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Abstract

The adsorption of monovalent ions in millimo-
lar concentrations at the silica - solution inter-
face has been investigated using x-ray standing
waves, a method which combines element sensi-
tivity and sub-nanometer depth resolution. Re-
sults were analyzed using a model free analysis
and a Gouy-Chapman-Stern model giving ac-
cess to interfacial concentration profiles. We
find the concentration of Potassium cations in
the Stern layer to be slighly higher than that
of Cesium cations. They also come closer to
the interface, in agreement with our molecular
dynamics simulations which suggest that our
experimental results can be explained by the
higher ability of smaller cations to share their
hydration shell with the surface. Extension of
the method to different systems can provide the
necessary experimental basis to benchmark ion-
surface potentials, a necessary step to predict
interfacial behavior of ions which is of high rel-
evance to several areas of science and technol-

ogy.

Introduction

A precise understanding of the distribution of
chemical species at interfaces becomes increas-
ingly important as it is realized that a finer
control of interfacial chemical processes is cru-
cial to solve the grand challenges facing energy
research, advanced materials synthesis or the
environment. Solid electrode - electrolyte inter-
faces play for example a crucial role in battery
research! and similar considerations apply more
generally to energy storage systems and catal-
ysis. In environmental sciences, the interaction
between ions, humics and minerals influences
the mobility and availability of pollutants,? but
halide ion distribution in sea salt aerosols is also
expected to play a critical role in atmospheric
tropospheric ozone destruction.?

Historically, ions at interfaces have been asso-
ciated with colloidal science as the modulation
of the effective surface charge by ion-surface
interactions affects the structure of the elec-
tric double layer, hence the interaction between
charged particles in aqueous solutions* as de-
scribed by the Gouy-Chapman-Stern model
which combines a description of the Stern layer
with different possible degrees of sophistication



with Poisson-Boltzmann statistics for the dif-
fuse layer (Fig. 1 top and Sect. "Analysis of
the standing wave curves").*?

The composition and structure of the Stern
layer usually exhibits pronounced specifity, re-
ferring to phenomena where ions of the same
valency have a different effect which have been
the subject of extensive work and reviews.5?
These effects resulting from a subtle balance
between polarisabilty, hydration and interfacial
water structure usually follow “Hofmeister se-
ries” (SCN™ > ClIO; =17 > Br~ > Cl™ > F~

for anions) in direct or reverse order. %%

Titration of colloidal suspensions. Ex-

perimentally, the effect of different cations on
surface charge was first investigated using po-
tentiometric titration of colloidal suspensions
in aqueous electrolyte solutions of various ionic
strengths to determine charge vs pH curves
which were analyzed using increasingly sophis-
ticated models.*%12716 Surface equilibria were
determined using radioactive tracers.!”
Noting that surface chemistry depends on
which type of silica is considered and that ge-
ometry also matters (nanoparticles or planar
surfaces), the point of zero charge (p.z.c.) of
silica surfaces mainly fixed by the dissocia-
tion of silanol groups is usually found in the
range 2-2.5.* Using deuterium exchange with
mass spectrometric analysis, Zhuravlev '8 found
a silanol site density of fully hydroxylated sur-
faces to be fairly independent on the type of
silica &~ 4.9 £ 1 OH/nm?. However, the site
density of nonporous, fully hydrated colloidal
silica prepared by polymerization in solution, is
believed to be on the order of 8 sites/nm?.1?

Substantial charging only starts several pH
units above the p.z.c.'? Surface charges do not
exceed 0.1 C/m? at pH values below 7,12
whereas it can reach -1 C/cm? or more in 0.1M
CsCl at pH 10 suggesting penetration of co-
and counter-ions in a surface gel layer.'?

Regarding cation specificity, Lyklema!?
showed that the (negative) charge of 50-100 nm
B.D.H. silica particles at pH above 7 increases
in the order Lit < Na™ < Kt < Cs™, whereas
the reversed trend was possibly observed for

3 < pH < 6. They interpreted the high pH
behavior as due to the easier penetration of
smaller cations into the pores of the surface gel
layer at high pH where they partly compensate
for OH™ adsorption, though the possibility of
regular specific adsorption was not completely
ruled out. Using Na?? as a tracer, Tien!? found
selectivity coefficients ranking in the order Tit
< Nat < KT < Cs* for silica gel at pH=6.9 and
considered both cation exchange and physical
sorption in its discussion of previous results.
The same trend (i.e. association in the or-
der Lit < Nat < KT < Cs™) was found in
measurements performed with 4 < pH < 8 in
Ref.,'* in agreement with results obtained on
porous silica. Analyzing these data using the
Stern-Gouy-Chapman model gives association
constants which increase from Lit to Cs™, with
logKg+ = -0.5 / -1 and logKge+ = -0.1 / 0.2
for 4 nm AEROSIL 300 silica particles.'® Note
however that a very small site density ~ 0.7
/nm? was reported for those nanoparticles and
the same data could be analyzed using a purely
electrostatic model including an ion free Stern
layer (i.e. no specific adsorption) taking into
account the geometry of the 4 nm in radius
spherical particles, yielding ionic radii in good
agreement with literature values for hydrated
cations.!? Kobayashi et al. also analyzed their
Stober silica particles in background KCI elec-
trolyte without taking into account specific
adsorption.?® For a similar system,?' Davis!3
reports a logKg+ = 0.5 with a surface site
density of 5/nm?. Again using potentiometric
titration data, Tao and Zhang?? find pKy+ —
- log(Kpy+) =6.57 and similar logK values for
Lit, Nat and K* on the order of 1.

