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Direct and simultaneous measurements of the normal and lateral forces encountered by a nanosize spherical
silicon tip approaching a solid surface in purified water are reported. For tip-surface distances, 0±0.03 nm
�d�2 nm, experiments and grand canonical molecular-dynamics simulations find oscillatory solvation forces
for hydrophilic surfaces, mica and glass, and less pronounced oscillations for a hydrophobic surface, graphite.
The simulations reveal layering of the confined water density and the development of hexagonal order in layers
proximal to a quartz surface. For subnanometer hydrophilic confinement, the lateral force measurements show
orders of magnitude increase of the viscosity with respect to bulk water, agreeing with a simulated sharp
decrease in the diffusion constant. No viscosity increase is observed for hydrophobic surfaces.
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I. INTRODUCTION

Water under nanoconfinement is ubiquitous, with ex-
amples including clay swelling, aquaporines, ion channels,1,2

and water menisci in microelectrical-mechanical systems.3,4

However, the structural and rheological characteristics of
nanoconfined pure5–10 and ionized water11–13 continue to be
the subject of discussion and debate. In particular, for nano-
confined pure water, contradictory results have been reported
about the presence,14 or absence,7,15,16 of oscillations in the
solvation forces, and concerning the magnitude of the
viscosity.7,8,10,16,17 This unsatisfactory situation is mainly due
to the lack of direct, high-resolution measurements of the
solvation forces and viscosity for water confinements smaller
than 1–2 nm. Moreover, the influence of the wettability and
roughness of the confining surfaces on the properties of
nanoconfined pure water remains largely unknown. On the
theoretical front, past molecular-dynamics �MD� simulations
of confined water employed a canonical ensemble rather than
a grand canonical molecular-dynamics �GCMD� one,18

where in the latter the confined water region is in equilibrium
with a surrounding bulk water reservoir.

Here, we report on direct high-resolution atomic force
microscope �AFM� measurements of oscillatory solvation
forces and markedly increased viscosity in subnanometer
pure water films, correlating with GCMD simulated forces,
density layering, and strongly diminished diffusion. The role
of wettability and roughness of the confining surfaces is also
investigated. In our AFM experiments,4,19 a nanosize spheri-
cal silicon tip is brought quasistatically to the vicinity of a
flat solid surface, all immersed in purified water, while small
lateral oscillations are applied to the cantilever support20 �see
Fig. 1�. The normal and lateral forces acting on the tip are
measured directly and simultaneously as a function of the
water film thickness, i.e., tip-sample distance.19,20 Because of
the mechanical stability of our apparatus and a judicious
proper choice of the cantilever stiffness,20 we are able to
measure, during force acquisition, the tip-surface distance
with subangstrom resolution, all the way down to the last
adsorbed water layer. In order to investigate the role of
roughness and surface chemistry of the confining surfaces,
we have studied water films nanoconfined between a silicon

tip and three different solid surfaces: an atomically smooth
hydrophilic, i.e., wetting, surface �mica�, a nanorough �root-
mean-squared �rms� roughness less than 1 nm� hydrophilic
surface �soda lime untreated glass4�, and an atomically
smooth hydrophobic, i.e., nonwetting, surface �highly ori-
ented pyrolytic graphite �HOPG��. We remark that the sur-
face of our Si tip is likely to be oxidized.21

II. MATERIALS AND METHODS

The experiments were performed with a Molecular Imag-
ing PicoPlus AFM. We remark that our direct and quasistatic
normal force measurements require a signal-to-noise ratio
close to the instrumental limit of an AFM working in liquids.
For good protection against external mechanical vibrations,
our AFM is closed in a noise-isolated box and hung up by
four bungy cords with low resonance frequency. The com-
plete system is mounted on an optical table �RS1000-36-18�
from Newport. Another instrumental problem in quasistatic
force measurements is that, during the tip-sample approach,
the tip snaps into contact with the surface at a distance where
the gradient of the tip-sample forces exceeds the cantilever

