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ABSTRACT: While there seems to be broad agreement that cluster formation
does exist near solid surfaces, its presence at the liquid/vapor interface is air
controversial. We report experimental studies we have carried out on interfacial e=1 \
water attached on hydrophobic and hydrophilic surfaces. Nanosized steps in the
measured force vs distance to the surface curves characterize water cluster cluistar
profiles. An expansion of the interfacial structure with time is observed; the initial

profile extent is typically ~1 nm, and for longer times expanded structures of ik e3
~70 nm are observed. Our previous results showed that the interfacial water
structure has a relative permittivity of € &~ 3 at the air/water interface
homogeneously increasing to & &~ 80 at 300 nm inside the bulk, but here we have
shown that the interfacial dielectric permittivity may have an oscillating profile
describing the spatial steps in the force vs distance curves. This low dielectric
permittivity arrangements of clusters extend the region with € & 3 inside bulk water and exhibit a behavior similar to that of water

Article Recommendations

~60 nm

water

networks that expand in time.

1. INTRODUCTION

Water is pictured as a featureless, homogeneous medium
characterized by a dielectric constant of approximately 80 at 25
°C. The molecular-scale structure and dynamics of water are
strongly perturbed at interfaces with other materials," and the
resulting changes in physical and chemical properties are of
significant interest in many environmental, technological, and
biological systems.”~® Hydrophobicity at surfaces has significant
implications for protein folding’~” and even for geosciences,
because many clays in soils are hydrophobic.

Then water near a surface differs from that in the bulk phase,
since there exists a thin transition zone which makes a
perceptible contribution to the mechanical, thermodynamic,
chemical, and dielectric behavior of the interface.'® This
structural arrangement of water at the interface with the air is
responsible for phenomena such as proton trapping and hopping
along “water wire”,'' charge separation/recombination pro-
cesses,'”"” change in the acidity/basicity of several molecules
from their values in bulk water,"*"* the atypical Pockels effect, ¢
and the high surface tension of water droplets and size
dependence.”’

Earlier studies of surface effects on water have laid emphasis
on the orientational preference of molecules at the interfacial
boundary.'*™*" Stillinger et al.”>' studied the O—H intra-
molecular vibrational spectrum of water at the vapor interface,
in agreement with the experimental results of Du et al.*”

The quest to achieve an accurate description of interfacial
liquid water has produced major advances, but we remain unable
to accurately calculate its properties, e.g. density and dielectric
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constant.” We do not yet have a satisfactory molecular
description of the molecular nature of the surfaces of either
ice or liquid water.”* Although it is clear that the hydrogen bond
network and its fluctuations and rearrangement dynamics
determine the properties of the liquid, no experimental studies
exist.

While the molecular movements within liquid water require
the constant breaking and reorganizing of individual hydrogen
bonds, it is thought that the instantaneous degree of hydrogen
bonding gives rise to extensive networks. The time average
hydrogen bonded networks will be investigated by atomic force
microscopy (AFM) probing their interfacial electric field
profiles. AFM is the ideal distance analysis method for probing
a surface because the interfacial electric field probed by this
method is generated by large areas in comparison to the probe
tip with a radius of ~5 nm and the electric polarizability of
interfacial water is determined by the strength of water-mediated
intermolecular forces.

The question that remains is the spatial resolution in the
direction normal to the surface. In our AFM experiments,zs’26 a
nanosize spherical Si;N, tip is brought quasi-statically to the
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vicinity of a flat solid surface, all immersed in purified water or in
solutions. The normal force acting on the tip is measured
directly and simultaneously as a function of the tip—sample
distance.”®”” Because of the mechanical stability of our
apparatus and a proper choice of the cantilever stiffness we are
able to measure, during force acquisition, the tip—surface
distance with a nanometer resolution.

Another important point is that our previous work
investigating the water interfacial region probed the interaction
regions but not their time-dependent profile variation. Here we
show that for a short time interval (few seconds) after the
interface formation the structure extends only to 1 nm away
from the interface, but after 250 min the interfacial structure has
expanded to ~100 nm. Time-dependence profiles show variable
patterns, and the mechanism that is responsible for this
expansion is discussed.

In this work we employ AFM force curve measurements to
elucidate the interfacial water structure by comparing the
interfacial dielectric permittivity measured profiles. Interfacial
profiles were investigated in water films on three different
configurations: an atomically smooth hydrophobic, ie., not
wetted surface, highly oriented pyrolytic graphite (HOPG),
mica and the free liquid water surface, all of which can be
considered hydrophobic. Extensive AFM profile measured
dimensions have been compiled for interfacial water structures.
This new information will help us untangle the intricacies
associated with cooperative interfacial hydrogen bonding.