To summarize, for silica colloidal suspensions,
adsorption is usually found to increase in the
order Lit < Nat < Kt < Cs*, with association
constants on the order of -0.5 to 1. The elec-
trokinetic ¢ potential can also be measured at
planar surfaces in capillaries. The value of the
electrokinetic potential for a planar surface at
a given pH can be significantly different from
that of nanoparticles.?3

Surface force measurements. Another
way to determine association constants is to



measure interactions in a background elec-
trolyte using the Surface Force Apparatus or an
Atomic Force Microscope (AFM).2#2% Fitting
of the force vs distance curve which depend on
the interfacial layer composition and structure
to a model then gives access to the strength of
the interaction between ions and surfaces.
Determining association constants from surface
force measurements between pyrogenic silica
surfaces in 107*M - 107'M electrolytes at pH
= 5.5, Chapel found pKy+ in the range 6.2-6.5
and a slightly stronger association for Kt with
logKg+ = 3.2 than for Cst with logKge+ =
2.97.%5 A stronger effect of Li* on the short
range hydration force was attributed to its
“structure breaker" character in that context,
being the most hydrated cation. These val-
ues are close to the values found by Pashley
for the mica surface.?»% Investigating the in-
teraction between a silica colloid and a (100)
silicon surface in a pH range of 4 to 10, Dis-
hon et al.?” found an increased adsorption in
the order Lit < Nat < KT < Cs* at pH =
5.5 and reversal occuring in between pH 6 and
7. Extending the measurements to higher pH
values, reversed ordering was found above pH
= 7.5 interpreted as due to the formation of
a strong hydration layer leading to a stronger
repulsion of the weakly hydrated Cs™t cations.
This is exactly opposite to the behavior found
in Ref.? for a different type of silica. Using an
AFM and directly measuring the force between
the tip and a silica surface in 1mM - 100mM
solutions, Zhao et al.?® find logKg+ = 2.0 +
0.2, slightly larger than logKy,+ = 1.65 £ 0.1,
whereas pKgy+ = 6.9 £+ 0.3.

All these measurements show a general agree-
ment for pKgy+ which is found in the range
6.5-7.5, and association constants determined
using force measurements are consistenly larger
than those obtained in titration experiments.

Electric potential measurement wusing
photoemission. Following pioneering work
at the electrolyte-air interface,3® photoemission
has also been used to investigate the structure
of the Stern layer with the distinctive feature
that photoelectrons are directly sensitive to the
local electric potential.?' ™33 In recent experi-

ments, Brown et al. measured the potential
drop across the double layer for silica nanopar-
ticles using combined potentiometric titration
and near ambient pressure photoemission in a
liquid jet.3'33 For 50 mM solutions and pH 10,
they found potential drops across the double
layer ranging from -265 mV for CsCl to -415
mV for LiCl showing marked specificity. Ad-
sorption increases in the order LitT < Nat <
K* < Cs* unlike observed in?® above pH — 7.5.
Using measurements of the ( potential and the
dependence of the capacitance on the capacitor
thickness, they derive Stern layer thicknesses
ranging from 4.6 A for CsCl to 8 A for LiCl,
which they rationalize according to the size of
hydrated cations.

Theory. Turning now to theoretical predic-
tions, different models have been proposed to
predict equilibrium constants like the famous
MUSIC (MUItiSIte Complexation) model, 1934
which explicitely takes into account local
Coulombic interactions depending on the va-
lence of the cation and its electron configu-
ration, the type and number of surrounding
ligands and cation-surface groups distance. A
pKj; value of 7.5 was readily calculated from
the initial model3* allowing the analysis of ear-
lier titration experiments by Bolt.3® The model
was further extended to account for adsorbed
surface complexes (CD-MUSIC).3
Another approach consists in estimating the
different contributions (solvation, electrostatic)
to the Gibbs free energy of surface protonation
reactions using predictive equations involving
parameters known independently like dielectric
constant or Pauli bond strength and calibra-
tion of the model against experimentally deter-
mined equilibrium constants.?” A compilation
of titration results for different surfaces and
ions within the framework of this predictive
extended triple layer model for surface charge
can be found in Ref.?” logKy+ values in the
range 1.3 - 2 and logKgs+ values in the range
2.0 - 2.4 are reported, the largest values being
for quartz and the lower ones for amorphous
silica, with adsorption increasing from Lit to
Cst as previously reported.

More recently, progress has been made using
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both more powerful simulations and ex-

perimental methods.

Molecular simulations. Molecular simu-
lations were also used to investigate the sil-
ica surface electrolyte interface. Schwierz et
al. investigated the behavior of ions at both
hydrophylic and hydrophobic interfaces and
found a reversal of the Hofmeister series with
Li™ showing the strongest interaction with hy-
drophilic surfaces.?® In Refs., %! Lit, Nat,
KT and Cs™ have been studied on surfaces
comprising siloxane and silanol groups, pos-
sibly deprotonated to simulate the effect of
pH. A simple model based on Grahame equa-
tion and complexation constants was used to
estimate the outer Helmholtz plane potential
(2out) identified with the ¢ potential. Com-
plexation strongly increases from Cs* to Li™
as the association of ions of similar size (here
the negatively charged oxygen in deprotonated
silanol) is always favoured.® Similarly Bouhadja
and Skelton“? find a stronger adsorption of Na*t
than K* and Dewan et al. a stronger adsorp-
tion of Na™ compared to Cs™ as Cs™ retains
its hydration shell.*® For an effective charge
of -e on deprotonated silanols which is a pa-
rameter of her simulation, Hocine et al. find
no association of Cs*.% Their association con-
stants are at most logKg+=1.65 logKc,+=0.91
for an effective charge of -1.5e on deprotonated
silanols and they predict an inversion of selec-
tivity around pH = 7 as adsorption on siloxanes
is preferred for low pH values.