FIG. 1. �Color online� Left: an AFM was used to measure the
normal and lateral forces between a nanosize untreated silicon tip
and three different flat solid surfaces in de-ionized water. In this
figure we also show a scanning electron microscopy �SEM� image
of the tip apex. Right: an atomic configuration illustrating the MD
simulation model. The water �oxygen in blue and hydrogen in red�
and the quartz substrate �oxygen in yellow and silicon in dark yel-
low� are extended with the use of periodic boundary conditions in
the x-y plane �normal to the page�. The tip is fully immersed in
water.
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normal spring constant, kN,7,15 i.e., when ��FN /�d��kN. To
overcome this problem, we used relatively stiff cantilevers.20

While the AFM tip approached the solid surface in water,
lateral oscillations were applied to the cantilever holder by
means of a lock-in amplifier.20 In order to shear parallel to
the sample surface, before each measurement we tilted the
stage that holds the sample until the difference in height of
the sample surface topography across an area of 1�1 �m2

�as obtained from AFM sample topography imaging� was
smaller than 1 nm. This corresponds to an angle �0.06° be-
tween the sample surface and the tip during shearing.

We remark that even when the noise conditions were
ideal, not all the measurements presented oscillations in the
normal force. Oscillations were detected in seven measure-
ments on mica, five on glass, and seven on HOPG. After
scanning electron microscopy �SEM� measurements, we
noted that the presence of protuberances on the tips was the
origin of the disappearance of oscillations close to the solid
surface. However, the results for the viscosity are nicely re-
peatable in all the measurements �about 30 measurements for
each surface.� We estimated that the error in the normal and
lateral force was about ±0.1 and 0.05 nN, respectively. The
error in the piezo-z-position was estimated to be ±0.3 Å.

The purity of water used in our AFM liquid cell was
tested after the experiment by gas chromatography–mass
spectrometry �GC-MS�. GC-MS spectra of used and not pre-
viously used water samples were taken by 70SE spectrom-
eter �VG Instruments�. In both cases, the results showed that
any small molecular weight �less than 700 Da�, organic con-
taminants were present at amounts below the instrumental
threshold �5 ppm�.

In our constant temperature �300 K� MD simulations �see
Fig. 1�, we employed the widely used SPC/E �simple-point-
charge/extended� water model,22 with a large cutoff distance
of 3 nm, yielding a bulk density of 1.0 g/cm−3, a surface
tension of 75.8�10−3 N m−1, and a diffusion constant D
=2.31�10−5 cm2/s, all in very close agreement with experi-
ments. In simulations of water confinements by crystalline
wetting ��0° contact angle� �-quartz interfaces the top sur-
face of the substrate and the bottom layer of the tip are fully
hydroxylated23 �for the method and interaction potential pa-
rameters, see Ref. 23�. In comparative simulations of non-
wetting ��90° contact angle� interfaces, the hydrogens of the
hydroxyl groups and all the charges of atoms in the outer-
most surface layer were removed and the interaction poten-
tials of the remaining surface oxygens with water take the
bulk value.

As aforementioned, in our GCMD model,18,24 water mol-
ecules in the confined region interact with molecules outside
the confinement. When the tip-to-surface gap width is varied,
the number of confined molecules changes, and it is allowed
to reach equilibrium, where for a given gap width, the num-
ber of confined molecules fluctuates about a constant value.
In this way, the chemical potential in the confined region
equals that in the surrounding bulk and corresponds to the
liquid-vapor equilibrium at 300 K.

