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Introduction

The interfacial behavior of ions is of key importance in a number of phenomena and processes ranging from biological systems to microand nanouidics. Ion-surface interactions are important both in a direct way, e.g. in sorption or ion exchange related eects, or indirectly because modifying the eective surface charge they will aect the structure of the electric double layer, hence the interaction between charged particles in aqueous solutions.

1 In this context, particularly interesting are the so-called specic eects, referring to phenomena where ions of the same valency have a dierent eect. 8 The interfa- cial behavior of ions is also of key importance in micro-and nanouidics.

9 Phenomena occurring within the diuse Gouy-Chapman layer indeed become dominant in determining ow properties as channel size, Debye length and slip length become on the same order of magnitude, leading to unusual phenomena.

10 For example, with charged walls, channels can be lled with a unipolar solution of counter-ions, suggesting that the type and concentration of ions can be controlled by the surface charge density of the channel wall. 11 12 In addition, "specic eects" could allow for even ner control over the ion type as specic adsorption will eventually determine the double layer structure. 

27,28

We show here that the method can be extended to light ions (down to chlorine or sulfur) on surfaces like silica which are of very broad interest in colloidal science.

Experimental

The x-ray standing wave technique. 
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In order to calculate the uorescence intensity, the sample is divided in as many layers j as necessary to describe the elemental distribution. We choose the layers to be thin enough for the local density of element k in layer j ρ k,j (z)

to be constant. The uorescence intensity for element k at grazing angle of incidence θ is then given by:

I k (θ) = B k s j=0 h j h j+1 ρ k,j (z)T k,j (z) | E j (z) | 2 dz, (1) 
where the constant B k depends on the uores- cence yield, detection eciency and geometrical factors. E j (z) is the electric eld in layer j which is calculated in each layer using the matrix method. 31 T k,j (z) is the transmission of the uorescence intensity emitted by element k from layer j to the detector. As we are looking for nanometric layers close to the substrate, T k,j (z) is in fact independent of j. With this approximation,

I k (θ) = B k T k j h j h j+1 | E j (z) | 2 dz. (2) 
Writing for a plane wave E j (x, z) = (A + j e ik z,j z + A - j e -ik z,j z )e +i(ωt-k x,j x) ,

where the A ± j coecients are determined using the matrix method following 31 and integrating over layer j, one simply has:

h j h j+1 | E j (z) | 2 dz = |A + j | 2 2k i z [1 -exp(-2k i z δh)] + |A - j | 2 2k i z [exp(2k i z δh) -1] + |A + j * A - j | 2ik r z [1 -exp(-2ik r z δh)] + |A + j A - j * | 2ik r z [exp(2ik r z δh) -1]. ( 4 
)
with δh = h jh j+1 .

Though this method is accurate, it does not allow one to develop an intuition of the expected shape of the standing wave curve. For a monolayer located at z, one would have

I(θ, z) = 1 + R(θ) + 2 R(θ) cos(2πz/λ -φ(θ)) (5) 
where R(θ) is the intensity of the reected beam and φ(θ) is the phase between the incident and reected beam which varies from π to 0 across the Bragg peak. Eq. ( 5) can help comparing dierent X-ray standing wave curves, even in slightly more complex cases. This is illustrated in Fig. 2 where we have represented the calculated uorescence from a hypothetical 2Å thick layer of ions adsorbed from a 1µm thick lm of solution. The uorescence intensity is rep-resented for dierent locations of the surface layer above the interface when this thin layer contains as many ions as the solution (50% of total number of ions), or only 5% of the total number of ions.

Obviously, the sensitivity is very high for the 50% case. However the dierent location can still be distinguished in a t with good quality data in the 5% case as the shape of the curve is still signicantly dierent. Sample thickness determination using X-ray reectivity.

Reectivity curves were recorded using a scintillator detector and carefully normalized to the incident beam intensity.

They were analyzed using the Reec software (A.Gibaud, G.Vignaud) based on the matrix method.
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We used a model consisting of the multilayer substrate, a solution layer and the 4µm thick Ultralene R lm which was tted to the data, allowing to determine the thickness of the liquid layer. Obtaining good ts is important in order to constrain the standing waves analysis. The change in refractive index when a liquid layer is present modies the shape of the curve in the q z ≈ 0.1Å -1 region i.e. in between the critical angle for total external reection at the substrate-solution interface and the Bragg peak (Fig. 3). Though the solution layer is generally either too thick or not homogeneous enough to give rise to fringes that could be resolved in the reectivity curves, its thickness can nevertheless be determined from the shape of the reectivity curve in the region below and close to the critical angle (q z ∼ 0.05Å

-1 in Fig. 3).

