnitude of the electric eld inside the electrolyte is nearly independent of separations, which explains the lack of dependence on H (Fig. S12 Ref.

[25]).

Previous studies showed that many electrokinetic phenomena arise from dierences in ionic diusion coecients [START_REF] Aranda-Espinoza | Electrostatic repulsion of positively charged vesicles and negatively charged objects[END_REF]3234]. Thus, we tested 10 electrolytes with ions having even up to tenfold dierences in D (Table S1 Ref.

[25]) and report results for the force in Fig.

2(c). The measured repulsion increased for larger dierences of diusion coecient and

among tested salts the force varied at most by a factor of nine. In Fig. 3(a) we present the relation between the force measured for dierent salts and the theoretical prediction of the 1D model of the excess ions at the impenetrable surface, i.e., F/V 2 = Bn exc (see Eq. 84 Ref.

[25]). The only free parameter is the size of the 1D model, L = 2 µm, which we choose by minimizing the tting error for B; all other parameters correspond to experimental values.

For all the salts a good correspondence with the theoretical prediction is obtained.

The dierences in D for dierent salts inuence only weakly the time scale at which the repulsion is established. In Fig. 3(b) we show time constants of repulsion for various electrolytes (red bars), which are all around 3.9±0.8 minutes. Experiments performed for a longer time conrmed that the measured repulsion reaches a steady value (Fig. S13 Ref.

[25]). This salt-independent, long characteristic time suggests that the dynamic process is governed by solvent properties. The time scale of minutes is much longer than milliseconds of diusive relaxation time at the length scale of the gap τ H = H 2 /D (Fig. 3(c ). These features, when combined together, result in an increase of the excess ion concentration. We performed control measurements in deionized water, where n 0 was in the range of 0.2 µM and the measured force was negligible (Fig. S8 Ref.

[25]). For very high bulk concentration we expect electrostatic eects to be screened out and the PNP description is no longer valid.

As result there should be no dierence in concentrations between the bulk and the center of the SFA, i.e. the eld-induced osmotic force will vanish. Indeed beyond 10 mM adding salt reduces the repulsion (Fig. 3(d)).

In summary, we have found the emergence of a strong long-range repulsion between curved mica surfaces containing an electrolyte solution upon application of an AC voltage.

The strength, range and time scale of the eect exceed by orders of magnitude the values typical of any previous experimental or theoretical work. We proved with theoretical analysis that this eect is of osmotic origin, caused by the accumulation of ions on both electrodes, which triggers the inux of water and ions from a bulk reservoir towards the center of the capacitor. Recently existence of similar eect was reported for ionic liquids [START_REF] Perez-Martinez | Surface forces generated by the action of electric elds across liquid lms[END_REF], that extends applicability of our results. Reported phenomenon can potentially open new paths of utilization of the electric eld in such applications as macroscopic separation of charges, articial ionic pumps, desalination of water, permselective channels, low friction bearings, ionic valves, actuators and tunable capacitors. 

  are known prior to experiment: the radius of curvature of the surfaces a = 2 cm, the separation between the surfaces H and the Debye length λ D = k B T /(2n 0 e 2 ) that depends on bulk salt concentration n 0 , temperature T , elementary charge e, dielectric constant and Boltzmann constant k B . Fourth, the distance d = Dτ exp of diusive relaxation during the force buildup is determined during the experiment. Since the Debye length (typically 10 nm) is much smaller than any other dimension (λ D H a, λ D d), we represent the two surfaces in contact with the ionic reservoir as a 1-dimensional capacitor of size L (Fig. 1(d)). We distinguish between H, which is the experimental minimal distance between two curved mica surfaces and L, which represents size of 1-dimensional capacitor in the theoretical model. The model capacitor has one impenetrable electrode connected to an oscillatory potential and a second grounded electrode permeable to ion ux, which is in contact with the ion reservoir. Under these conditions we use the Poisson-Nernst-Planck (PNP) electrokinetic model [25] inspired by earlier works [2628]. Instead of solving the equations numerically, we have pursued an analytical solution revealing features that do not average out in time. The most important observation is that upon the application of the AC voltage, both cations and anions accumulate on average in the vicinity of the solid electrode (Fig. 1(d)) in contrast to the case of DC voltage where only counterions accumulate at the electrode. The excess of both ions at the surfaces is the element that leads to the dierence between the ion concentration inside the capacitor and in bulk reservoir surrounding the device, which creates an osmotic driving force for transport into the capacitor. This dynamic charged double layer has further interesting properties. First, it decays exponentially on the Debye length and vanishes completely at √ λ D L. Second, the magnitude of the ion excess is proportional to V 2 and, for a large span of L > λ D , is inversely proportional to L 2 (Fig. S5(c) Ref. [25]

2 D

 2 )). During the τ exp the solute and water (D = 2.6 • 10 -9 m 2 /s[START_REF] Wang | Self-Diusion Coecients of Water[END_REF]) diuse over the length d ≈ 800 µm similar to √ aH over which the narrow gap changes signicantly. Over this distance the osmotic pressure builds up the repulsion force.With the proportionality constant B obtained in Fig.3(a), we compare the theoretical predictions and the experimental measurements for dierent NaNO 3 salt concentrations (Fig. 3(d)). For low to moderate concentrations, the 1D model predictions agree reasonably well with the observed experimental results. According to our model, increasing n 0 has a two-fold eect: it decreases the Debye length as λ D ∝ n -1/2 0 (Fig. S5(c) Ref. [25]) and increases the Debye frequency ω D ∝ λ -(Fig. S5(d) Ref. [25]

Fig. 1 .ForceFig. 2 .

 12 Fig. 1. Demonstration of the experimental system for the observed repulsion. (a) The surface forces apparatus (SFA) consisted of two back-silvered mica surfaces, aligned in a crossed-cylinder geometry and mounted on a spring and piezoelectric holder. (b) SFA capacitor. The space between the plates (silver layers) was lled with mica and electrolyte. Application of AC voltage of frequency between 20 Hz and 500 kHz resulted in oppositely charged surfaces. (c) Measured surface separation upon application of the AC voltage 10V and 100 kHz with 1 mM HNO 3 . After application of the electric eld the repulsive force appeared on a time scale of around 4 minutes. When the eld was turned o, the system relaxed on a comparable time scale. The present eect was observed for every utilized electrolyte solution. (d) The geometry of the model. Reduction of the geometry from crossed cylinders to the 1D case with one boundary permeable to the ion ux (also see Ref.[25]).Application of an alternating electric eld resulted in an excess of anions and cations in the vicinity of the solid electrode.
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