2. EXPERIMENTAL SECTION

AFM force measurements were acquired using a scanning probe
microscope (SPM) (Model TMX2000, TopoMetrix, Veeco)
with a scanner in contact mode. A silicon nitrite (Si;N,) tip
(Veeco, Model MSCT-AUHW) with a spring constant of about
0.03 N/m and a radius curvature of ~5 nm was scanned probing
the HOPG interfacial boundary and the air/water interface. The
experiments were conducted in a cell at 25 °C. The commercial
SizN, tip surface has been found to be close to electrically neutral
over a wide pH range (from at least pH 6 to 8.5). HOPG
provides a useful surface for AFM studies due to its flat cleavage
and inert nature, which makes it possible to obtain images in air,
liquid, and other environments with atomic resolution.”> Mica
and HOPG were cleaved with an adhesive tape in air, and then
the sample stage was immediately placed in the chamber. The
HOPG and mica samples were typically several tenths of a
millimeter thick. The water/air interfacial region was probed on
air bubbles a few millimeters in diameter deposited on a PTFE
substrate immersed in water.

The interfacial water-probing experiments were carried out at
room temperature in an environmental chamber housing the
AFM. The special feature of our instrument is the liquid cell.
The results reported here are based on several separate
experiments using different HOPG and mica substrates and
air bubbles as well as different contact points within experi-
ments. Oscillations were detected in several measurements. A
schematic diagram of the air bubble/water interface and the
probing tip is shown in Figure 1. The probed interaction region
dielectric permittivity interfacial profile is schematically shown.

The radius of the tip was characterized by the observation of
porous silicon structures and by comparing the size of the silicon
particles as measured by TEM.”® Boxes with 20 tips was
purchased, and one of the tips was characterized in order to
verify that the measured value is not statistically different from
the manufacturer’s value.
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Figure 1. Schematic diagram of the interaction tip/interfacial region.
Right inset: interfacial water dielectric permittivity profile.

3. RESULTS AND DISCUSSION
3.1.Interfacial Region Probed by AFM. The properties of

pure water in interfacial boundaries often exhibit notable
anomalies in the force vs separation curves.”® Let us then
describe the technique used to characterize the hydration layer
attached to a hydrophobic air/water interface."”**” The
measured force vs distance profiles are used to calculate the
interfacial dielectric permittivity and the interfacial electric field
profiles. Figure 1 shows the schematic diagram of the interaction
region formed by the interface and the immersing tip.

The interfacial water is inhomogeneous in the sense that the
polarization (and hence the permittivity) is a function of
position which is induced by the interfacial charged surface.””*°
Adjacent to hydrophobic substrates, the interfacial charges
originate from the interfacial broken water bonds.”’ AFM
experiments have examined this structure in the interfacial layer
and transition zones adjacent to HOPG and mica substrates
immersed in water and to air/water interfaces.

3.2. Size Measurements of Time-Dependent Interfa-
cial Water Cluster Attached to Hydrophobic Substrates.
The interfacial region profiles were measured for various time
intervals after the interface formation (¢t ~ 0), initially for ¢ ~ 0,
and then measurements continued for time intervals as long as
~250 min after the interface formation, while in our previous
measurements profiles were probed only for t & 0. Here in order
to verify if stepped profiles are specific to air/water interfaces,
KCl and NaCl solutions were also used. Our objective in this
work is to show that interfacial patterns varying in time may be
characterized by their step size variation.

In this work we have initially probed HOPG interfacial
boundaries in NaCl and KClI solutions. Figures 2a—d shows the
force vs distance profiles for an HOPG surface immersed in 1 M
NaCl for various time intervals after the immersion (¢t & 0).
Figure 2a shows the curve immediately after immersion. The
presented profiles can be interpreted as follows: zero force is
recorded beyond ~20 nm, because the AFM tip experiences
negligible resistance moving through the bulk as it approaches
the HOPG surface. This shows that AFM is insensitive to any
structure that might exist in bulk liquid. The profile in Figure 2b,
measured 63 min after immersion, shows that the tip encounters
the first detectable step at ~15 nm away from the surface. At ~15
nm an increasing force of up 0.2 nN acts on the tip and then the
tip “jumps” (attraction) to 7.0 nm from the interface, where an
almost linearly increasing force acts on the tip. The magnitude of
the forces for each step increases as the tip moves closer to the
surface. Figure 2c shows the measured force vs distance curve
254 min after immersion. The measured profile is similar to the
profile shown in Figure 2b, and finally in Figure 2d measured
264 min after immersion, a repulsion is observed when the tip is
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Figure 2. Interfacial HOPG immersed in 1 M NaCl solution measured force profiles as a function of the distance to the interface for (a) ¢ ~ 0 min, (b) ¢
=63 min, (c) t =254 min, and (d) =264 min. A indicates attractive and R repulsive regions. The region indicated by Rin (a) gives the extension of the

