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Water-induced correlation between single
ions imaged at the solid–liquid interface
Maria Ricci1, Peter Spijker2 & Kislon Voı̈tchovsky1,3

When immersed into water, most solids develop a surface charge, which is neutralized by an
accumulation of dissolved counterions at the interface. Although the density distribution of
counterions perpendicular to the interface obeys well-established theories, little is known
about counterions’ lateral organization at the surface of the solid. Here we show, by using
atomic force microscopy and computer simulations, that single hydrated metal ions can
spontaneously form ordered structures at the surface of homogeneous solids in aqueous
solutions. The structures are laterally stabilized only by water molecules with no need
for speciﬁc interactions between the surface and the ions. The mechanism, studied here
for several systems, is controlled by the hydration landscape of both the surface and
the adsorbed ions. The existence of discrete ion domains could play an important role in
interfacial phenomena such as charge transfer, crystal growth, nanoscale self-assembly and
colloidal stability.
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he spatial arrangement of ions at solid–liquid interfaces is a
problem central to many ﬁelds, ranging from electrochemistry1 to colloidal science2, heterogeneous catalysis3,
surface science4 or biology5. When immersed into a liquid, most
solids develop charges at their surface. To maintain electric
neutrality, the counterions dissolved in the liquid tend to
accumulate close to the solid’s surface, forming an electrostatic
double layer (EDL) that counterbalances the solid’s surface
charge. The precise structure and spatial distribution of ions in
the EDL has been the subject of intense experimental and
theoretical research over the last century. At the present time, the
most widely used EDL model, the Gouy–Chapman–Stern model
(see, for example, Bard and Faulkner6) assumes a dense
monolayer of counterions, the Stern or Helmholtz layer
(hereafter called Stern layer) adsorbed onto the surface of the
solid, followed by a diffuse layer of counterions whose density
decays exponentially when moving away from the solid. Most
EDL models, including Gouy–Chapman–Stern model, rely on the
so-called continuum assumption: ions are modelled as point
charges in a continuous dielectric environment. Although
routinely veriﬁed in the diffuse layer region, these models tend
to fall short in the Stern layer region7, where the discrete size of
ions can no longer be ignored. These difﬁculties are particularly
obvious in highly charged systems8,9 and corrections have been
proposed to better account for the complex interactions linking
ions, liquid molecules and the surface structure of the solid10.
Continuum models usually make the implicit assumption that the
Stern layer is homogenous, with a uniform ion distribution. This
assumption becomes problematic at the nanoscale where most
solids exhibit some structure with localized charges and a welldeﬁned hydration landscape that can determine the position and
organization of single ions at the interface. Such a complexity is
key to many processes such as the folding and function of
biomolecules11, the accumulation and transfer of charges at the
surface of extremophiles12,13 or at the electrodes of solar cells14,
electro-friction15, the nucleation of nanoparticles on surfaces16,
or the preferential adsorption of a particular type of ion onto
minerals17. Even at the macroscopic level, intense research is
currently dedicated to the synthesis of colloid particles exhibiting
non-homogeneous charge distributions at their surface for better
controlling the stability or ordering of colloidal solutions18.
Part of the difﬁculty in developing suitable models comes from
the lack of experimental results. Probing the lateral organization
of ions within Stern layers is a challenging task and most results
available to date stem either from computer simulations15 or
theoretical developments19,20. When available, experimental
results are typically obtained indirectly10 or through techniques
that require averaging over a large area of the interface21, hence
implicitly relying on the assumption of a homogeneous Stern
layer to provide a precise picture of the position of the ions and
the liquid molecules.
These difﬁculties can in principle be overcome by local probe
techniques such as atomic force microscopy (AFM). When
operated in liquid, AFM is able to investigate solid–liquid
interfaces locally, often with atomic- or molecular-level resolution22–31 and in the presence of ions32–36. Studies allowing a clear
and unequivocal identiﬁcation of single ions within a Stern layer
are however still sparse, with little information about the
formation, stability and dynamics of adsorbed ions at the
nanoscale.
Here we use AFM to image different hydrated monovalent
metal ions adsorbed at the surface of mica in water. We show,
with single ion resolution, that the metal ions do not adsorb
randomly but form preferentially ordered structures such as rows
or geometrical domains due to ion–ion attractive interactions
controlled by the water at the interface. The results, conﬁrmed by
2