III. RESULTS AND DISCUSSION

Oscillatory solvation forces for subnanometer water con-
finement were obtained previously only from indirect dy-

namic measurements on a soft sample,14 where a nanotube
tip is vibrated along the approach direction with an ampli-
tude of 3.7 nm and the forces are then extracted from the
measured frequency shift through a mathematical model.14

Earlier direct quasistatic measurements of solvation forces in
purified water did not show oscillations and/or could not
access confinements smaller than 2.5 nm.7,15,16

In Fig. 2, we present direct quasi static normal force FN
measurements ��A�, �A��, �a�, and �b�� together with theoreti-
cally calculated FN ��a�� and �b��� as a function of the tip-
sample distance d for wetting and nonwetting surfaces. Fig-
ure 2�a� shows the presence of oscillations in FN vs d curves
when the AFM tip approaches a �wetting� nanorough glass
surface in water for 0.3�d�2 nm. Figure 2 �A�� shows FN
vs d for the same glass surface for the full range of distances,
e.g., 0±0.03 �d�3 nm; the d=0 location was inferred as
the distance for which the slope of the curve diverges. We
remark that the data for separations smaller than �0.3 nm
correspond to relatively strong interactions between the last
water layer and the wetting surface.25 Figure 2�a� shows os-
cillatory solvation forces for a �wetting� mica surface, which
is atomically smooth. The average distance � between adja-
cent steps in Figs. 2�a� and 2�b� is 0.27 and 0.22 nm, respec-
tively. Oscillations of the normal force and values of � close
to the dimension of a water molecule indicate transitions
occurring when the water film passes from n+1 to n
layers.18,26,27

From the inset to Fig. 2�a� �for the mica surface�, we
observe that for smaller d values, � decreases from 0.37 to
about 0.21 nm, in agreement with the results of x-ray reflec-
tivity measurements.28 A maximum of four different adjacent
oscillations are observed in our experiments. Our measure-
ments indicate the presence of layering on atomically smooth
and nanorough wetting surfaces. While atomic-scale rough-
ness obliterates liquid density oscillations of hydrocarbon
chain molecules �e.g., alkanes29�, the effect is significantly
weaker for globular molecules. Small H2O molecules inter-
act strongly with point charges of the atomically rough wet-
ting glass surface, thus “filling the holes” and effectively
smoothing the morphological inhomogeneities.

Figure 2�b� shows experimental FN vs d curves for a non-
wetting graphite surface. The force oscillations found for this
case are less developed compared to the smooth wetting sur-
face case �Fig. 2�a��.

The stepwise shape of the experimental normal force
curves reflects the inability of the cantilever to bend follow-
ing the “true” force gradient in the attractive region.7,15 How-
ever, this problem does not affect the lateral force data �see
insets in Fig. 4� because the lateral force is given by the
amplitude of the cantilever’s torsion.

Figures 2�a�� and 2�b�� present the solvation forces for
�a�� wetting and �b�� nonwetting quartz surfaces, obtained
through GCMD simulations. The agreement between the sa-
lient features of the experimental and theoretical force curves
is quite remarkable, exhibiting clearly a higher propensity for
solvation force oscillations in the case of wetting surfaces, as
well as a decreasing value of � as the confining gap width
becomes smaller.

Figure 3 shows the density profiles normal to the confin-
ing interfaces for selected gap widths �d=1.2, 0.7, and
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0.5 nm� of the wetting and nonwetting confinements, as ob-
tained from GCMD simulations. These profiles, which cor-
relate with features in the normal force curves, illustrate the
development of layering order in the water film as the degree
of confinement increases. For the wetting system, the water
molecules next to the confining surfaces display a double
layer �DL� structure with a high peak located at about 1 Å
from the surfaces and a lower peak at about 1.9 Å from the
surfaces. This is due to the oxygen atoms of the hydroxyl
groups on the wetting quartz surface located in four planes.
The topmost one is at z=0 and the others are at −0.03, −0.87,
and −0.90 Å. This spread �about 0.9 Å� corresponds to the
width of the water DL. The DL structure occurs already at
large separations between the tip and the surface and it re-
mains up to rather narrow gaps �disappearing at about 5 Å�.
We have also observed hexagonal ordering for the boundary
layer closest to the confining surfaces, i.e., the layer at 1 Å
from the nominal surface. The molecules in the other com-
ponent of the DL, i.e., at 1.9 Å from the nominal surface, are
disordered. At a gap width of d=1.2 nm, the density profiles
in the middle region are structureless and attain the experi-
mental bulk water value. For d=1 nm �not shown�, two den-
sity peaks separated by 3 Å develop, indicating the forma-
tion of two layers in the middle region of the confinement.
These transform to a single maximum for d=0.7 nm �Fig.
3�b��. When the confined water film is squeezed even further
to d=0.5 nm, the middle layer disappears and the double
peaks next to the confining surfaces merge.