interfacial boundary at immersion.

~12 nm away from the interface, followed by an attraction at 8
nm away from the HOPG surface and finally a repulsion at 1 nm
from the HOPG surface.

Figure 3 depicts the measured force vs distance curves for
HOPG immersed in a 0.154 M KCl solution. Profiles are shown
at the immersion time for t &~ 0, 60, 61, and 210 min after
immersion; observe that the repulsive force extends up to ~50
nm, after a 210 min immersion period. The extension of the
interfacial region at immersion is indicated by an arrow (~1 nm)
where € & 10.

In order to clarify the parameters in the force vs distance
curves, let us describe the pattern shown in Figure 4 formed
steps which was measured at an air/water interface probing an
air bubble a few millimeters in diameter. Observe that the curve
shows four steps in the profile as the tip approaches the interface.
Repulsion on the tip is indicated by a horizontal arrow. The
range of attractive and repulsive forces changes as the tip
approaches the interface. Closer to the interface the repulsive
force range is ~1—2 nm and the attractive force has a ~20 nm
extension.

Table 1 gives a list of cluster profile characteristics measured at
the air/water interface for distinct times after the interfacial
boundary formation. The observed profile is formed by the
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Figure 3. Interfacial HOPG immersed in 0.154 M KCI solution
measured force profiles as a function of the distance to the interface for

various times. The arrow indicates the extension of the interfacial water
structure at immersion (t ~ 0 and ¢ < 10).

regions where the force increases and regions where the force is
constant or decreases. The measured step characterization such
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8 Table 2. Air/Solution Interfacial Profiles Formed at Air
1 . Bubbles Deposited on PTFE Substrates
6 - step thickness force amplitude surface distance
1 ° . solution (nm) (nN) (nm)
51 ¢ " NaCl 1.0 M 8 0.125 11.2
. 2.4 1.15 32
z 4 ® -— 0.8 0.45 0.8
g 3 .
5 R NaF 0.154 M 8 0.8 20
2+ . -— 12 35 12
Y .
14 TToe
«+—— KCl 0.154 M 24 3 44
0 o e o o ° 16 7.5 20
4 9 4
-1 T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140
i NaBr 0.154 M 20 0.75 20
Separation (nm)
Figure 4. Schematic force vs distance profile for the configuration Nal 0.154 M 20 L4 32
observed on an air/water interface attached to an air bubble deposited 12 22 12
on a PTFE substrate. The tip repulsion regions are indicated by
horizontal arrows and the attractions by vertical arrows. NaCl 1.0 M 24 2 24
Table 1. Air/Water Interfacial Profiles Formed at Air Bubbles NaCl 0.154 M 48 3 48

Deposited on PTFE Substrates

Tables 1 and 2 show step distribution from an ensemble of

cluster step thickness (nm) force amplitude (nN) surface distance (nm)
1 8.5 14 34
8.5 3.3 25.5
17 5.0 17
2 8.5 0.7 8.5
3 25 23 27
2 S 2
4 25.5 7 93.5
68 14 68
N 25 4.5 24
6 25 7 24
7 25 4 67.5
42.5 S 42.5
8 34 3.7 76.5
42.5 4.5 42.9

as thickness and force amplitude necessary for the tip
penetration in the cluster and its separation from the interface
are displayed. The largest measured step listed is 68 nm wide
(formed after ~100 min). Then the periodicity of the
distribution was determined: most of the steps are typically
25—30 or 8.5 nm wide, and a few are as small as 1 nm. A similar
list measured at air/solution interfacial regions formed on air
bubbles attached to a PTFE substrate is shown in Table 2. The
distributions of clusters for 0.154 M KCI, 0.154 M NaBr, 0.154
M Nal, 0.154 M NaF, 0.154 M NaCl, and 1 M NaCl solutions
are depicted. Observe that the wider cluster dimension is ~48
nm, substantially smaller than those observed in the air/water
interfacial region. Understanding the origin and the extent of

these modifications is a classical problem in electrochemis-
18,32,33
try.