molecular dynamics (MD) simulations, show that water alone can
provide a sufﬁcient driving force to induce order within Stern
layers, at least for chaotropic monovalent ions37 (throughout the
paper, we consistently use the concepts of ‘chaotropic’ and
‘kosmotropic’ as deﬁned in ref. 37). The key element is the
interplay between the local solvation landscape of the solid at the
interface and the hydration structure of the ion. Electrostatic
interactions induce the adsorption of ions at the Stern layer but
do not play any signiﬁcant role in regulating interactions between
monovalent ions within this region. This work presents, to the
best of our knowledge, the ﬁrst direct observation of this
correlation mechanism. Signiﬁcantly, the fact that it occurs
between monovalent metal ions at interfaces suggests a common
occurrence in natural and synthetic systems. Our ﬁndings are
conﬁrmed with different types of monovalent ions and also
demonstrated on a polar self-assembled monolayer (SAM). The
latter is chemically different than mica and, although only weakly
charged, provides an appropriate hydration landscape that allows
for the formation of ionic structures stable enough to be observed
by AFM. The generality of the effect suggests that it could play an
important role in wide range of systems, for example, in
controlling and enhancing charge transport at interfaces12,38, in
inﬂuencing crystal growth17 or the stability of colloidal solutions
and emulsions18. In addition, this effect could also be exploited in
the design and self-assembly of nanomaterials39 and used to
template nanostructures16.
Results
Atomic force microscopy. Recently, we showed that amplitudemodulation AFM could derive quantitative information about the
local free solvation energy of a solid fully immersed into a liquid,
with sub-nanometre resolution31. This is possible when the
vibrating AFM tip dissipates most of its energy within the
interfacial liquid, without signiﬁcant interaction between the tip
and the solid30,31. In this regime, hereafter referred to as
‘interfacial dissipation microscopy’ (IDM), information about
the local interfacial energy is contained in the phase image,
acquired simultaneously with the topography image of the
interface and is related to the local dynamics of the liquid
probed by the tip40,41.
When ions adsorb at the surface of the solid, they induce a
substantial perturbation of the local solvation environment,
which can be detected at the single-ion level by IDM as the
AFM tip forces the liquid around the imaged ion35.
Single Rb þ ions can be clearly identiﬁed in the topographic
IDM images (Fig. 1a). The adsorbed Rb þ ions appear as distinct
protrusions on the sites normally occupied by K þ ions in bulk
mica (hereafter called ‘binding sites’, Fig. 1b). In the associated
phase image, the ions induce a sharp dark contrast, indicating
an increase of the local tip energy dissipation (see also
Supplementary Figs 1 and 2).
The IDM images reveal interesting peculiarities about the Rb þ
ions apparent dynamics and organization at the surface of mica.
First, the adsorbed Rb þ ions appear surprisingly stable, with the
same protrusion often visible in several consecutive line scans.
Theory42 and scanning polarization microscopy measurements of
ions mobility on mica43 suggest that the residence time of
adsorbed ions at a given binding site should not exceed
microseconds, but our IDM measurements of the residence
time of Rb þ ions over a single binding site (Fig. 1c) indicate an
average time in the order of 100 ms (see Supplementary Fig. 3).
However, the result is likely to be limited by the time-resolution
capability of IDM measurements (B50 ms), which may probe
ionic densities instead of single ions. Nonetheless, the protrusions
unambiguously indicate the presence of Rb þ ions at the
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corresponding sites, as evidenced when varying bulk ionic
concentration (Fig. 2b and Supplementary Fig. 4).
Second, the ions do not adsorb randomly on the surface of
mica, but rather appear to form small islands or rows (arrow in
Fig. 1a) instead of adopting a two-dimensional gas-like random
arrangement. This behaviour is conﬁrmed by a statistically
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Figure 1 | IDM imaging of Rb þ ions adsorbed at the surface of mica in an
aqueous solution. The solution contains 3 mM RbCl. Individual ions can be
distinguished both in topography and in phase (a, arrow), often forming
geometrical domains or rows. Occasionally, a bright ‘tail’ is visible adjacent
to the dark spots attributed to adsorbed ions. This tail is induced by a
momentary increase of the tip vibration amplitude as the feedback loop
completes its correction, and is due to the particularly gentle imaging
conditions. The atomic structure of mica evidences the position of the ion
binding sites, which are occupied by K þ ions in the bulk crystal (b).
Repeatedly scanning over a same binding site (c) yields substantial height
variations in time as single Rb þ ions adsorb and desorb from the site (see
also Supplementary Fig. 3). Scale bar, 3 nm (a), and the colour bars
represent 1 nm (topography) and 15° (phase).

signiﬁcant excess of nearest neighbours for each adsorbed ion,
when compared with the same number of ions arranged
randomly (Po0.01, Supplementary Methods). The result indicates attractive ion–ion interactions, something surprising given
the equivalence of the binding sites and the expected electrostatic
repulsion between adjacent cations on the surface. This form of
attractive interaction is responsible for the observed ion–ion
correlation effects, and is at the centre of this study.
To better quantify this correlation, we performed IDM
measurements of the apparent surface coverage of Rb þ ions on
mica, as a function of the RbCl bulk concentration in the aqueous
solution (see Supplementary Methods for the coverage analysis).
These measurements provide Rb þ adsorption isotherms from
which it is possible to extract the adsorption free energy DG0Rb þ of
the ions to the surface and the correlation energy Ec between
adjacent ions, using appropriate models44,45.
Practically, any accurate IDM measurement requires ﬁrst
quantiﬁcation of the effect of the IDM tip on the observed Rb þ
surface coverage. The tip is charged in water46 and hence prone to
electrostatic interactions with adsorbed ions. In addition, the
vibrating tip mechanically perturbs the Stern layer and may
displace or remove adsorbed ions. Both these perturbations can
artiﬁcially change the observed Rb þ surface coverage. It is
IDM
associated with,
possible to quantify the energies EeIDM and Em
respectively, the electrostatic and mechanical perturbations
induced by the IDM tip, and hence infer the properties of the
unperturbed interface while retaining the IDM imaging
resolution. This task is achieved by varying the mechanical
perturbation in a quantiﬁable manner while keeping the
electrostatic perturbation constant, using cantilevers with
different stiffness but same tip design (Fig. 2a, Supplementary
Fig. 5 and Supplementary Methods). Control experiments were
also conducted with gold-coated tips (Supplementary Fig. 6).
Representative images of the IDM measurements for selected
bulk RbCl concentrations are shown in Fig. 2b.
Assuming that the large majority of Rb þ ions are adsorbed in
the inner-sphere hydration state at the surface of mica21,47 the
IDM-derived isotherms can be ﬁtted with two main models. The
simplest model, the Langmuir isotherm44, assumes a uniform and
homogenous Stern layer with no interactions between adsorbing
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Figure 2 | Adsorption isotherm of Rb þ ions at the surface of mica measured by IDM in solution. The isotherms (a) comprise measurements conducted
with two types of cantilevers that exhibit different spring constants (ksB0.1 N m  1 for the softer lever and ksB0.5 N m  1 for the stiffer lever) but a same
tip design. The solid lines represent data ﬁts with the Frumkin isotherm, which allows for ion–ion correlations. The dashed lines provide ﬁts without
correlations (Langmuir isotherm) (see Supplementary Methods for details). The apparent surface coverage derived from IDM measurements with the
softer cantilever is larger than for the stiffer cantilever, consistent with the expected smaller mechanical perturbation (and hence smaller EmIDM ) of the Stern
layer by the softer cantilever. The results indicate a relatively small mechanical perturbation energy by the measuring IDM tip (EmIDM o0:4 kJ mol  1 for the
softer lever, Supplementary Fig. 11) but a substantially larger electrostatic perturbation of EeIDM B7 kJ mol  1 for both cantilevers. Control experiments with
gold-coated tips conﬁrm the dominance of the electrostatic perturbation (Supplementary Fig. 5). Representative topographic images of the IDM
measurements are shown in b for the stiffer lever (see also Supplementary Fig. 4 and Supplementary Methods for a full set of data). Scale bar, 5 nm (b).
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ions, and therefore the correlation energy (Ec0) is zero (dashed
line in Fig. 2a). Alternatively, a modiﬁed Frumkin45 isotherm
model that takes into account both ion–ion correlations
and contributions of the IDM tip perturbation, provides a
substantially better ﬁt to the data (solid line in Fig. 2a and
Supplementary Methods). The maximum coverage observed by
IDM (10 mM, Fig. 2b) corresponds to all the available binding
sites being occupied and the isotherm is modelled accordingly. In
reality, only half the binding sites should, on average, be occupied
to ensure electro-neutrality at equilibrium48. This suggests that at
10 mM, the IDM images predominantly Rb þ patches with empty
area outside the imaging region. The existence of patches is
consistent with correlations effects, and patches are likely to
assemble in the vicinity of the negatively charged tip. The
observed full surface coverage could also be explained by coadsorption of Cl  anions, known to occur for Cs þ on mica49.
Co-adsorption is however unlikely to take place here48,50, also in
light of our simulation results (Supplementary Methods).
The main result from the isotherm analysis is the clear
correlation between Rb þ ions during the adsorption process. The
associated correlation energy was found to be always attractive
and similar, within uncertainty, for both types of cantilever
Ec ¼  7±3 kJ mol  1 (Supplementary Methods). This value is
consistent with the observed formation of Rb þ rows and small
domains at low salt concentration in the IDM images (Fig. 1) and
with statistical analysis of number of nearest neighbours
(Supplementary Methods). In addition, the fact that Ec is
independent of the magnitude of the IDM perturbation indicates
that the correlation is an intrinsic property of the interface. Timedependent adsorption studies, such as that presented in Fig. 1c,
also showed preferential adsorption of ions on several adjacent
sites simultaneously (Supplementary Fig. 3), supporting the idea
that Rb þ –Rb þ correlation effects stabilize the Stern layer.
This correlation can have two possible origins, either direct
electrostatic interactions between adsorbed ions or hydration
effects. Electrostatic correlation are known to play an important