The nature of the density profiles is very different for the
nonwetting confining surfaces. Four broad density peaks are

FIG. 2. FN vs d for wetting
��A�, �A��, �a�, and �a��� and non-
wetting ��b� and �b��� surfaces.
The vertical dashed lines indicate
the position of the force maxima
corresponding to layer n=1, 2,
and 3. In the inset of �a�, we show
values of � corresponding to dif-
ferent layers, obtained from sev-
eral measurements. The estimated
error in FN is ±0.05 nN; the error
in d is ±0.3 Å.

FIG. 3. MD simulated water density profiles normal to the con-
fining interfaces, shown for selected gap widths �d=1.2, 0.7, and
0.5 nm� of the wetting �left� and nonwetting �right� confinements.
The slight asymmetry in �c� between the two middle humps is sta-
tistical in nature.
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seen at d=1.2 nm with the ones next to the confining sur-
faces having a higher amplitude. For d=1 nm, three well-
defined layers develop �not shown�, transforming to two
well-formed peaks at d=0.7 nm �Fig. 3�e��. Upon further
confinement, only one peak remains �Fig. 3�f��. The squeez-
ing process from two to one layers corresponds to the force
peaks in Figs. 2�b� and 2�b��.

To date, only a few measurements of the viscosity of con-
fined purified water have been reported.7,8 In the first study,7

the surface force apparatus was used to estimate, through the
use of a drainage formula, the viscosity of films with thick-
nesses less than 2.4 nm. In this way, a viscosity comparable
with bulk water has been estimated. In the second study,8 the
viscous force in water films with thickness d	1 nm was
derived by means of a technique based on scanning near-
field optical microscopy. An increased viscosity, by up to 4
orders of magnitude, has been deduced. This is in agreement

with a dramatic transition in the mechanical properties of a
water meniscus found in Ref. 16,30. Clearly, these indirect
measurements yielded contradictory results and did not ac-
cess the d�1 nm regime which is indeed the focus of our
paper.

In our AFM experiments, we detect simultaneously the
normal solvation forces and the viscous lateral forces as a
function of the tip to sample distance. We can thus directly
extract the viscosity of the water film confined between our
tip and mica, glass, and HOPG surfaces �see Figs. 4�a�–4�c�,
respectively�. In the insets to these figures, we show the lat-
eral force divided by the shear velocity for each surface. The
viscosity has been calculated following the model of two
smooth parallel sliding plates separated by a distance d with
a fluid in between them. The lateral force FL required to keep
one plate moving at a velocity vshear with respect to the other
one is proportional to the contact area A and to vshear /d. The

FIG. 4. Experimental 
 vs d as calculated
from Eq. �1� �where A=75 nm2 calculated for
�h=0.25 nm, see text� for �a� mica, �b� glass, and
�c� HOPG. The estimated error in FL is
±0.05 nN; the error in d is ±0.3 Å. In the insets
of these figures, we show for the corresponding
surfaces the experimental FL /vshear vs d. �d�
Simulated D vs d in water films confined by wet-
ting and nonwetting interfaces. Only molecules
remaining in the confinement during 150 ps are
selected for computing the displacements. Note
the nonoscillatory character of the viscosity and
diffusion curves. Indeed, oscillatory variations of
these quantities are found only when density lay-
ering in the gap is accompanied by the develop-
ment of intralayer order �Ref. 27�, which is not
the case here.
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proportionality coefficient 
 is called the dynamic viscosity.
For a simple incompressible Newtonian fluid, 
 is given by