~500 force vs distance measured curves at various positions
along the interface for various time intervals after the interfacial
layer formation. Our objective is not to measure specific values
of the step sizes but to characterize the step size pattern that
changes in time.

It is important to observe that variable patterns were
measured probing distinct regions of the interface at distinct
time interval after bubble formation. Cluster #1 in Table 1 has
step dimensions of ~8 and 17 nm, and the profile formed by
three steps extend to 34 nm from the interface. Cluster #4
depicts much larger steps than those in Cluster #1; the profile
extends to ~90 nm away from the surface. Table 1 and 2 profiles
then show that the interface is formed by structures that have
variable profiles along the surface and that extend up to ~90 nm
from the interface.

Results in the previous paragraph show that increases and
decreases in the force acting on the tip occur at different
distances from the surface; it is then difficult to understand how
any force law could exist where the gradient of the force changes
so abruptly from negative to positive at such small separations
and with time. The following observations resume these
experimental results in agreement with our previous re-
sults:*°™** (a) the discontinuous steps appear in the force
curves (Figures 2 and 3), (b) the force curve depends greatly on
the measuring position on the interface, (c) distinct shapes of
the repulsion component were measured, and (d) there is a time
dependence, i.e, the force curve depends on time after the
immersion of the substrate in the solution. All these results
suggest that these patterns of the force vs distance curve are
attributable to the liquid structure at the interface that is
changing in time.

3.3. Interfacial Water Cluster Attached to Hydrophilic
Substrate. Mica is always negatively charged in water. When
the mica basal plane is placed in water, the mechanism for the
formation of the double layer is assumed to be the dissolution of
K" ions as well as ion exchange of K" by H™ or H;0" ions. It
should be noted that the K* ions initially held on the mica

https://doi.org/10.1021/acsomega.2c01982
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Figure 5. Force vs separation curve for a Si;N, tip and a mica sample immersed in (a) water, (b) 107> M NaCl, (c) 107> M KCl, and (d) 107> M LiCL
Arrows indicate the extension, starting at the origin, of the interfacial region where the permittivity is lower than &y, = 7.

surface in the high-resistivity water (18 MQ/cm, ~5 X 107 M
1:1 electrolyte at pH ~6) should be at least partially H;O* ion
exchanged.

Figure 5 shows the force vs distance curve measured with a
silicon nitride tip on mica immersed in (a) water, (b) 107> M
NaCl, (¢) 107> M KCl, and (d) 10~ M LiClL

3.4. Interfacial Structural Features and Their Charac-
terization by AFM. Dielectric properties of interfacial water
have attracted intense interest for many decades,”* *® but no
clear understanding has been reached.”’ >’ So let us initially
reexamine the structure of water deposited on various substrates.
In our previous work’® we have probed the deposited water
molecular structure of various ice arrangements on HOPG
substrates at ambient temperature. Images show two periodic
arrangements with distinct spatial periodicities, a cubic structure
with a lattice parameter of 0.34 nm and a hexagonal structure
with a lattice parameter of 0.45 nm corresponding to ice Ic
bonding and ice Ih bonding, respectively. These two distinct ice-
like structures grow separated (~4 nm) apart on the HOPG
surface. More recently we have investigated the structure at the
air/water interface.””***' The surface molecular-scale structure
was probed by Raman spectroscopy observing the translational
and orientational intermolecular dynamics. The structural
feature that appeared in the interfacial region was a crystalline
ice form (ice IT) with a relative permittivity of &, ~ 3.*' Here we
have investigated the microscopic (=1 nm) interfacial water
structure, which shows variable molecular water networks.

28879

Starting at ~1 nm (smaller measured step) up to S0 nm, the
selection was made by choosing the best signal-to-noise ratio
curves and the range of measured values. No averages were
calculated because the sizes vary with formation time. Our
objective was not to determine the size of the step but show the
large range of measured step values. Since the profile changes in
time there is no average value or most probable measured value
for the ensemble.

The effects of exposing surface and tips to environmental
conditions for prolonged periods of time were not investigated
in this work. Tip aging effects were not considered because
surface probing periods extended up to ~250 min. One piece of
evidence for the minor effect of tip aging is the repetitive sizes
measured for various immersion periods using NaCl and KCl
solutions. Tip aging abrasion may be an important effect when
scanning surfaces.”” In our study we have probed adhesive forces
and not the frictional response.