For a very thick layer, the intensity at the critical angle can indeed be reduced by more than one order of magnitude compared to the empty cell because the incident and reected X-rays will have to travel hundreds of microns in the absorbing solution for grazing angles of incidence in the mrad range, even for a liquid layer thickness < 1µm. One should also notice that the thickness we determine is an average over the approximately 8 mm long and 250µm wide beam footprint on the sample.

X-ray uorescence measurements and analysis.

Fluorescence curves were recorded using a 4element energy sensitive detector and rst accurately normalized to the incident beam intensity. The uorescence curves were analyzed following the procedure detailed in Ref. Representative spectra are given on Fig. 4 for a mixture of 10mM solutions of KCl and KI. The Cl K α line at 2622 eV, the Ar K α line at 2957 eV (Ar is present in air), the K K α line at 3313 eV, the Ca K α and K β lines at 3690 eV and 4014 eV (Ca is an impurity in the Ultralene lm, not aecting the measurements) and the I L α line at 3938 eV and L β line at 4220 eV can in particular be identied on Fig. Standing wave curves.

Typical standing wave curves (uorescence intensity for each element as a function of the grazing angle of incidence across the Bragg peak) are given on Fig. 5.

Standing wave curves for the thicker sample (2.85 µm) have a prole which resembles the Bragg peak one. This is expected as these curves are dominated by the homogeneous ionic distribution in the bulk liquid (Fig. 2). Neglecting uorescence eects close to the interface for a thick solution layer, the uorescence will be excited by the incident and reected beam and will be roughly proportional to the incident beam plus reected beam intensity which is peaked at the Bragg angle. Dierences with respect to this shape give access to surface eects which can be determined and are more prominent for thinner samples (like the 250nm thick sample) also shown in Fig. 5. In such a case, the position and the shape of the standing wave curve is already indicative of the position of the ions with respect to the multilayer which is therefore unambiguously determined.

As mentionned above, we analyzed the standing wave curves using a very simple model consisting only of a homogeneous bulk solution and a Stern layer modelled as a stack of 2Å thick ionic layers, one for each ion. The sample is divided in as many layers as necessary to describe the elemental distribution and the electromagnetic eld is calculated in each layer using the matrix method.

31 Fitting the model (Eq. ( 5))

to the experimental curve by minimizing the χ 2 function, one obtains the composition, con-

Bragg S2 -I S2 -K S2 -Cl S1 -Cs S1 -K S1 -Cl
Grazing Angle of Incidence As can be seen in Fig. 6 

d 2 φ dz 2 = - ρ 0 r . ( 6 
)
In Eq. ( 6), ρ = i n i ez i is the charge density, with n i the concentration of the ion i of valency z i . e = 1.602×10 -19 C is the elementary charge, 0 = 8.85 × 10 -12 F/m is the vacuum permittivity and r the relative permittivity. Concen- trations in the double layer obey a Boltzmann distribution:

n i = n i∞ exp - z i eφ k B T , (7) 
with k B the Boltzmann constant and T the temperature. Insertion of Eq.( 7) into Eq.( 6) gives after simple integration the Poisson-Boltzmann equation for the potential:

dφ dz 2 = 2k B T 0 r i n i∞ exp - z i eφ k B T -1 . (8) 
The charge in the double layer can be written:

σ DL = ∞ d ρ(z)dz = - ∞ d 0 r d 2 φ dz 2 = -0 r dφ dz ∞ d , (9) 
where d is the location of the outer Helmholtz plane which xes the border between the Stern layer and the diuse layer (Fig. 7). By inserting Eq. ( 8) in Eq. ( 9), one obtains.

- Si0 - Si0 - Si0 - Si0 - Si0 - Si0 - Si0 - Si0 + H + H + H + K + H + H + K + K + H + K - Cl - Cl - Cl + K + K - Cl z=d z=0
σ 2 DL = 2k B T 0 r i z i n i∞ exp - z i eφ(d) k B T -1 , (10) 
known as the Grahame equation, which relates the charge in the electric double layer σ 2 DL to the potential at the outer Helmholtz plane φ(d).