X-ray standing waves. In this work, we
have used X-ray standing waves which have the
advantage of combining depth and element sen-
sitivity to determine ionic concentration profiles
at the solid - solution interface. A standing
wave field is created whenever an incident beam
interferes with a reflected beam.** For Bragg
reflection from a periodic structure, crystal or
artificial multilayer, the period of the standing
wave field is the period of the structure used
to create it. Recording the element specific flu-
orescence in the standing wave field therefore
allows the determination of the distribution of
this element with a resolution which is a frac-

tion of the underlying substrate period. The
technique has already been used to investigate
the electrical double layer at a planar mirror %
and adsorption at crystal - solution interfaces.*6
In a previous study, we used a multilayer sub-
strate to optimize the depth resolution. Some
results were presented in Ref.4” and analyzed
using a very simple Stern layer model. We
present here new results complementing them
with both a model free analysis, an analysis us-
ing Gouy-Chapman-Stern model and numerical
simulations which confirm and extent the pre-
vious study. The results are critically discussed
and compared to recent results obtained using
complementary techniques.

Materials and Methods

X-ray standing waves
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Figure 1: Schematics of the standing wave ex-
periment. Incident (wave vector k;,) and re-
flected (wave vector k;) X-ray waves interfere
to create a standing wave field perpendicular
to the interface with period equal to that of the
multilayer substrate. The species are excited
in the standing waves field and emit fluores-
cence photons for absorption edges below the
incident beam energy. Schematics of the exper-
imental cell (bottom right). The liquid layer is
confined between the multilayer (pink plate in
figure) and a flexible X-ray transparent mem-
brane (brown film in figure).



Schematics of the standing wave experiment
is presented in Fig. 1. Recording the fluores-
cence of a given atom while scanning the graz-
ing angle of incidence across the Bragg peak
yields a characteristic profile which allows the
location of this atom (modulo the period of the
underlying structure). More precisely,

1(6)= B / T pRTE) | EG) Pdn (1)

where p(z) is the concentration profile of the el-
ement of interest. The constant B depends on
the fluorescence yield, detection efficiency and
geometrical factors. FE(z) is the electric field
which can be calculated using the classical ma-
trix method.*® T'(z) is the transmission coeffi-
cient for the fluorescence intensity between the
emitting atom and the detector. The standing
wave amplitude calculated for the experiments
presented in this manuscript is displayed in Fig.
2. The standing wave phase depends on the ex-
act value of the grazing angle of incidence 6
within the Bragg peak. It is shifted by 7= when
crossing the Bragg peak. More details about
the calculation of the intensity can be found in
Ref. %" For a crystal substrate, Angstrom res-
olution will be obtained, and using an artifi-
cial multilayer like in the present study, the pe-
riod can be adjusted to the specific needs of the
experiment. The method allows one to simul-
taneously investigate the positions of different
atoms, monitoring their specific emission lines.
The experiments were performed at the SIR-
IUS beamline of synchrotron Soleil. We used
a TkeV monochromatic beam (§ E/E~ 107%) 7
keV 3 mm x 150 um (H x V) allowing one to
resolve the Bragg peaks. The divergence of the
probe beam is 0.05mrad for the horizontal di-
rection and 0.1mrad for the vertical one. With
this energy, the fluorescence of the K lines of
chlorine and potassium as well as L lines of ce-
sium and iodine could be recorded.
Fluorescence was measured using a Bruker
Xflash QUAD 5040 4 element SDD fluorescence
detector placed a few mm of the horizontally
mounted sample and reflectivity was measured
using a Hammamatsu diode mounted on the de-
tector arm of the SIRIUS diffractometer. Ow-
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Figure 2: Amplitude of the standing wave field
as a function of the grazing angle of incidence 6
and distance z from the solid surface (at z = 0).
Note that nodes become antinodes when cross-
ing the Bragg peak centered at 2.073 degrees
corresponding to a phase shift of 7 of the stand-
ing wave field. The calculations were performed
for the substrates used in these experiments (a
multilayer composed of 150 2.58 nm thick Si-W
periods).
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ing to top-up injection of the storage ring, the
stored intensity is kept constant and the sample
is exposed to a constant intensity measured by
a monitor, which is used for normalization.

Experimental system

The samples consisted in an ultra thin liquid
layer sandwiched between the multilayer sub-
strate used to create the standing waves and
a 4 pm thick Ultralene® X-ray transparent
window. The substrates used in these exper-
iments were Si-W 1 ¢m x 1 cm multilayers
(150 periods of 2.58 nm as measured by re-
flectivity) manufactured by AXO (Dresden,
Germany). They include a thin (< 0.5 nm)
Cr layer below the top silicon layer to serve
as a reference for the phase. Exposure to air
results in an oxydation of top silicon layer with
silanol Si-OH groups being exposed at the sur-
face.?® Substrates were cleaned following the
RCA cleaning procedure® before being used.
KCl, CsCl, CsI (Sigma-Aldrich, 99.9995% pu-
rity) and KI (Sigma-Aldrich, 99.999% purity)
were used without further purification. Molar
stock solutions Were@é)repared using water from
a Millipore Milli-Q%Y system (18.2 MQ.cm re-
sistivity) and further diluted and mixed just
before the experiments. Small volumes of solu-
tion ranging from 750 nl to 4 ul were introduced
in the cell. The multilayer was then pressed
against the cover Ultralene” film allowing for
the control of the sample thickness (Fig. 1 bot-
tom right). We carefully checked that this does
not lead to any deformation of the Imm thick
substrate which would lead to a broadening
of the reflected beam compared to the inci-
dent beam which we do not observe. Moreover,
reflectivity measurements provide an accurate
determination of the surface roughness which is
as low as 2A and therefore does not affect the
profile determination. Unless otherwise spec-
ified, experiments were conducted at ambient
pH of 5.5 fixed by the carbon dioxide dissolved
in water. All manipulations were performed in
a clean room to avoid dust contamination.