Studies in the literature describe the change in adsorption of
water layers from an ambient environment where the adsorption
film pattern and thickness are observed; here we have described
a pattern variation for immersed substrates in water. For mica
and graphite substrates it is found that long-term exposure to
high relative humidity (RH), i.e., 90% > RH > 70%, affects the
magnitude and distance dependences of the forces which
indicates that accumulation of water on the surfaces with time is
responsible for the variations in force measurements.”” The
microscopic structure of adsorbed water changes on a
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hydrophobic surface under ambient conditions** during
imaging at atmospheric pressure” were also reported. Surface
roughness of aged silica fiber studies shows that aging in both
liquid water and water vapor results in surface roughening.*’

3.5. Molecular Water Clusters in the Interfacial Region
Attached to Hydrophobic Surface as Characterized by
Their Dielectric Permittivity Profiles. The discussion now
will delve into the profiles of measured steps in the interfacial
water region. In order to characterize these regions let us use the
expression of the dielectric exchange force and determine the
spatial distribution of the dielectric permittivity at the interfacial
region.

The surface of a silicon nitride (Si;N,) AFM tip in aqueous
solution is composed of amphoteric silanol and basic silylamine
(secondary (silazane, —Si,NH,) and possibly primary (silyl-
amine, —SiNH;) amines, though the latter is rapidly hydro-
lyzed) surface groups at pH ~6; with no added electrolyte the
silicon nitride surface is zwitterionic (zero net charge).

The dielectric permittivity interfacial profile and the electric
field intensity are calculated using the expression below. The
electric field vector (E) is assumed to have an exponential spatial
dependence E(z) = Eye™ and is initially calculated at far
distances from the interface, where no steps are observed, but
only an exponential decrease in the measured force intensity
profile. The elemental volume (dv) of the trapezoidal tip
immersed in the double-layer region is given by dv = z[R + (tan
@)z]* dz, where z is the integration variable of the trapezoidal
volume and H is the distance between the surface and the end of
the tip, and the change in the electric energy (W) involved in the
exchange of the dielectric permittivity of the double layer with
that of the tip is calculated by integrating the energy expression.
For a polar fluid, like water, to experience a net polarization force
over a given region, there must be local accumulation of
polarization charges. At the interface water is inhomogeneous in
the sense that the polarization (and hence the permittivity) is a
function of position. The force is obtained by the gradient of the
energy expression, i.e.,, Fz = —(d/0z) AW, where

1 10k~ —H B
AW = 5 A (Etip - ginterface)EOE (Z)ﬂ
[R + (tan @)z]* dz (1)

It is then necessary to find an analytical expression to use in eq
1 to fit the measured data (force vs distance curve). The
calculated profiles are shown in Figures 6—8 as full lines. The
dielectric permittivity as a function of the separation from the
substrate is described as a product of a trigonometric function
with different adjustable parameters. The oscillating profile used
in Figure 8 is described by the following expression™® y = 7 —
7(e7%%7%)2 5in*(0.03x7 — /S), where y is the dielectric
permittivity and x is the distance to the air/water surface. The
formed structures are characterized by an oscillating dielectric
permittivity (¢) profile indicating variations in the water
organization within layers.

For regions with &;,, > 7 there is attractive force acting on the
tip. This is clearly shown in Figure 6 for the interval starting at 35
nm down to 0.5 nm away from the surface where a repulsive
force is observed. For a distance larger than 35 nm the tip is
repelled from the interfacial region. Figure 7 shows a profile
formed by two steps attached to the air/water interface; there is
arepulsion starting at ~25 nm away from the surface followed by
an attraction starting at 12 nm. In the 25—60 nm range there is
attraction acting on the tip and finally repulsion starting at —80

30 . 8
25 . \g tip attraction
20 . g7
z 1 % _—
£ 15 N 8 tip repulsion
Q «*
(&) 4 ° ®ee .
<} 6-
L 104 .
i . 0 2 40 60
Distance (nm)
5 .
* PTFE air/water .
04 fe 0%ecces o o o o o
T T T T T T T
0 50 100 150

Distance (nm)

Figure 6. Force vs distance profile for one cluster formation. The
repulsive force component starts at x & 70 nm and ends at x &~ 30 nm (x
is the distance to the interface) where an attraction is observed. The top
inset shows the calculated oscillating dielectric permittivity profile.
Observe that for the interval x & S nm up to x & 35 nm the dielectric
permittivity is &, > 7, which corresponds in eq 1 to an attraction, and
for x > 35, € is lower than 7, resulting in repulsive force acting on the tip.