Random

Row

role in systems with high charge density51 such as multivalent
ions on DNA52, but they are unlikely to play a signiﬁcant role
here due to the low charge density of the ions involved. A simple
estimate of the electrostatic energy gained by two isolated Rb þ
ions brought side by side on the surface of mica suggests that
some other form of correlation must be taking place
(Supplementary Discussion). We propose instead that the
correlation is induced by a better coordination of the water
molecules in the global hydration structure of neighbouring ions,
compared with the hydration shell of single adsorbed ions. Under
this hypothesis, although electrostatic interactions occur between
solvent molecules, ions and the surface, the correlation is
effectively controlled by the structural organization of water
molecules at the interface.
To test this hypothesis, we conducted MD simulations so as to
obtain a full molecular-level picture of the Rb þ ions dynamics at
the surface of mica in water.
MD simulations. A ‘free’ interface (that is without the presence
of an IDM probe) was used in the simulation to assess whether or
not the IDM observations reﬂect the ‘unperturbed’ interface.
Owing to limited computational power, current simulations
cannot directly replicate IDM experiments in terms of duration or
system size. We therefore decided to compare the intrinsic stability of different geometrical conﬁgurations for adsorbed ions at
the surface of mica in water. Three starting conﬁgurations were
studied, progressively increasing the average number of direct
neighbours between ions: (i) with the cations randomly distributed at the surface of mica (Fig. 3a), (ii) with the cations
forming a single row on mica (Fig. 3b) and (iii) with the cations
grouped in a single hexagonal domain on the surface (Fig. 3c). In
addition, as hydration forces are expected to play an important
role in the correlations effects, we also conducted the simulations
with K þ ions and Na þ ions. The K þ ions are generally seen as
chaotropic37 similarly to Rb þ ions, but are naturally present in
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Figure 3 | Data from the molecular dynamics simulations of mica in aqueous solution. Three different starting conﬁgurations have been tested: with the
cations randomly adsorbed (a), forming a row on mica (b) or a hexagon (c). The average hydration (open square), electrostatic (open triangles) and total
(open circles) free energy of the adsorbed ions is given for each type of ion an each starting conﬁguration (d). The data in d are extracted from the
evolution of the hydration energy per adsorbed ion throughout the simulation. The error bars in d are 2 s.d. In e, a schematic depiction of the water
surrounding adsorbed K þ . A clear difference is visible between isolated ions or ions forming geometrical patterns where the location of shared water
molecules is well deﬁned. From MD simulations, the density of oxygen atoms of the water molecules is also shown. In the case of single ion, the value of
the oxygen density is the radial average around the K þ ion. In the case of row of K þ , the average oxygen density is obtained by considering a rectangle of
0.5 nm width aligned with the row of the ions and centred on them.
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mica. In contrast, Na þ ions are kosmotropic and exhibit a
smaller primary solvation shell with higher hydration energy than
K þ and Rb þ . The simulations comprise ion–ion and ion–mica
electrostatic interactions, as well as hydration interactions
between water molecules, ions and mica. An ion located within
4 Å of the mica’s hydroxyl oxygen is considered adsorbed
(Supplementary Methods). The time-averaged interaction
energies of the simulation runs are presented in Fig. 3d for
each ion type in the three different starting conﬁgurations, always
with a similar number of ions.
A direct comparison between the simulation runs show that
the overall free energy per ion is always higher when adsorbed in
random conﬁguration (Fig. 3d). Decomposition of this free
energy in its hydration (ion–water) and electrostatic (ion–ion and
ion–mica) contributions shows that the energy dependence of the
ion conﬁguration is largely dominated by the hydration energy.
The latter is about an order of magnitude larger than the ion–ion
electrostatic potential, and always largest for the random
conﬁguration regardless of the type of ions considered. In the
case of K þ and Rb þ , the hydration energy (and the total free
energy) per ions decreases with the number of immediate
neighbours. However, this trend is not as clear for the Na þ ions,
mainly due to the particularly high mobility of Na þ and the
presence of multiple solvation states47 (Supplementary Figs 7 and
8) leading to a rapid dissolution of the initial geometrical
arrangements. This is not the case for K þ and Rb þ ions, which
exist mainly in a single hydration state and tend to remain at the
usual ion binding sites when adsorbed47. They also exhibit little
mobility throughout the simulation (Supplementary Figs 7 and
8), hence allowing for a more direct interpretation of the
inﬂuence of their adsorption conﬁguration on their respective free
energy. One-way analysis of variance of the results demonstrated
that the differences in total free energy between geometrical
conﬁgurations are statistically meaningful for K þ and Rb þ
(Po0.01). Simulations also show that correlating ions have 10–
15% less neighbouring water molecules over the entire length of
the simulation compared with randomly adsorbed ions. This
shows indirectly the favourability for the entire system to arrange
ions on the surface in a correlated way, further supporting