The liquid film thickness was measured in-situ
using x-ray reflectivity. As the refractive index

for x-raysisn = 1-6 - i3, with § ~ 107% in the
5-10 keV range, total external reflection occurs
for grazing angles of incidence lower than the
so-called critical angle for total external reflec-
tion 6, = v/20 =~ 1073 rad. For thicknesses ~
100 nm, the measurement is mostly sensitive in
the angular domain where x-rays are still totally
reflected from the substrate, but penetrate in
the solution. Indeed the beam path in the sam-
ple is L = 2t/sin 6, with ¢ the thickness and 6
the grazing angle of incidence, and attenuation
varies as exp — L/ Ly, with L,y the attenuation
length in water at 7 keV ~ 660 pum. For a graz-
ing angle of incidence of 0.4 degrees, this leads
to an attenuation ranging from a few % for a
100 nm thick film to 35% for a 1 pm thick film.
Examples are given in Fig. 3.

Due to the pressure exerted by the Ultralene®
membrane, liquid films continue to thin out
during the experiments. Their thickness was
therefore measured before and after standing
wave experiments and sometimes in between
fluorescence measurements. In addition, all
samples were carefully examined after the ex-
periments, and the samples for which it could
be suspected that they could have dried out
were not further considered for analysis.

To take into account possible thinning of the
liquid films, short measurements of the fluores-
cence curves =~ 10 min for 50 points across the
Bragg peak were repeated several times to in-
crease statistics. In most cases, a single mea-
surement was enough to get reasonable statis-
tics, except for chlorine K, (2622 ¢V) which has
the lowest fluorescence energy and is therefore
less efficiently excited by the 7 keV incident ra-
diation and more strongly absorbed than the
other fluorescence lines. It is important to note
that although there might be an electrical dou-
ble layer at the Ultralene® interface, its con-
tribution is blurred and does affect the fluores-
cence signal. Indeed for making a significant
contribution to the fluorescence curves, the in-
terface must be atomically flat and parallel to
the substrate which is impossible with the flex-
ible membrane we used.



0.16

0.14

Figure 3: Reflectivity of an empty cell (black
crosses), a cell filled with a 80 nm thick solution
(red circles) and a 320 nm thick solution (blue
squares) at grazing angles of incidence. Below
~ 0.3°, X-rays are totally reflected from the
Ultralene® cover film. Tn between = 0.3° and
~ 1° x-rays penetrate in the solution film but
are still totally reflected from the substrate.

Data analysis

Our measurements provide a set of fluorescence
spectra as a function of the grazing angle of in-
cidence across the Bragg peak. The first step
in the analysis is normalization and background
subtraction. Background subtraction is impor-
tant to remove parasitic fluorescence from the
substrate or Ultralene'™ film (in particular sul-
fur, chlorine, argon, calcium) which could per-
turb the analysis. For this, we subtract the
spectrum of an empty cell to the measured spec-
trum (Fig. 4) after applying a correction as
absorption of the fluorescence radiation in the
solution and the Ultralene’™ film is different
for each energy, and this effect can be large at
low energy (below 3 keV), even for small thick-
nesses. For this, we have modeled the attenu-
ation length energy dependence with a fourth
degree polynomial and applied an exponential
correction to the measured data.
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Figure 4: Background subtraction. An empty
cell spectrum is subtracted to the measurement
fluorescence intensity after correction for dif-
ferential absorption at different energies. Note
the excellent subtraction of phoshorus K, line
(2014 eV), sulfur K, (2308 eV), chlorine K,
(2622 eV), argon K, (2957 eV) and calcium K,
(3691 eV).

After background subtraction, the fluores-
cence curves were analyzed following the proce-
dure detailed in Ref.®! using a home made soft-



ware with a peak model based on the physics
of detection, including a Voigtian peak shape,
a tail and a shelf.?® The different peak parame-
ters have a simple energy dependence, thus re-
ducing the number of fitting parameters. An-
other advantage of this method is that the back-
ground from photon counting being built up by
the shelf contributions, it is automatically and
consistently subtracted.

This procedure yields a fluorescence curve as
a function of the grazing angle of incidence
across the Bragg peak for each element. These
curves are then analyzed using Eq.(1). For that,
Eq.(1) is discretized and the sample is divided
in very thin slices (0.5 A thick) where the ionic
concentration can be considered to be constant
and for which E(z) and T(z) can be calculated
using the usual matrix method.*” The calcu-
lated curves are then fitted to the experimental
curves using a standard least square procedure.