Force (nN)
N
1
o
Dielectric Permittivity (g)

Distance (nm)

Figure 7. Force vs distance profile of an interfacial region with two
clusters: each one showing repulsive and attractive regions. The full line
is the adjusted dielectric permittivity profile. For the interval x = 0 up to
% = 12 nm there is an attraction on the tip, followed by a repulsion
acting on the tip up to 24 nm, which corresponds to & < 6. The
oscillating profile of the dielectric permittivity is shown by the full line.

nm away from the surface and ending at ~60 nm. Figure 8 shows
a three-step cluster. Regions with the relatively high dielectric
constant &, & 7 are surrounded by a region with the lower
dielectric permittivity &, &~ 3. This oscillating profile in the
dielectric constant describes the steps in force vs distance curves
indicating regions with distinct molecular arrangements.

Figure 9 shows the fitting of eq 1 to the experimental data for
HOPG immersed in water and HOPG immersed in a NaCl
solution observed as homogeneously increasing profiles. These
homogeneously increasing profiles indicate a strong stiffness of
the water molecules at the interface evidenced by the value of €
~ 4 and a decrease in a molecular orientational rigidity for
regions far from the interface.

Interfacial water structures are then shown to exist in three
domains, clusters formed by nanodomains, microdomains
formed by nanoclustered arrangements, and a homogeneously
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% % Then the interfacial dielectric permittivities are computed
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%ol ‘;E dielectric permittivity profiles at the interfacial region for
o g hydrophilic mica substrates immersed in water and in 107> M
® solutions of MgCl,, KCl, NaCl, and LiCl were calculated. The
0 * e o 40 ions in solution alter significantly the interfacial dielectric profile
* at the interfacial boundaries shown by variations starting at & ~
o 20 40 &0 8 100 120 2.4 for MgCl, solutions up to & = 8.7 for LiCl solutions. The

Separation (nm)

Figure 8. Force vs distance profile of an interfacial region with three
clusters. The full line shows the adjusted oscillating profile of the
dielectric permittivity calculated using eq 1. For the interval x = 0 up to
x = 25 nm there is an attractive force acting on the tip. Regions
corresponding to attraction have & > 7, and regions corresponding to
repulsion have € < 7.

80
70
60
50
40
30
“ ] ——HOPG NaCl
- - -HOPG water

Dielectric Permittivity (€)

v T v T . T T
0 50 100 150 200 250
Distance (nm)

Figure 9. Dielectric permittivity profiles of the HOPG interfacial region
immersed in water (dotted line) and in a 1 M NaCl solution (full line).

increasing dielectric permittivity profile region, as shown in
Figure 9.

3.6. Water Molecular Clustered Structure Attached to
Mica Substrates. The pattern in the force vs distance curve
corresponding to the water interfacial region attached to mica
surfaces was previously reported.””> For a mica substrate the
interfacial electric field is generated by mica K' ions attached to
the crystalline substrate immersed in specific solutions. The
force is given by eq 2, where we used the displacement vector to
calculate the force acting on the tip.”' The electric displacement
vector (D) is assumed to have an exponential spatial dependence
D(z) = Dye™™, and the vector amplitude (D) is determined by
the ionic charge distribution at the mica surface (z = 0) by using
Gauss’ law. The change in the electric energy involved in the
exchange of the relative permittivity of the double layer by that
of the tip is calculated by integrating the energy expression over
the tip immersed volume in the double-layer region. The force is
obtained by the gradient of the energy expression, ie., F, =
—grad AW, where

intermediate values are water € &~ 3.8, KCl¢ & 7.1,and NaCl e &
3.7. For these regions the dielectric permittivity decreases from
the bulk value € ~ 80 to € ~ 3.8—7.1 at the interface.

Using eq 2 and Figure Sa—d profiles it is possible to observe
that the dielectric permittivity has a value smaller than € & 7 at
the attractive regions of the curves typically from x = 0 up to ~5
nm away from the surface. The cluster size attached to mica
substrates (indicated in Figure S by vertical arrows) are then
mica—water ~10 nm, mica—NaCl ~7.5 nm, mica—KCl ~4 nm,
and mica—LiCl ~3 nm wide. Cluster sizes attached to mica are
typically ~5 nm wide, while the observed clusters attached to
hydrophobic substrates are larger than 50 nm.