Discussion
The IDM results consistently indicate that the Rb þ and K þ ions
can form ordered structures when adsorbing at the surface of
charged crystalline solids in solution. The attractive correlation
between neighbouring ions is driven by a better coordination of
the surrounding water molecules, as elucidated by the MD
simulations. As a result, the effect should depend on the
hydration structure of both the adsorbed ion and the surface of
the solid. Furthermore, the simulations show that Rb þ (and K þ
ions) prefer to form geometrical arrangements that favour
nearest-neighbour conﬁguration between adsorbed ions.
Although only a limited number of conﬁgurations could be
tested, the hexagonal arrangement (3.4 neighbours) appeared
consistently more favourable than rows (2 neighbours), with both
arrangements preferred over a random adsorption (0 neighbour).
This two-dimensional self-assembly process is driven by
minimization of the hydration water free energy. MD simulations
show that two conditions are necessary for this ordering to
take place: the ion’s hydration energy has to dominate over
ion–ion electrostatic interactions at the interface, and the
hydration properties of the ions considered should allow
the formation of a an ordered monolayer, for example,
by favouring a single hydration state at the surface of the
solid considered. The multiple solvation states of adsorbed Na þ
ions enable them to move rapidly between different locations
not necessarily coinciding with a binding site and embed
themselves deeper into the surface (Fig. 4b and Supplementary
Fig. 7). The presence of small kosmotropic ions sitting between
the main binding sites has already been reported in previous
AFM studies34 and RAXR experiments have also shown that
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IDM measurment
(top view)

Simulation
(side view)
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hydration as the mechanism driving the local structuring of ions.
In Fig. 3e, a simulation snapshot illustrating a possible
mechanism is presented. Ions neighbouring each other can
share coordinated water molecules and improve the hydration
structure compared with a randomly adsorbed ion. Moreover,
alternating positive (ions) and negative (water oxygen atoms)
charges improves the stability of the structures as predicted by
previous theoretical work53.

Figure 4 | Adsorption of K þ and Na þ ions at the surface of mica seen by simulation and IDM. To allow for a direct comparison, images in K þ (a), Na þ
(b) and water (c) are presented side by side and on a same scale. In each case, a simulation snapshot with semi-transparent water molecules is shown
(top) together with the corresponding IDM image (bottom). All the IDM data were acquired with a similar cantilever/tip and in identical operating
conditions. The KCl and NaCl bulk concentration are 1 mM and 0.5 mM, respectively, so as to ensure only partial coverage of the mica in each case. The
adsorbed ions consistently induce a darker contrast in the phase (as for Rb þ ), although with a magnitude speciﬁc to each ion type. The contrast is less
pronounced for Na þ ions due to their positions more ‘embedded’ in the mica. The Na þ ions sitting further from the surface are only occasionally imaged
by the tip. This is also reﬂected in the smoother topographic image achieved in NaCl. Scale bar, 3 nm (for all images). The colour scale bars are 1 nm (a) and
0.5 nm (b,c) for topography and 30° (a–c) for phase.
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Figure 5 | IDM images of a mercaptohexonol SAMs in water and in a
10 mM RbCl solution. In both cases, the SAM lattice can be identiﬁed. In
the presence of the salt, Rb þ ions can be seen clustering at the SAM
surface (arrows), creating a consistent darker contrast in the phase image.
The ion clusters are however easily removed by the scanning tip, making
them appear less clearly than on mica due to a weaker attractive
interactions with the surface (weaker surface potential). The chemical
structure of a mercaptohexanol molecule is illustrated by a cartoon
(inset on the right). Scale bars, 4 nm (water) and 3 nm (RbCl), and colour
scale bars are 0.7 nm for topography and 20° for phase.

several kosmotropic ions can adsorb in different hydration states
simultaneously47. The surface of the solid plays an important role
in the correlation effects by imposing a set distance between
adjacent binding sites.
To verify experimentally the MD predictions for K þ and Na þ
ions, we obtained IDM images of the surface of mica in KCl and
NaCl solutions (Fig. 4a, b). The results are fully consistent with
the simulations: the K þ ions appear similar to Rb þ ions,
forming domains and rows on the surface and allowing imaging
conditions almost as stable as in RbCl (see also Supplementary
Fig. 9 and Supplementary Methods). In contrast, Na þ ions
appear poorly deﬁned and show no clear structural organization
on the surface. Furthermore, the high cations mobility on the
surface and the presence of multiple hydration states prevented
stable IDM imaging.
Interestingly, the phase shift observed for images of K þ and
Na þ is different despite a same cantilever/tip and identical
imaging condition. This difference reﬂects that of the two
ions’ hydration shells, suggesting that IDM can even differentiate
between adsorbed ions through their speciﬁc modiﬁcation
of the interfacial hydration structure. Differences between ions
are likely to be enhanced in IDM measurements due to the
momentary conﬁnement of the interface by the IDM tip pushing
water around the ions’ solvation shell. Previous studies have
shown that the hydration structure of a particular ion often
dominates its interfacial behaviour under conﬁnement54. In
IDM measurements, although conﬁnement effects are limited by
the small surface of the tip effectively imaging and the slow
conﬁning speed (o50 mm s  1), they may nonetheless enhance
the observations of ion–ion correlations that would otherwise
be difﬁcult to capture. Indeed, previous RAXR measurements
were unable to detect correlations between Rb þ ions within
experimental uncertainty48. Present MD simulations of the ‘free’
(that is unconﬁned) interface show that correlations effects
constitute an intrinsic property of the system, which we believe is,
at best, enhanced by the IDM measurements (Supplementary
Discussion).
6