Analysis of the Standing

Wave Curves

Gouy-Chapman-Stern model

A simple, yet including essential parameters
model used to calculate the distribution of
ions at interfaces is the double layer Gouy-
Chapman-Stern model where a single Stern
layer ending at the “outer" Helmholtz plane lo-
cated at 7oy (Fig. 1) and a diffuse layer are con-
sidered.*® In the implementation used in this
study, specific interactions of cations with a sil-
ica surface are taken into account via an asso-
ciation constant, and the Stern layer is simply
described using its capacitance. The electric
potential ¢ in the diffuse layer obeys the Pois-
son equation:

¢¢ __ p

dz? €0€r

(2)

In Eq. (2), p =), nez is the charge density,
with n; the concentration of the ion ¢ of valency
zi, ¢ = 1.602 x 10719C is the elementary charge,
€0 = 8.85 x 1072 F/m is the vacuum permittiv-
ity and €, the relative permittivity. Concen-

trations in the diffuse layer obey a Boltzmann
distribution:

Ny = Moo €XP (— Ze;é) (3)
B

with n,;o, the bulk concentration, kg the Boltz-
mann constant and 7' the temperature. Note
that following traditionnal notations, z is a dis-
tance whereas z; with a subscript is a valency.
Insertion of Eq.(3) into Eq.(2) gives after simple
integration the Poisson-Boltzmann equation for
the potential:

dp\®  2kpT zied
(&) = oo (7))
(4)

The charge in the diffuse layer can be written:

opr = / p(z)dz

Zout

where z,, is the location of the “outer
Helmholtz plane” which fixes the border be-
tween the Stern layer and the diffuse layer.

By inserting Eq. (4) in Eq. (5), one obtains

U%L = 2kgTege,
P (550) .

known as the Grahame equation, which re-
lates the charge in the electric double layer %,
to the potential at the outer Helmholtz plane
¢(Zout)~

The composition of the Stern layer is deter-
mined by surface equilibria, related to the dis-
sociation of surface silanol groups and associa-
tion of cations on silanol or siloxane groups for
our silica surface. For protons and a monova-
lent salt with cation C;', one would have silanol



dissociation:

€9(0)

Usio-[H e 57
Kul'sion, (7)

Csio-[H].=o

where Ky is the silanol dissociation constant,
and cation association:

I'sioc,

1

ch L'sio- [C'Jr]z:d (8)
zied(2out)

= Ko+Tgio-[Cfle ™ F8T |
(9)

where K+ is the C}" surface association con-
stant. The concentrations involving silanol
groups I'siom, I'sio- and I's;oc, are surface
concentrations and it has been made explicit
that H™ ions are located at height 0 (surface)
and C;" cations at height z,,; (outer Helmholtz
plane). Ky and K+ are equilibrium constants.
The total density of surface sites is

I' = FSiof + FSiOH + ZFSZ'OCZ“ (10)

Combining Eqs(7)-(10), we get the adsorption
isotherms:

Lsion = ] g Cm
1+K—H€ kBT ZKc[C]
(11)
" zi 5¢<Zout)
Lo — FKC [Cile
Si0C; — (H] N 226¢(20ut) ’
1+K—H€ kBT ZKc[C]
(12)
and,
r
Lsio- = ] 0 L medloud)
L+ e 7+ K [Clle 77

(13)
where ¢(0) and ¢(zout) are still unknown. The
potential dependence in the Stern layer can be
obtained by considering the Stern layer as a
molecular condenser where the potential drop
is linear as there are no charge inside the Stern
layer. Strictly speaking, when specific adsorp-
tion is taken into account, we should have a
composite Stern layer, with protons adsorbed
at z—0 and cations at z; (inner Helmholtz

plane), the closest distance of approach of non-
specifically adsorbed ions being at the outer
Helmholtz plane z,,. This is known as the
triple layer model.* We then have:

¢(0) — d(zout) = &(0) — d(zin) + ¢(2in)
¢(Zout)
_ —e(l'sio- — T'sion)
a C'Stern
OpL
- C(Stern7 (14)

where —e(I's;0- —I'sion) is the effective surface
charge on the first capacitor on the solid side
with capacitance Cd,., and opy is the surface
charge on the second capacitor of capacitance
C2..n-* We use here a simplified model assum-
ing that specific adsorption takes place at the
outer Helmholtz plane z,,;. Then,

—BF - FSZ'OH
CYStern

ey izlsioo
C1Stern

$(0) = é(2our)

ODL

’
CStern

(15)

where Cgiom 18 the effective capacitance of the
Stern layer and charge balance has been taken
into account:

—el+elsion+e Y 2T sioc, +opr = 0. (16)

The full set of 5 equations Eqgs. (6),(11)-
(13),(15) are solved numerically to determine
all surface and bulk concentrations as a func-
tion of the density of surface charges I', the
concentrations of the different ions and pH,
and the Stern layer capacitance Cgiern. These
equations will be used below to fit our experi-
mental curves.

Molecular dynamics

Classical Molecular Dynamics (MD) simula-
tions were performed to simulate the interfa-
cial system. The model includes silica surfaces,
water and ions. The silica surfaces have been



generated with a Monte Carlo simulation, as
detailed in Ref.?® We performed biased Poten-
tial of Mean Force (PMF) simulations and non-
biased simulations. The concept of PMF was
introduced by Kirkwood.?* It is based on a sta-
tistical analysis : the probability of a given
distance between two particles is linked to the
free energy of the system. The gradient of the
PMF is the average force experienced by the
particle at a given distance.? The difference in
PMF between the values at infinite separation
and at adsorption distance is the free adsorp-
tion energy. A computational difficulty is that
distances with high potentials are not sampled
efficiently. The Umbrella Sampling (US)5 is
a computational method which uses biased po-
tentials so as to sample all distances, including
points with high potential. The PMF profile is
initially produced in a series of profiles, each one
spanning a small distance, which are assembled
to make a global free energy profile.?6>7

The simulations are performed in periodic
othorhombic boxes, one for the PMF and one
for the unbiased simulations. The surface area
is 2.852 x 2.852 = 8.1339 nm?2. TIts height is 5
nm. It includes 29 silanol, which results in a
density of 3.6 per nm?. This value is standard
for silica.!'® The surface includes a single depro-
tonated silanol, which results in a point charge
on the surface.