On the other hand, the composition of the Stern layer is determined by surface equilibria, related to the dissociation of surface silanol groups for our silica surface. For protons and a monova-lent salt with cation M e + , one would have:

Γ SiO -[H + ] z=0 = Γ SiO -[H + ] exp - eφ(0) k B T = K H Γ SiOH , (11) 
and

Γ SiO -[M e + ] z=d = Γ SiO -[M e + ] exp - eφ(d) k B T = K M e + Γ SiOC , (12) 
where the concentrations involving silanol groups Γ SiOH , Γ SiO -and Γ SiOC are surface concentrations and it has been made explicit that H + ions are located at height 0 and M e + cations at height d. K H and K M e + are equilibrium constants. The total density of surface sites is

Γ = Γ SiO -+ Γ SiOH + Γ SiOC . (13) 
The potential dependance in the Stern layer can be obtained by considering the Stern layer as a molecular condenser of capacitance C Stern where the potential drop is linear:

φ(d) -φ(0) = σ 0 /C Stern . (14) 
We now have a full set of equations Eqs. ( 10)- [START_REF] Weber | Photoemission from Aqueous Alkali-Metal-Iodide Salt Solutions Using EUV Synchrotron Radiation[END_REF] which can be solved numerically to determine all surface and bulk concentrations.

A bare surface density of sites Γ = 8 SiO -sites /nm 2 (reduced by protonation and ion complexation, Eq. ( 13 In contrast to the previous estimates of pK K , our measurements provide a direct access to surface concentrations.

We We typically spread 500nl -1 µl droplets containing 3-6×10 14 ions for a mM solution. This crude calculation shows that a range of 0.1 to 10 is expected for the surface to bulk concentration ratio. The ratio of adsorbed ions in the Stern layer with respect to the total number of ions in the bulk is represented on Fig. 6 (bottom). This ratio ranges from 0.1 for thick and concentrated samples to ≈ 5 for thin layers and dilute solutions where a signicant amount of ions go to the surface in agreement with the previous estimate. It also implies that the above modeling using the Poisson-Boltzmann-Stern approach, which requires an innite reservoir, cannot be used without caution, at least for the least concentrated solutions (0.1mM).

A ratio of 0.1 to 10 falls well in the range where the dierent elements can be located as discussed earlier and explains why some curves are bulk-like with standing wave curves having a shape which resembles the Bragg peak (concentrated thick samples) and why surface-like features are more prominent in others.

It should be noted here that as the Stern layer is much thinner and concentrated than the total lm, the standing wave curve is mainly sensi- equal to the surface roughness. As we do not determine absolute concentrations, the distributions have been scaled arbitrarily. See Table 1 in Supporting Information for tting parameters.

Two representative examples are given on Fig. 9 for a 1mM KCl/CsCl mixture in a 50nm thick sample and a 1mM KCl/KI mixture in a 120nm thick sample. The XSW curves have been analysed using the model described above, where the ionic distributions have been convolved with the surface roughness. We rst note that there is a large concentration of both cations and anions in a 4 to 5 Å thick layer, with concentrations ≈ 100 times larger than in the bulk of the lm. Then, looking more deeply into the details, we see that in all cases, cations are located closer to the surface than anions, as expected for a negatively charged surface, and K + and Cs + show an almost equal propensity for the surface.

Regarding the competition between Cl and I -, we nd that the center of the Cl distribution is systematically closer to the surface, compared to the I distribution. In this case the shift is 2.5Å (see top insert of Fig. 9). This is in contrast with the air-water interface where I was shown to have a higher propen- sity for the surface compared to Cl -. 

Conclusion

In this paper, we have shown that X-ray standing waves can be used to investigate ionic distributions in nanometer thick liquid layers using 

24 TheseFigure 1 :

 241 Figure 1: (a) Schematics of the standing wave experiment. Incident (wave vector k in ) and reected (wave vector k r ) X-ray waves interfere to create a standing wave eld perpendicular to the interface. The species (sketched by blue dots) present in the XSW eld are excited and emit secondary uorescence photons for absorption edges below the incident beam energy. (b) Schematics of the experimental cell. The liquid layer is conned between the multilayer and a exible X-ray transparent membrane.