To test the generality of our ﬁndings, we assessed a ﬁnal
experiment on a different solid: a SAM exposing polar alcohol
headgroups (mercaptohexanol, inset Fig. 5). The SAM-functionalized gold surface develops a surface potential in aqueous
solution. Previous reports indicate zeta-potentials ranging
between  40 and  50 mV for gold nanoparticles coated with
alcohol-terminated alkanes in an aqueous solution at a similar
pH55,56. The SAM surface potential is weaker than that of mica.
Signiﬁcantly, the SAM surface in direct contact with the liquid is
not charged and the polar alcohol groups interact with the liquid
mainly through the formation of hydrogen bonds. The surface
potential of the SAM can hence be seen as a diffused background,
creating an incentive for cations to form an EDL close to the
SAM’s surface. The molecular packing of the SAM creates a
hydration landscape similar to that of mica at the nanoscale26,57
and ion–ion correlations can be expected to occur. Figure 5
compares high-resolution IDM images acquired in ultrapure
water and in 10 mM RbCl. In the presence of the salt, Rb þ
clusters can be identiﬁed at the surface of the SAM, yielding a
phase contrast consistent with the results on mica. The clusters
are however less clearly deﬁned than on mica and can easily be
removed by the tip. This can be explained by the relatively weak
surface potential of the SAM that limits the incentive for
adsorbed ions to remain at the surface. Nonetheless, the results
conﬁrm that in the presence of an appropriate hydration
landscape, correlated ion clusters can form solely through
hydration forces, and that the effect is not limited to mica.
The overall picture emerging from IDM measurements and
MD simulations highlights the importance of the interplay
between the hydration properties of adsorbed ions and that of the
surface for ordering the ions. In the case of mica, chaotropic ions,
such as K þ or Rb þ , appear mostly located within the ﬁrst
hydration layer with limited effect over the distal layers
(Supplementary Figs 7 and 10). This minimal disruption of the
mica’s interfacial water structure allows the formation of stable
ionic structures guided by the particular hydration landscape of
mica. The self-assembly takes place within mica’s ﬁrst hydration
layer and is guided by a minimization of the overall hydration
energy of both the mica and the adsorbed ions. The resulting
correlation effect does not require any speciﬁc interaction
between the ions and the surface, and can, in principle, occur
at any interface that exhibits an appropriate hydration landscape.
In addition, the short Bjerrum length of hydrated monovalent
ions (B1 nm, Supplementary Discussion) makes it possible for
correlation effects to take place at the surface of solids with lower
surface charge density than mica, as illustrated for the SAM.
Finally, given the ubiquity of K þ ion in biology, this type of
water-induced correlation may be commonplace at the surface of
biomembranes where gel-phase phospholipid domains tend to
adopt an arrangement with a similar periodicity as the mica
lattice or the SAM studied here. Biological interfaces are however
more complex, due to their strong and local dependence on the
surrounding pH, and the conformational ﬂexibility of the
molecules. Correlated ionic networks are however likely to play
key roles in charge transfer12,38 and membrane shaping58, and
both experiments and simulations are already underway to
examine these possibilities.
In this study, we have shown that single metal ions can form
ordered structures at solid–liquid interfaces through waterinduced correlation effects. The effect, observed experimentally
at the single-ion level by IDM, is driven by the interfacial water,
and depends on the hydration properties of the ions considered.
MD simulations of different types of monovalent ions at the
interface with mica highlight the delicate interplay between the
hydration structure of the solid and that of the adsorbing ions,
and correctly predict the IDM observations. The simplicity of the
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system and the generality of the effect suggest that it may
spontaneously occur in a large variety of systems.
Methods
Interfacial dissipation microscope. All the AFM data were acquired on a Multimode Nanoscope IIIa (Digital Instruments) operated in the IDM regime (see
text). The sample and the scanning tip were fully immersed into the imaging
solution. Before each experiment, the AFM liquid cell was thoroughly washed by
consecutive sonication in isopropanol and ultrapure water, and then dried under
nitrogen ﬂow. A cantilever was then mounted on the cell and engaged over clean
mica in ultrapure water. After the AFM had reached thermal equilibrium, the
ultrapure water was removed and the desired solution was injected into the cell. We
used standard silicon nitride cantilevers (Olympus RC800 PSA, Olympus, Tokyo)
with two different lever length but identical tip design. The nominal spring constant of the levers were ks ¼ 0.1 N m  1 (softer lever) or kh ¼ 0.76 N m  1 (stiffer
lever). Cantilevers from a same wafer were used to allow for better comparison of
the results. The cantilevers were calibrated using their thermal spectra59 after each
experiment and found to have typical stiffness and Q-factors of khB0.5 N m  1
and QhB4.4 (stiffer lever), and ksB0.1 N m  1 and QsB2.5 (softer lever). The
cantilever was driven acoustically in a liquid cell, close to its resonance frequency.
Typical working amplitudes A were kept between 0.8 and 1.5 nm with the setpoint
ratio A/A0 as large as possible, where A0 is the free vibration amplitude of the lever
in the liquid far from the mica surface. When operated in these conditions, atomiclevel resolution topographic and phase images of the type shown in Figs 1, 2 and 4
could be routinely achieved. We found that too small amplitudes (o0.5 nm)
resulted in no apparent surface coverage by the ions due to the tip ‘sweeping’ the
ions sideways.
In general, as the IDM tip can mechanically remove ions from the surface (see
Fig. 2), we always carefully balanced the imaging setpoint so as to keep it as large as
possible. Nonetheless, minute setpoint variations were sufﬁcient to introduce
variations in the apparent surface coverage; this is the main source of error in our
statistical analysis (see Supplementary Methods).
Sample preparation. High-quality muscovite mica (grade V) was purchased from
SPI supply (West Chester, PA, USA) and used in all the experiments. The mica was
freshly cleaved with adhesive tape and rinsed copiously with ultrapure water
(18.2 MO, Merck Millipore, Billerica, MA, USA) before use.
The SAM of mercaptohexanol were created on gold substrates. The substrates,
commercially available (PHASIS, Geneva, Switzerland), consisted of gold
evaporated on mica, packaged in a sealed nitrogen atmosphere. On opening, the
substrates were immediately placed in vials containing 10 ml of ethanolic solution
of 6-mercaptohexan-1-ol (mercaptohexanol) (TCI America, Portland, OR, USA).
The thiol concentration was 0.01 mM. The substrates were left in the solution in
dark at room temperature for a period of 7 days, at which point they were rinsed
with ethanol seven times and dried under a gentle argon ﬂow.
All the solutions were prepared in ultrapure water with 99.9% pure salts
purchased from Sigma-Aldrich and used as received.
MD simulations. Based on the previously reported crystal structure of muscovite60, we constructed for the MD simulations a crystal measuring
B41  55  40 Å with the (001) plane set parallel to the xy plane of the simulation
referential. The exposed plane naturally contains potassium ions, and depending
on the required starting conﬁguration all, none or a selected number of these ions
were removed or replaced with a different ion species, resulting in either a random,
row or hexagon conﬁguration for the surface ions. In all cases, we ensured
complete system charge neutrality. This fully atomistic model of muscovite is
centred in a periodic simulation box and solvated in the direction perpendicular to
the exposed plane, ensuring a water thickness on top of the mica of at least 5 nm.
To describe the interactions between all atoms, two force ﬁelds are used. For the
muscovite mica interactions and all ion interactions, we used the CLAYFF force
ﬁeld61, which is a general force ﬁeld suitable for the simulation of hydrated and
multicomponent mineral systems and their interfaces with aqueous solutions. The
interactions between water molecules were described by the TIP3P model of the
CHARMM force ﬁeld62. Recently, it has been shown that the CLAYFF and
CHARMM force ﬁelds are compatible and can be used together63–66. All
simulations have been performed using the MD code NAMD67. For visual
inspection, VMD68 was used and most of the analysis was performed using the
Python library MDAnalysis69.
Three different surface arrangements were examined for each type of ion: (i) a
row of ions along the (100) direction, (ii) a hexagon and (iii) ions randomly placed.
In the case of the row and the random distributions, eight ions were placed at the
surface, while seven ions (a full hexagon) were used in the hexagonal conﬁguration.
Examples of these arrangements are depicted in Fig. 3a–c.
For each of the nine different MD simulations, a similar protocol is followed.
This includes an initial minimization of the energy associated to the water only
(allowing bad contacts to be removed), followed by a short dynamics run of 5 ps to
equilibrate the entire system at ambient conditions, and ﬁnally the production run
of 1 ns. Only the latter is used for analysis. The current simulation set-up and
protocol is similar to the setup used previously to study the interaction between