Surface atoms do not move during simulation.
The fluid temperature is kept constant at 300
K using a Nose-Hoover thermostat.?® The wa-
ter is simulated with the rigid SPC/E%® using
the SHAKE algorithm.® Ton potentials are due
to Dang.%" All other interaction potentials are
described with full details in,*® with two dif-
ferences. The so-called "nm" potentials are fit-
ted on a Lennard-Jones potential. The effective
charges of atoms upon deprotonation are -e on
deprotonated silanols and +1.5 e on the under-
lying silica atom, as detailed in.%3
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Results

Model free analysis

As the interpretation of standing wave curves is
not intuitive, we start with a model free analy-
sis which allows one to directly draw important
conclusions from a direct analysis of the results.

Fluorescence is displayed as a function of the
grazing angle of incidence across the Bragg
peak on Fig.(5) for 1073 M K™ cations in a
100 nm thick film for different locations of the
Helmholtz plane relative to the upper Silicon
layer of a multilayer composed of 150 2.58 nm
Si-W periods like used in this study. The calcu-
lation was performed for 8 SiO~ sites per nm?,
a Stern layer capacitance Cg = 2.9F.m~? and
a silanol dissociation constant Ky = 1077°.%
Simulations for cation association constants
equal to 10 and 100 are presented in Figs. 5 (a)
and (b) respectively. In this simple calculation,
all cations in the Stern layer sit at the same po-
sition, and the distribution in the diffuse layer is
calculated accordingly. Qualitatively similar re-
sults would be obtained for a more complex dis-
tribution within the Stern layer with the same
average position.

As can be seen on Fig. 5, when z,,; increases
from zoyy = 4 10 Zoyy = 24 (due for example
to a thicker SiO, layer), the center of the curve
of the fluorescence curves shifts from right to
left whereas the maximum of the curve to the
baseline increases, passes through a maximum
at Zoyw = 12 and then decreases again. This
means that the closest distance of approach of
the different ions can be inferred from both the
relative position of the center of the curve of the
fluorescence curves and the ratio of their maxi-
mum above the baseline. Neglecting surface ef-
fects or for a very thick sample, fluorescence is
centered at the Bragg peak location (2.073 de-
grees) with a maximum of fluorescence to base-
line ratio of 1.58. The center of the curve (CoC)
of each experimental curve was thus calculated
after subtraction of a linear background as well
as the ratio of the maximum of the curves to
their baseline at the position of the center of
the curve. Average values are given in table 1).
According to Fig.5, a large shift of the center



Table 1: Center of the curve (CoC) and ratio of the maximum of the curve to the
baseline at the the center of the curve position for K*, Cs™ and I-.

K+

Cs™ -

CoC 2.070 £ 0.003 2.078 £ 0.002 2.075 £ 0.003

ratio 1.68 £ 0.1

1.46 £ 0.05

1.58 £ 0.04

800

600

400

200

400

300

200 ‘ ‘

2.1
0 [deg.]

Figure 5: Calculated fluorescence vs grazing an-
gle of incidence across the Bragg peak for 1073
M cations in a 100 nm thick film with different
locations z., of the Helmholtz plane relative
to the upper Silicon layer of a multilayer com-
posed of 150 2.58 nm Si-W periods like used in
this study. The calculation was performed for
8 SiO~ sites per nm?, a Stern layer capacitance
Cg = 2.9F.m™2, a silanol dissociation constant
Ky = 10775 and cation associations constants
equal to 10 (a) and 100 (b).

2.2
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of the curve combined with a smaller ratio of
maximum to baseline indicates a higher shift
of the ion away from the surface. For K and
Cs™ ions, we find CoC(K™) = 2.070 £ 0.003,
ratio( K) = 1.68 £+ 0.1, CoC(C's*) = 2.078 +
0.002 and ratio(Cs™) = 1.46 £+ 0.05, showing
that the maximum of the K fluorescence is
shifted to the left and is higher than the Cs™
fluorescence maximum, demonstrating that K+
lies closer to the surface than Cs*.

For I ions, we have CoC(I~) — 2.075 £ 0.003,
ratio(/~) = 1.58 + 0.04. This is quite remar-
quable as these values are those obtained in ab-
sence of surface interactions. This means that,
as expected, no specific interaction of I~ ions
with our silica surface is detectable. It can how-
ever not be fully ruled out at this stage that the
I~ ions always sit precisely in between K and
Cs™.

Full analysis using the Gouy-

Chapman-Stern model

Based on this first analysis, we analyzed our
data in a more quantitative way within the
framework of the Gouy-Chapman-Stern model
presented in Sect. "Analysis of the standing
wave curves". Distribution profiles were first
constructed for all ions in an experiment by
solving Eqs. (6),(12),(13),(16) with different
densities of surface sites, different values of the
Stern layer, pK}; =7.5 and different values of
Kg+ and Kgz+, also leaving the position of the
Helmholtz plane free for each ion. This last
parameter has to be fitted as the thickness of
the upper silicon layer could slightly vary from
place to place and will in any case depend on its
degree of oxydation. Steps of 10%2° = 1.77 were
used for the equilibrium constants and 2 A for
the Helmholtz plane location. For each set of
parameters, the distribution profiles were used



to generate standing wave curves which were
fitted to the experimental data by minimizing a
global x? for all fluorescence curves belonging to
the same experiment. All combinations of equi-
librium constants in between 1 and 1000, and
all possible locations of the Helmholtz planes
in a standing wave period were systematically
explored. Compared to our previous prelim-
inary analysis,?” the present method has the
advantage that all electrostatic constraints are
automatically included, increasing the robust-
ness of the analysis.