 =
FL

vshear

d

A
. �1�

A more rigorous treatment of our experimental geometry
involves consideration of a spherical tip of radius R
=50 nm, sliding close to a planar solid with a distance d
from the tip apex to the surface. Such a case was indeed
considered by Goldman et al.31 but with a constant viscosity
everywhere. Since in our experiments for d�1.3 nm the
confined water film is able to sustain a shear stress over
macroscopic times, i.e., the viscosity at d�1.3 nm is much
higher in the vicinity of the tip apex than everywhere else,
we limit the treatment32 to the liquid confined by the tip in a
region of thickness 0�z�d+�h �see Fig. 1�, where the
solid surface is at z=0. We then use the expression for the
local Newtonian shear stress 
=
�vshear / �d+�h�r��� �see
Fig. 1� to evaluate the total lateral force via

FL = �
0

r�
2�r
�r�dr , �2�

where r�=�2R�h−�h2. This yields the expression for the
viscosity,


 =
FL

2�vshear	�R + d�ln
1 +
�h

d
� − �h� . �3�

This equation gives results which are well approximated by
the planar geometry considered in Eq. �1�, where the effec-
tive area A corresponds to the spherical segment defined by
the intersection between the spherical tip and a plane at z
=d+�h. The largest difference in the viscosity calculated by
using the spherical and planar approximations occurs for
small d and large �h. For example, for mica with �h
=0.25 nm �a water molecule diameter� and d=0.5 nm, the
spherical approximation yields 
=3.5�102 P, while for the
planar one 
=3�102 P �see Fig. 4�a��.

For wetting surfaces �Figs. 4�a� and 4�b��, the viscosity of
nanoconfined water increases when increasing the confine-
ment, reaching a value at d=0.5 nm which is 4 orders of
magnitude larger than the viscosity of bulk liquid water at
room temperature, i.e., about 10−2 P. The bulk viscosity of

water is recovered for gaps larger than 1.6 and 2 nm for mica
and glass surfaces, respectively. In contrast, for the nonwet-
ting surface �HOPG� the viscosity of the confined water film
remains constant, within experimental error, with increasing
confinement �Fig. 4�c��; the slight increase of the lateral
force itself �see inset� for smaller values of the gap width is
consistent with Eq. �1�. These measurements are in agree-
ment with the sharp drop in the diffusion constant D, �circles
in Fig. 4�d�� obtained by MD calculations on the wetting
surface, while D remains essentially constant for the nonwet-
ting case. We believe that the different viscosities and diffu-
sivities between wetting and nonwetting surfaces are due to
the fact that water remains well attached to wetting surfaces,
while it can slip easily on nonwetting surfaces. The overall
nonoscillatory �see caption of Fig. 4� increase of the viscos-
ity and the decrease of the diffusion constant in the wetting
cases originate from stronger pinning interactions between
the partial charges of the water molecules and those associ-
ated with the hydrophilic surfaces as the two surfaces are
brought closer to each other.

IV. SUMMARY

We measured directly and simultaneously the normal and
lateral forces encountered by a nanosize Si tip approaching a
solid surface in purified water. For tip-surface distances,
0±0.03�d�2 nm, we found in the experiments and the
MD simulations oscillatory solvation forces for hydrophilic
surfaces, mica and glass, and less pronounced oscillations for
a hydrophobic, graphite, confinement. The simulations re-
vealed layering of the confined water density and the devel-
opment of hexagonal order in layers proximal to a quartz
surface. For subnanometer hydrophilic confinement, we
measured experimentally orders of magnitude increase of the
viscosity with respect to bulk water, agreeing with a simu-
lated sharp decrease in the diffusion constant. No viscosity
increase was observed for hydrophobic surfaces.
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