calcite, water and ions35, but in the current work all simulations are performed in
duple to improve statistical accuracy and to account for individual aberrations.
To verify our muscovite model, we computed basic properties such as water
residence time near the muscovite surface and around the ions in solution, as well
as the hydration numbers for these ions. We found all of the measured properties
to be in good agreement with previously reported data47,49,70. For instance, the
hydration numbers computed from our simulations are 5.8, 7.1 and 7.9 for Na þ ,
K þ and Rb þ , respectively, in bulk water. As rubidium is a less common ion to
encounter in mineral force ﬁelds such as CLAYFF or organic force ﬁelds such as
CHARMM, the properties for this ion were checked more carefully and found
comparable to experimental values reported21,48,50.
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& Hidalgo-Álvarez, R. Overcharging in colloids: beyond the Poisson–
Boltzmann approach. Chemphyschem 4, 234–248 (2003).
10. Parsons, D. F., Boström, M., Maceina, T. J., Salis, A. & Ninham, B. W. Why
direct or reversed hofmeister series? Interplay of hydration, non-electrostatic
potentials, and ion size. Langmuir 26, 3323–3328 (2009).
11. Leal, S. S., Botelho, H. M. & Gomes, C. M. Metal ions as modulators of protein
conformation and misfolding in neurodegeneration. Coord. Chem. Rev. 256,
2253–2270 (2012).
12. Contera, S. A., Voitchovsky, K. & Ryan, J. F. Controlled ionic condensation
at the surface of a native extremophile membrane. Nanoscale 2, 222–229
(2010).
13. Heberle, J., Riesle, J., Thiedemann, G., Oesterhelt, D. & Dencher, N. Proton
migration along the membrane surface and retarded surface to bulk transfer.
Nature 370, 379–382 (1994).
14. Zakeeruddin, S. M. & Grätzel, M. Solvent-free ionic liquid electrolytes
for mesoscopic dye-sensitized solar cells. Adv. Funct. Mater. 19, 2187–2202
(2009).
15. Netz, R. R. Electrofriction and dynamic stern layers at planar charged surfaces.
Phys. Rev. Lett. 91, 138101 (2003).
16. Dunn, S., Sharp, S. & Burgess, S. The photochemical growth of silver
nanoparticles on semiconductor surfaces—initial nucleation stage.
Nanotechnology 20, 115604 (2009).
17. Ruiz-Agudo, E. et al. Ion-speciﬁc effects on the kinetics of mineral dissolution.
Chem. Geol. 281, 364–371 (2011).
18. Pardhy, N. P. & Budhlall, B. M. Pickering emulsion as a template to
synthesize Janus colloids with anisotropy in the surface potential. Langmuir 26,
13130–13141 (2010).
19. Cheng, H. & Olvera De La Cruz, M. Rod-like polyelectrolyte adsorption onto
charged surfaces in monovalent and divalent salt solutions. J. Polym. Sci. B
Polym. Phys. 42, 3642–3653 (2004).
20. Netz, R. R. & Orland, H. Beyond Poisson-Boltzmann: ﬂuctuation effects and
correlation functions. Eur. Phys. J. E. Soft Matter 1, 203–214 (2000).
21. Park, C., Fenter, P. A., Nagy, K. L. & Sturchio, N. C. Hydration and distribution
of ions at the mica-water interface. Phys. Rev. Lett. 97, 016101 (2006).
22. Muller, D. & Engel, A. The height of biomolecules measured with the
atomic force microscope depends on electrostatic interactions. Biophys. J. 73,
1633–1644 (1997).
23. Müller, D. J., Fotiadis, D. & Engel, A. Mapping ﬂexible protein domains at
subnanometer resolution with the atomic force microscope. FEBS Lett. 430,
105–111 (1998).
24. Müller, D., Fotiadis, D., Scheuring, S., Müller, S. & Engel, A. Electrostatically
balanced subnanometer imaging of biological specimens by atomic force
microscope. Biophys. J. 76, 1101–1111 (1999).
25. Kuna, J. J. et al. The effect of nanometre-scale structure on interfacial energy.
Nat. Mater. 8, 837–842 (2009).