Representative results are displayed on Fig. 6,
with the profile corresponding to Fig. 6a being
represented on Fig. 7 and results are summa-
rized in table 2.

First of all, good fits could be obtained for
all curves, and equilibrium constants could be
determined. A quite remarkable result is that,
though fully unconstrained, we find consistent
results for the Helmholtz plane location for the
different cations in a same experiment. This
is a strong demonstration of the consistency
of the analysis. Note also that attempts to
fit the experimental curves with only one Hel-
moltz plane location for all ions gave signifiantly
higher x? values. Most of the z,, values are
in between 20 A and 22 A which also shows
that the upper oxidized silicon layer is slightly
thicker than inner layers in the multilayer, as
can be expected from the incorporation of oxy-
gen atoms in the structure and verified by x-ray
reflectivity. 2z, is sometimes shifted compared
to cations which is clearly linked to the poor
statistics we have for chlorine and also to the
very smooth distribution for anions close to the
surface. Remarkably, no fit gave a shorter dis-
tance of approach for Cs™ cations compared to
K™ cations and the average difference between
them is 1.75 +1.0 A. Turning now to associ-
ation constants for the oxidized silica surface,
we find both logKx+ = 1.2 £ 0.4 and logKes+
= 0.8 £ 0.4, i.e. a slightly more pronounced
adsorption of K™ compared to Cs*. We then
explored the sensitivity of this result to the
different parameters in the model.

If we take the number of sites per nm? to be 5%
instead of 8, we find, logKx+ = 1.5 £ 0.4 and
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Figure 6: Representative fluorescence standing
wave curves for different solutions. (a) mixture
of KCl 1073M and CsCl 1073M, K+ = 105,
Kegr = 1085, 7K =22 705 — 24 . (b) mix-
ture of KI 107M and CsI 1073M, Kx+ = 10'5,
Koo = 1010, 2K =22 [ 205 = 24 . (c) mix-
ture of KC1 1072M and CsI 107M on silane,
K = 1015, Ko = 105, 2K = 22 | 205 =
24 .



logKgge+ = 1.2 + 0.4, i.e. a small increase in
the association constants. As one could expect
that the results could depend on the Stern layer
capacitance, we also tested different values Cg
— 0.5 Fm 2 and Cg = 6 F.m™2. Best fits are
obtained for the nominal Cg = 2.9 F.m~2, but
the increase in x? is not significant for all the
tested capacitance values. logK values increase
with decreasing capacitance, reaching logK +
= 1.8 &+ 0.2 and logKge+ = 1.7 £ 0.3 for Cg
— 0.5 F.m™2. The difference is less for larger
capacitances, with logKg+ = 0.9 + 0.4 and
logKggr — 0.7 £ 0.4 for Cg — 6.0 F.m~2. This
is correlated to the drop in surface potential
across the Stern layer. We find silica surface
potentials ¢(0) ~ -110 mV and a drop of ~
10 to 15 mV across the Stern layer for Cg =
2.9 F.m™2, slightly less for Cg — 1 F.m~2, but
on the order of 50-80 mV for Cg = 0.5 F.m—2.
With a larger potential drop across the Stern
layer, the contribution of the diffuse layer to
the surface charge opy is lower, and is com-
pensated by a higher specific adsorption as the
experimental curves are mainly sensitive to the
total amount of adsorbed cations.

In summary, the association constants are rel-
atively insensitive to the model parameters,
except for large values of the Stern layer capac-
itance.

The surface concentration of specifically ad-
sorbed cations K and C's™ is consistently on
the order of 0.07 nm~2 for 1073 M solutions
and 0.05 nm~2 for the 2x10~% M solution, re-
minding that there are 8 adsorption sites per
nm?, i.e. less than 1% of the sites are occupied
by K or Cs™ cations at mM concentrations.
Weak specific adsorption was obtained at
pH=2, where surface potential and surface
charge are weak. The experiments conducted
on silanized surfaces gave contradictory results,
one of them giving results similar to those for
bare silica surfaces, and the other one a slightly
stronger specific adsorption logK g+ = logKg+
= 1.5 possibly due to a different silane cover-
age. The surface charge is weak on the order of
0.05 C/m? and is negligible at pH = 2.
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Figure 7: Distribution of K*, Cs* and CI~ for
the best fit represented of Fig. 6. Kx+ = 105,
Kegr = 1010, 25 =22, 75 = 24.
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Numerical simulation

As mentioned before, the full analysis of the
fluorescence signal using the Gouy-Chapman-
Stern model indicates a shift between potas-
siu and cesium positions. When both ions
are in solution, potassium comes closer to the
surface, with a shift of 0.2 nm. This shift is
too large to be accounted for by a difference in
ionic radius, so the assumption is required that,
in contrast to K*, Cs* does not share its hy-
dration shell with surface (manuscript in prepa-
ration). We performed an Umbrella Sampling
simulation on a surface deprotonated silanol
with both cesium and potassium ions. The
PMF profiles are plotted on Fig 8. It should
be noted that for statistical reasons, millimolar
concentrations as used in our experiments can-
not be simulated, preventing us from a direct
comparison of experimental and simulated pro-
files.

As already evidenced,*® there is a clear ten-
dency that when potassium and cesium are
competing for surface adsorption on a negative
silica surface, the former comes preferentially
in contact with the charged surface atoms. The
spreading of the punctual -e negative surface
charge among the surrounding surface atom is
a difficult issue®? and has a strong effect on ion-



surface interaction.*? It appears that, with a va-
riety of hypotheses on surface charges spread-
ing, we steadily find a preferential selectivity
for the smaller cations, as it is shown by our
standing waves experiments.