13 Determining

 13 the interfacial distribution of ions with sucient accuracy is, however, a challenge. Indeed, the ionic concentration deviates from the bulk concentration only in the Stern layer and diuse Gouy-Chapman layer: from 1nm to 100nm depending on the solution concentration. Several surface sensitive techniques like photoemission, 1417 sum-frequency generation (SFG), second-harmonic generation (SHG), 18,19 X-ray uorescence 7 or X-ray re- ectivity 20,21 have been used. More recently Atomic Force Microscopy has also been used to directly probe the electrical double layer. 2224 However, SFG and SHG have surface sensitivity but are not directly sensitive to ions and lack depth resolution, X-ray reectivity or neutron reectivity have no direct element sensitivity. Though photoemission has recently been extended to determine surface potential at the colloid/electrolyte interface, 16 it has no direct sensitivity to the ion distribution. In this study, we used the X-ray standing waves (XSW) technique which has the advantage of having both element and depth sensitivity to probe the rst nanometers at the solid surface. The technique rst developed to locate atoms in crystals or adsorbed at crystal surfaces 25 has also been applied to soft condensed matter. 26 It has in particular been used to investigate the adsorption of heavy ions on crystal surfaces from solutions.

  The X-ray standing waves (XSW) technique is based upon creating an electromagnetic standing wave eld by interference between incident and Bragg reected X-rays (Fig1a).29 The standing wave phase depends on the deviation from the exact Bragg angle and can be varied in a controlled way, thus moving the X-ray eld nodes in a range spanning half of the diraction plane spacing. The variation of secondary uorescence signal coming from the atoms, that get excited by this XSW eld, can be then used to locate the atom positions with (sub)Angstrom resolution. The method allows one to simultaneously investigate positions of dierent atoms, monitoring their specic emission lines. The standing waves are present where the incident and diracted waves overlap, which includes the solid/liquid interface and the bulk solution above. A specic XSW variant especially suited for investigation of liquid/solid interfaces employs XSW generators, based on articially grown multilayer structures (ML). Another advantage of this approach is the possibility to tune the resolution by changing the diracting plane spacing as well as the large choice of ML materials. In particular it would be possible to apply an external bias by embedding a conducting layer in the ML. The ML-generated XSW were used for instance for investigation of Zn 2+ distribution above a charged lipid layer 27 and in studies of electrochemical deposition of iodine on Pt.
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Figure 2 :

 2 Figure 2: Calculated uorescence curves for a 2Å thick layer in a 1µm liquid lm. In the bottom curves, the layer contains as many ions as the rest of the lm, and only 5% in the top curves. The layer is positioned at 10Å, 12Å, 14Å, 16Å, 18Å and 20Å above the reference plane. In the experiments, there is a top silica layer in between the reference plane and the layer and the interface is located ≈ 10-15 Å above the reference plane marked by a Cr layer in the experiments.

Figure 3 :

 3 Figure 3: Measured X-ray reectivity and best t for an empty cell (no liquid), a 4.7µm and a 200nm liquid layer thickness.

Fig. 3

 3 Fig.3shows experimental reectivity curves (as measured, without any corrections) as well as the corresponding ts before and after solu-

  software with a peak model based on the physics of detection, including a Voigtian peak shape, a tail and a shelf.

34 Figure 4 :

 344 Figure 4: Fluorescence intensity (experiments:symbols -ts:solid lines) recorded at 1.95 • and 2.1 • (Bragg peak) from an empty cell and a 250nm thick cell lled with a 10mM KCl + 10mM KI solution.

4 .

 4 An advantage of uorescence based methods is their high sensitivity to chemical elements in low quantities (traces). Samples with minute concentration (10 -4 M) or very thin liquid lay- ers (a few 10s of nms) could in particular be studied. Integrated over the beam footprint for a 100nm thick sample, the technique allows to resolve 1 femtomole or better. The dierences in the curves recorded at a grazing angle of incidence of 0.25 • below the Bragg peak (1.95 • ) and at the Bragg peak (graz- ing angle of incidence of 2.10 • ) in Fig. 4 directly result from the interfacial distribution of ions. Indeed, shifting the standing wave eld distribution, dierent positions above the interface are probed as shown in Fig. 2. This is however more clearly seen by representing the uorescence for each chemical element as a function of the grazing angle of incidence around the Bragg peak (standing wave curves).

Figure 5 :

 5 Figure 5: Standing wave curves (experiments:symbols -ts:solid lines) for a mixture of 1mM solutions of KCl and CsCl (S1) and 10mM solutions of KCl and KI (S2). Liquid layer sample thickness was 2.85 µm for (S1) and 250nm for (S2) respectively. Curves have been shiftedfor clarity. The Bragg peak is shown in red as reference. See Table1in Supporting Information for tting parameters.

Figure 6 :

 6 Figure 6: Top: Normalized uorescence of all ions as a function of the sample thickness times solution concentration. Bottom: Ratio of the number of ions in the Stern layer to the number of ions in the bulk as a function of product thickness × concentration.