An interfacial dielectric permittivity reduction and an increase
in the interfacial electric field were measured, and these
interfacial effects are transmitted by successive polarization of
neighboring molecules to an impressive depth. The power
HOPG and air/water interfaces have in the water structure is
shown by the very low value of the permittivity at the interfacial
region and by the interfacial electric field presence that extends
up to 500 nm (see Figure 9), in agreement with the values
reported by Henniker.”

The dielectric permittivity at the water interface has been
modeled, and the permittivity reduction has various possible
explanations. Olivieri et al."® modeling the interfacial water
region claimed that the permittivity reduction is not due to any
important alignment of the interfacial water molecules but
instead to the long-range anisotropic dipole correlation
combined with the excluded volume effect of the low dielectric
confining material. Sato et al.*’ showed by a molecular dynamics
simulation that the dielectric constant of water decrease is due to
both the decrease in water density and the reduced water dipole
correlation in the direction perpendicular to the surface.
Motevaselian and Aluru®® showed that this reduction in
perpendicular permittivity is due to the favorable x—y plane
dipole—dipole electrostatic interaction of the interfacial fluid
layer.

It is probable that a geometric constraint at the interface
results in an increase in the interfacial electric field modifying the
dipole—dipole electrostatic interaction in the interfacial layer,
which results in a decrease in the dielectric permittivity.

3.7. Variable Interfacial Water Clustered Structure. No
specific study was made to determine the force vs distance shape
variation with the time after the interfacial boundary formation,
but a few distinct patterns were observed. The initial pattern
extends typically a few nanometers away from the interface.
After 30 min variable patterns formed by attractions and
repulsions on the tip are observed but only for much longer time
intervals (150 min) are patterns with 70 nm regions formed.
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The above results establish that at the interface water
molecules prefer an orientationally ordered structure with a
low dielectric permittivity similar to that of ice-IL>" It was
Michael Faraday in the 1850s who first proposed that the surface
ofice near the melting point is covered by a thin liquid-like layer.
Computer simulations at the interface separating a simple
Lennard—Jones crystal and its melt have indeed indicated the
existence of a quasi-liquid layer of a few molecular diameters in
extent.””>° There is then a breakdown of the structure into
liquid near the surface. A distinct behavior was observed in air/
water interfaces, where we see a more organized structure with €,
~ 3 similar to ice II associated with the water molecule
orientation toward the broken bond interfacial region.

This time variable profiles are difficult to measure using
spectroscopic techniques such as neutron reflectometry.’® The
bonds are mobile, as shown by time-dependent variable profiles
shown in Figure 2a—d and in Figure 3. For a short time interval
(few seconds) after the interface formation the structure extends
only to a few nanometers from the interface, in agreement with
the measured profiles by Fumagalli et al,,>” but after 250 min the
interfacial structure (steps) has expanded to ~100 nm, as shown
in Figure 8.

A schematic cluster arrangement is shown in Figure 10. This
diagram depicts the measured dimensions shown in Figures 6—8

€-~3

e~7 12 nm
e~3 13 nm E~7 BBO nm
e~7 35nm
o 20 0m £-~3 33 nm

Figure 10. Schematic diagram of cluster arrangement formation based
on an inference from the force vs distance curves measured probing
various regions of the air/water interface (Figures 6—8). These curves
give the force acting on the tip in the normal direction to the interface,
measured probing various regions of the interfacial surface.

for the proposed clustered molecular profiles forming the
interfacial region. A light region involves all the interfacial
clusters which are determined by the extension of the external
repulsive component in the force vs distance curves. Inside this
region the cluster size is determined by the attraction region in
the force vs distance profiles. The vertical lines at three distinct
coordinates show these profiles. The measured dielectric
permittivities are also shown.

The cluster arrangement is then an inference from the
measured force vs distance curves probing various regions of the
air/water interface. Some regions do not show a force variable
profile (too small to be detected) and for other regions the force
profile extends up to ~100 nm. So this picture then evolved as a
normal outcome of the experimental results. The evidence is
given by cumulative experimental measured curves. The
molecular geometric confinement is then described as a
modulation of the extensive hydrogen bond network that alters

the interfacial water properties. The clustered formation
arrangement is characterized by a spatially variable dielectric
permittivity profile, as shown in Figures 6—8. Dielectric
permittivity profiles in different solutions will be discussed in
the next section.