NATURE COMMUNICATIONS | 5:4400 | DOI: 10.1038/ncomms5400 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

7

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5400

26. Fukuma, T., Ueda, Y., Yoshioka, S. & Asakawa, H. Atomic-scale distribution of
water molecules at the mica-water interface visualized by three-dimensional
scanning force microscopy. Phys. Rev. Lett. 104, 016101 (2010).
27. Rico, F., Su, C. & Scheuring, S. Mechanical mapping of single membrane
proteins at submolecular resolution. Nano Lett. 11, 3983–3986 (2011).
28. Payam, A. F., Ramos, J. R. & Garcia, R. Molecular and nanoscale compositional
contrast of soft matter in liquid: interplay between elastic and dissipative
interactions. ACS Nano 6, 4663–4670 (2012).
29. Sheikh, K. H. & Jarvis, S. P. Crystalline hydration structure at the membraneﬂuid interface of model lipid rafts indicates a highly reactive boundary region.
J. Am. Chem. Soc. 133, 18296–18303 (2011).
30. Voitchovsky, K. Anharmonicity, solvation forces, and resolution in atomic
force microscopy at the solid-liquid interface. Phys. Rev. E 88, 022407 (2013).
31. Voı̈tchovsky, K., Kuna, J. J., Contera, S. A., Tosatti, E. & Stellacci, F. Direct
mapping of the solid-liquid adhesion energy with subnanometre resolution.
Nat. Nanotech. 5, 401–405 (2010).
32. Fukuma, T., Higgins, M. & Jarvis, S. Direct imaging of lipid-ion network
formation under physiological conditions by frequency modulation atomic
force microscopy. Phys. Rev. Lett. 98, 106101 (2007).
33. Ferber, U., Kaggwa, G. & Jarvis, S. Direct imaging of salt effects on lipid bilayer
ordering at sub-molecular resolution. Eur. Biophys. J. 40, 329–338 (2011).
34. Loh, S. H. & Jarvis, S. P. Visualization of ion distribution at the mica-electrolyte
interface. Langmuir 26, 9176–9178 (2010).
35. Ricci, M., Spijker, P., Stellacci, F., Molinari, J.-F. & Voitchovsky, K. Direct
visualization of single ions in the stern layer of calcite. Langmuir 29, 2207–2216
(2013).
36. Siretanu, I. et al. Direct observation of ionic structure at solid-liquid interfaces:
a deep look into the stern layer. Sci. Rep. 4, 4956 (2014).
37. Marcus, Y. Effect of ions on the structure of water: structure making and
breaking. Chem. Rev. 109, 1346–1370 (2009).
38. Mulkidjanian, A. Y., Heberle, J. & Cherepanov, D. A. Protons @ interfaces:
implications for biological energy conversion. Biochim. Biophys. Acta 1757,
913–930 (2006).
39. De Feyter, S. et al. Metal ion complexation: a route to 2 D templates? Chem.
Eur. J. 10, 1124–1132 (2004).
40. Ortiz-Young, D., Chiu, H. C., Kim, S., Voitchovsky, K. & Riedo, E. The
interplay between apparent viscosity and wettability in nanoconﬁned water.
Nat. Commun. 4, 2482 (2013).
41. Labuda, A., Kobayashi, K., Suzuki, K., Yamada, H. & Grutter, P. Monotonic
damping in nanoscopic hydration experiments. Phys. Rev. Lett. 110, 066102
(2013).
42. Unwin, P. R. & Bard, A. J. Scanning electrochemical microscopy. 14. Scanning
electrochemical microscope induced desorption: a new technique for the
measurement of adsorption/desorption kinetics and surface diffusion rates at
the solid/liquid interface. J. Phys. Chem. 96, 5035–5045 (1992).
43. Xu, L. & Salmeron, M. An XPS and scanning polarization force microscopy
study of the exchange and mobility of surface ions on mica. Langmuir 14,
5841–5844 (1998).
44. Langmuir, I. The constitution and fundamental properties of solids and liquids.
Part I. Solids. J. Am. Chem. Soc. 38, 2221–2295 (1916).
45. Frumkin, A. N. Electrocapillary curve of higher aliphatic acids and the state
equation of the surface layer. Z. Phys. Chem. 116, 466–470 (1925).
46. Mezzasalma, S. & Baldovino, D. Characterization of silicon nitride surface
in water and acid environment: a general approach to the colloidal suspensions.
J. Colloid Interface Sci. 180, 413–420 (1996).
47. Lee, S. S., Fenter, P., Nagy, K. L. & Sturchio, N. C. Monovalent ion adsorption
at the muscovite (001)–solution interface: relationships among ion coverage
and speciation, interfacial water structure, and substrate relaxation. Langmuir
28, 8637–8650 (2012).
48. Park, C., Fenter, P. A., Sturchio, N. C. & Nagy, K. L. Thermodynamics,
interfacial structure, and pH hysteresis of Rb þ and Sr2 þ adsorption at the
muscovite (001)  solution interface. Langmuir 24, 13993–14004 (2008).
49. Sakuma, H. & Kawamura, K. Structure and dynamics of water on Li þ  ,
Na þ  , K þ  , Cs þ  , H3O þ  exchanged muscovite surfaces: a molecular
dynamics study. Geochim. Cosmochim. Acta 75, 63–81 (2011).
50. Lee, S. S., Fenter, P., Park, C., Sturchio, N. C. & Nagy, K. L. Hydrated cation
speciation at the muscovite (001)  water interface. Langmuir 26, 16647–16651
(2010).
51. Naji, A. & Netz, R. R. Attraction of like-charged macroions in the strongcoupling limit. Eur. Phys. J. E. 13, 43–59 (2004).
52. Khan, M. O. & Jonsson, B. Electrostatic correlations fold DNA. Biopolymers 49,
121–125 (1999).
53. Zhang, R., Jha, P. K. & Olvera De La Cruz, M. Non-equilibrium ionic
assemblies of oppositely charged nanoparticles. Soft Matter 9, 5042–5051
(2013).