1071 — T 7
[ — K
- — GCs
5k — Coulomb 1
i~
Sof :
> [
_5:_ ]
o (0] N N N R
0.2 04 0.6 0.8 1.0

Distance [nm]

Figure 8: Potential of Mean Force for KT and
Cs™ calculed by molecular dynamics as detailed
in Sect. "Molecular dynamics".

Discussion

The adsorption of monovalent cations on vari-
ous silica surfaces has been investigated using
different experimental methods over decades.
Compared to previously used methods, the
strength of our experimental method is to com-
bine sensitivity to the chemical nature of the
ions with A resolution. Like in the surface force
apparatus, large sufaces are also investigated,
unlike in experimental methods using colloidal
probes.

First of all, we note that our data could be
analyzed with surface charges similar to those
obtained in titration experiments, i.e. on the
order of 0.05 C/m?2.53! Same applies for the
surface potential on the order of 100 mV. Only
Ref.3! gives much higher potentiels, but at pH
= 10.

Association constants determined using differ-
ent methods are displayed in table 2 together
with our data. Though all studies tend to
agree on a value of H™ dissociation constant
with pKg+ in the range 6.2 - 7.5, no agreement
is found for the comparatively weaker associa-
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tion of monovalement cations, not even on their
ranking with respect to adsorption strength.
Force measurement methods apparently lead to
larger values of the association constants giving
logK values on the order of 2 to 3 whereas titra-
tion methods give logK values on the order of
-0.5 to 1. Reversal of the adorption strength
with pH is sometimes found, but even there,
there is no agreement regarding the order at
low or high pH.

We find slightly larger association constants for
K* than for Cs* or the order of logK ~ 1.0
to 1.5. Both trends, i.e. stronger association
of Kt or Cs*, are found in the literature (see
table 2), but the difference is always less or on
the order of 0.5 log units and depends on sur-
face chemistry.

We also find that K* cations come closer to the
surface than Cs* cations by 1.75 0.4 A. This
is in agreement with the potential of mean force
displayed in Fig. 8 and with the simulations of
Hocine et al.*! who argues that smaller cations
better share their hydration shell with the sur-
face, as also pointed out in Refs. 2843

Conclusion

X-ray standing wave technique has been used in
this study in order to investigate the electrical
double layer of 0.1 - 1 mM alkali-halide solu-
tions at oxidized silicon surfaces. Compared
to a previous investigation, data were analyzed
using the Gouy-Chapman-Stern model, allow-
ing for a direct determination of association
constants.

These experiments demonstrate that x-ray
standing waves under well defined experimental
conditions can bring most valuable information
about the structure of the electrical double
layer.

In this study, large samples (lem X lem) were
used. With the smallest beam size presently
available at synchrotrons (50nm), the beam
footprint would be less than 2um for a simi-
lar grazing of incidence of 2 degrees opening
the possibility to study much smaller samples.
Another limitation of the method is that the
contribution of the interfacial profile has to be



large enough compared to that of the rest of
the liquid film implying that the investigation
of higher concentrations would require thinner
cells. We are presently developing cells with a
thickness on the order of 10nm which will allow
the investigation of 0.1M solutions.

Using highly precise measurements to test hy-
potheses on surface ion interaction potentials
is a key development is establishing a set of
reliable potentials for numerical simulations.
More experimental systems are currently under
investigation and will be published soon.
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Table 2: Comparison of pKy+, log(K.;+), log(Ky.+) log(Kg+) and log(Kcs+) obtained using different methods. (a) 4nm
pyrogenic AEROSIL 300 silica nanoparticles, concentrations in between 0.005 m.lI"! and 0.3 m.1"'. (b) Data from Ref.?!
were used in Ref.!® (c) Silica powder, concentrations 0.01m.1"!, 0.1m.I"! and 1.0m.1"!, double extrapolation method. (d)
Surface force apparatus, pyrogenic silica surfaces in 107*M - 10~'M electrolytes at pH = 5.5. (e) AFM, force measured
between the tip and a silica surface in 1ImM - 100mM solutions. (f) MUSIC model. (g) Use of different thermodynamic
and structural data. (h) Potential of mean force calculation using molecular dynamics. (i) Fixed value in the fit.

Number of Cs pKg+  log(Kpi+) log(Kne+) log(Kg+) log(Kes+)
sites (nm~?) (F.m™2)

Titration of silica particles

Sonnefeld®!® 0.62 6.24 < -6 -1.32 -0.48 0.23

Davis et al.?!3 5. 1.25 7.2 0.5

Tao and Hongxia®?? 6.57 1.04+£01 1.04£01 1.0=£0.1

Force measurements

Chapel?26 2. 6.2-6.5 3.46 3.25 3.2 2.97

Zhao et al.c% 8. 2.9 6.9 £ 0.3 1.656 £ 0.1 2.0=%0.2

Theory and simulations

Hiemstra et al. /34 7.5

Sverjensky9?” 09-12 6.2-7.0 0.8 0.9 1.3 2.0

Hocine et al." (basic conditions, 9.12 3.4 0.35 -0.17

-1.5e charge on SiOH)*!

This work
8.1 2.9¢ 6.9 1.2+ 04 08404
5. 2.9¢ 6.9 1.54+04 1.240.2
8.1 0.5 6.9° 1.84+0.2 1.740.3

8.! 6.0° 6.9° 09+04 0.7+£04
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