3.8. Interfacial Molecular Cluster Structure in lonic
Solutions. The dielectric properties of pure water are not
relevant to biological systems which operate in dissolved
solutions. In biological systems the dissolved salts and other
molecules will modify the dielectric properties observed for bulk
pure water. In the condensed phase of water, the simplest
aqueous ionic clusters contain a single ion surrounded by a finite
number of water molecules. Investigations carried out by
Castleman and his co-workers in bulk water have indicated a
well-defined geometry for water structures caging polar
molecules: certain ions or ionic groups, methanol,”® NH,*,*’
OH~,*° and alkali-metal ions.®”®* Solutes then change the
properties of local water and have two modes of changing water
properties. They may reinforce each other or interfere with each
other, resulting in conversion of surface water to height reactive
weakly bonded liquid or to inert strongly bonded liquid. Let us
analyze the cluster size distribution present at the air/water
interfacial regions. The smaller cluster dimension is ~1 nm and
the larger dimension is 68 nm. The most frequent measured
thickness is ~25 nm for clusters observed 90 nm away from the
air/water interface and the maximum repulsion amplitude (14
nN) observed for a cluster 68 nm away from the interfacial
boundary. The cluster size distribution at air/solution interfaces
shows smaller sizes of clusters than the measured for air/water
interface, and amplitudes of the force steps are smaller. Finally
the distribution of the cluster dimensions for the HOPG/NaCl
solution interface shows even smaller-sized clusters and smaller
repulsive force amplitudes. So in the interfacial region the
surface clustering effect is decreased due to a solute effect,
resulting in a cluster size decrease. Figure 9 also shows that the
addition of ions increases the interfacial &, which is an indication
that ions destroy the interfacial alignment.

The original theory of Debye and Huckel® predicted that for
the dilute solutions the relative permittivity of an electrolyte
solution would rise above that of the pure water solvent. This
was predicted from the polarization properties that would be
associated with the solvated ions and their surrounding
atmosphere of counter-charged ions. This is not observed in
the condensed phase of water, since for electrolyte solutions it
has commonly been found®* that the permittivity of the solution
is less than that of pure water. This reduction in the permittivity
results from the replacing of polar water molecules with
nonpolar atoms together with the orienting effect of the local
high electric fields around the solvated ions. This shield of
oriented water molecules will be unable to respond to the
influence of applied electric fields, and so the effective
polarizability of the solution will be reduced. However, an
analysis of the profiles in Figure 8 for water and for a 1 M NaCl
water solution shows the opposite effect. Interfacial water shows
the lowest value of the dielectric permittivity when compared to
the value for 1 M NaCl solutions. In our previous work' the same
effect is observed in the mica interfacial region for 107> M
solutions of MgCl, KCl, NaCl, and LiCl

By measuring the dielectric permittivity profiles in the
interfacial region we have determined the structure profiles of
interfacial water attached to hydrophilic and hydrophobic
interfaces. Hydrophilic substrates show an organized water
structure extending only to ~S5 nm, while hydrophobic
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substrates structure may extend ~100 nm. These profiles are
time variable.

4. CONCLUSIONS

Interfacial water force vs distance profiles show that the
interfacial boundary induces a suprastructure of water layering
that is not present in the bulk. Initially we have shown that there
is an expansion of the interfacial water structures that increases
with time after the interfacial boundary formation. Water
arrangements with domain sizes that vary from ~70 nm
(formation time ~250 min) down to ~1 nm (formation time ~1
min) and structures with a variable number of clusters were
observed. Consequently the region near the air/water interface
is characterized by a structure where the degree of the local
molecular orientation rigidity is increased and decreased. The
variations in the organization within the structure between the
ordered structures may be quite sharp. The observed structure is
formed by regions with € & 3 and & & 7 clusters which are
surrounded by a layer with € = 3.

Water depletion layers at hydrophobic surfaces were
confirmed experimentally by various neutron and X-ray
reflectometry experiments, but the reported results on their
thickness and their dependence on the properties of the surfaces
and the liquid phase vary considerably. In this work we suggest
that the possible origin of this divergence in measured results is
the time-dependent (Figures 2 and 3) spatially variable dielectric
constant observed profiles. This profile variation can only be
characterized using AFM. Fukuma et al.”® and Uhlig et al.*®
probed regions adjacent to mica and graphene, respectively,
showing structures that extend ~1-2 nm away from the
surfaces. The extension of the interfacial region shown in Figure
la (~1 nm) is in agreement with these results.">%°
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