8

54. Argyris, D., Cole, D. R. & Striolo, A. Ion-speciﬁc effects under conﬁnement: the
role of interfacial water. ACS Nano 4, 2035–2042 (2012).
55. Verma, A. et al. Surface-structure-regulated cell-membrane penetration by
monolayer-protected nanoparticles. Nat. Mater. 7, 588–595 (2008).
56. Dougherty, G. M. et al. The zeta potential of surface-functionalized metallic
nanorod particles in aqueous solution. Electrophoresis 29, 1131–1139 (2008).
57. Hiasa, T. & Onishi, H. Mercaptohexanol assembled on gold: FM-AFM imaging
in water. Colloids Surf. A 441, 149–154 (2014).
58. Lacoste, D., Menon, G., Bazant, M. & Joanny, J. Electrostatic and electrokinetic
contributions to the elastic moduli of a driven membrane. Eur. Phys. J. E 28,
243–264 (2009).
59. Butt, H.-J. & Jaschke, M. Calculation of thermal noise in atomic force
microscopy. Nanotechnology 6, 1–7 (1995).
60. Richardson, S. M. & Richardson, J. W. Crystal structure of a pink muscovite
from Archer’s Post, Kenya: implications, for reverse pleochroism in
dioctahedral micas. Am. Mineral. 67, 69–75 (1982).
61. Cygan, R. T., Liang, J.-J. & Kalinichev, A. G. Molecular models of hydroxide,
oxyhydroxide, and clay phases and the development of a general force ﬁeld.
J. Phys. Chem. B 108, 1255–1266 (2004).
62. Brooks, B. R. et al. CHARMM: the biomolecular simulation program. J.
Comput. Chem. 30, 1545–1614 (2009).
63. Heine, D. R., Rammohan, A. R. & Balakrishnan, J. Atomistic simulations of
the interaction between lipid bilayers and substrates. Mol. Simul. 33, 391–397
(2007).
64. Payne, C. M., Zhao, X., Vlcek, L. & Cummings, P. T. Molecular dynamics
simulation of ss-DNA translocation between copper nanoelectrodes
incorporating electrode charge dynamics. J. Phys. Chem. B 112, 1712–1717
(2008).
65. Skelton, A. A., Fenter, P., Kubicki, J. D., Wesolowski, D. J. & Cummings, P. T.
Simulations of the quartz(1011)/water interface: a comparison of classical
force ﬁelds, ab initio molecular dynamics, and X-ray reﬂectivity experiments.
J. Phys. Chem. C 115, 2076–2088 (2011).
66. Kang, S.-G. et al. Hydrophobic interactions drives surface-assisted epitaxial
assembly of amyloid-like peptides. J. Am. Chem. Soc. 135, 3150–3157 (2013).
67. Phillips, J. C. et al. Scalable molecular dynamics with NAMD. J. Comput. Chem.
26, 1781–1802 (2005).
68. Humphrey, W., Dalke, A. & Schulten, K. VMD–visual molecular dynamics.
J. Mol. Graphics 14, 33–38 (1996).
69. Michaud-Agrawal, N., Denning, E. J., Woolf, T. B. & Beckstein, O. MDAnalysis:
aA toolkit for the analysis of molecular dynamics simulations. J. Comput.
Chem. 32, 2319–2327 (2011).
70. Wang, J., Kalinichev, A. G., Kirkpatrick, R. J. & Cygan, R. T. Structure,
energetics, and dynamics of water adsorbed on the muscovite (001) surface: a
molecular dynamics simulation. J. Phys. Chem. B 109, 15893–15905 (2005).

Acknowledgements
We acknowledge fruitful discussions with Monica Olvera de la Cruz, Sergei Kalinin and
Francesco Stellacci. We acknowledge Nikolaos Nianias for providing us the SAM used in
the AFM experiments. K.V. acknowledges funding from the Swiss National Science
Foundation through the Ambizione Fellowship (PZ00P2_136941). P.S. acknowledges
support by the Academy of Finland through its Centres of Excellence Program (project
number 251748) and the computational resources provided by the Aalto Science-IT
project.

Author contributions
K.V. designed the experiments. M.R. and K.V. conducted the IDM experiments and data
analysis. P.S. carried out all the simulations and analysed the resulting data. The
manuscript was written by K.V. with contributions from M.R. and P.S. All the authors
commented on the manuscript and discussed the data.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications
Competing ﬁnancial interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Ricci, M. et al. Water-induced correlation between single ions
imaged at the solid–liquid interface. Nat. Commun. 5:4400 doi: 10.1038/ncomms5400
(2014).

NATURE COMMUNICATIONS | 5:4400 | DOI: 10.1038/ncomms5400 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