Figure 7 :

 7 Figure 7: Schematics of the Stern layer and the double layer. z=d is the location of the outer Helmholtz plane.

  )), a capacitance of the Stern layer C Stern ≈ 2.9F/m 2 and K H = 10 -7.5 -10 -7 are well established in the literature. 36 The complexation constants for cations are less documented. Davis et al.

  37 report a much weaker specic adsorption for SiO 2 than for the other oxides, with pK K ≈ 0.5. Sonnefeld 38 suggests an even weaker binding. On the contrary, Tao et al.

  Fig. 8 bottom).

Figure 8 :

 8 Figure 8: Top: Γ SiOK as measured in this work and calculated using the Gouy-Chapman-Stern model as explained above with pK K =2. Bot- tom: Surface charge calculated using the same model with pK K =1,2 and 3 together with mea- surements from Dishon et al.

  consistency with our results.Partition between Stern layer and solution.

  tive to the Stern layer and it is more dicult to determine a concentration prole in the rest of the lm. Distribution within the Stern layer. The standing wave technique also allows for the determination of the position of ions relative to the multilayer lattice, and therefore relative to each other. Most interesting is of course the competition between K + and Cs + in KCl and CsCl mixtures and between Cl -

Figure 9 :

 9 Figure 9: X-ray standing wave curves and ionic distributions (insets) for a 1mM KCl/CsCl mixture (bottom) and a 1mM KCl/KI mixture (top). The KCl/CsCl sample was 50nm thick and the KCl/KI sample was 120nm thick sample. The width of the distributions has been set

  this higher propensity of the Cl ions for the surface is also reected in the Stern layer concentration as we nd a ≈ 1.6 ± 0.3 larger concentration of chloride ions compared to iodide ions. These two ndings are not necessarily in contradiction since both the surface chemistry (aecting short range interactions), including interaction with the other ions, and the dielectric function (aecting the dispersion forces) are dierent.

  surfaces and ions of broad interest in colloidal science and nanoscience. Not only the amount of ions in the bulk and Stern layer can be determined, but also their distribution in the direction perpendicular to the surface. Confronting such data to simulations taking into account all molecular interactions 40,41 should lead to a de- tailed understanding of ionic distributions at aqueous interfaces which is of utmost impor-tance for several areas of science.

  SiO -instead of the K + concentration in the Stern layer. Using the Gouy-Chapman-Stern model, we can calculate Γ SiO -

	10mM solution and signicantly less good for
	all concentrations with pK K =3.
	Previous experiments gave access to the eec-
	tive surface charge Γ using the same parameters for dierent concen-
	trations, allowing for an indirect comparison of
	our results to previous experiments	22 .	23 Note
	that in both Refs.	22 and,	23 surfaces were pre-
	pared by plasma cleaning which might lead to
	a dierent surface chemistry. Whereas Ref.	22
	shows a better agreement with pK K =3 Ref.,	23
	shows better agreement with pK K =2 as in our
	case.		
	A dierence between the model and our mea-
	surements is that there is a nite reservoir
	of ions in our experiments, in contrast with
	the theory which assumes a xed concentra-
	tion. Using the Gouy-Chapman-Stern model,
	nd Potassium		
	surface concentrations in the Stern layer of		
	0.14/nm 2 , 0.3/nm 2 and 1.5/nm 2 for 0.1mM,		
	1mM and 10mM KCl / KI mixtures respec-		
	tively. As an indication, a 1/nm 2 surface con-		
	centration would correspond for a 2Å thick		
	layer to a concentration of 3mol/l.		
	These results can be compared to the Gouy-		
	Chapman-Stern model presented above in or-		
	der to check whether they are in the expected		
	range. With pK K = 2, we obtain Γ SiOK ≈ 0.13/nm 2 for a 0.1mM solution of KCl at pH=7,		
	Γ SiOK ≈ 0.5/nm 2 for a 1mM solution and Γ SiOK ≈ 1.13/nm 2 for a 10mM solution, in fairly good agreement with our experimental re-		
	sults (Fig. 8 (top)). As shown on Fig. 8 (top),		
	the agreement is less good with pK K =1 for the		

one expects to have in between ≈ 0.4 × 10 14 and ≈ 6 × 10 14 ions in the Stern layer on a 2 × 2cm 2 substrate (for Γ SiOK ≈ 0.1/nm 2 and Γ SiOK ≈ 1.5/nm 2 respectively).
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