Water at solid surfaces: A review of selected theoretical aspects

and experiments on the subject

M. Maccarini®

Angewandte Physikalische Chemie, Ruprecht Karls Universitit Heidelberg, Im Neunheimer Feld 253, 69120

Heidelberg, Germany

(Received 12 September 2006; accepted 12 July 2007; published 21 August 2007)

This review summarizes select aspects of the research on solid/water interfaces. Despite the
considerable amount of work, the way water molecules are organized at the interface is still a source
of debate. Theoretical efforts will be presented in combination with the results of computer
simulations. The current status of investigations obtained with x-rays and neutron reflectometries,
and sum frequency generation spectroscopy (all sensitive to the properties of solid/liquid interfaces)
will be summarized and discussed. © 2007 American Vacuum Society. [DOI: 10.1116/1.2768902]

I. INTRODUCTION

The properties of a liquid close to a solid surface are
distinctly different from those in the bulk.'™ The attractive/
repulsive interactions between a substrate surface and liquid
molecules, as well as the geometric constraint by the solid
surface, cause structural changes that extend into the bulk
liquid over the so-called solvation (or, for water, hydration)
layer. [The decay of the surface-induced structural changes
in the liquid is described in the theory of solvation by expo-
nential or inverse power law functions of distance (see, for
example, Ref. 4). Thus, a specific criterion should be used to
define the boundary between the solvation layer and the bulk
liquid. This is, however, outside the scope of this review and
hereafter the solvation layer will be generically referred to as
the layer of liquid molecules, which are significantly affected
by the presence of the solid surface.] While at large distances
the interactions between two surfaces can be described in
terms of electrostatic and van der Waals interaction, which
regard the fluid between them as a continuum, at distances
comparable to a few molecular diameters, the discrete nature
of the solvent emerges and the forces between the surfaces
differ from those predicted by the continuum theories. Thus,
solvation forces, associated with the surface-induced struc-
tural changes in the liquid, arise as the surfaces approach
each other.

The solid/fluid interaction can lead to ordering into mo-
lecular layers parallel to the surface. This results in decaying
oscillations of the one-body fluid density profile, with a pe-
riodicity determined by the diameter of the fluid molecules.’
When the solvation layers of the two objects overlap, the
fluid density oscillations propagating from the opposite sur-
faces may interfere constructively or destructively, leading to
attractive or repulsive solvation forces between the two ob-
jects. Also possible is transversal ordering by the presence of
an atomically structured surfalce,s_7 which, under some con-
ditions, can act like a template for the adjacent fluid layer.
Orientational ordering induced by solid surfaces has been
observed for n-alkanes, which are preferentially adsorbed
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with their molecular axis parallel to the confining surfaces,®
and is predicted for water near hard and nonorienting walls
(i.e., even when the surface-fluid interaction potential is in-
dependent of the orientation).”* Any molecular orientation
of the liquid molecules induced by a substrate will inhibit
their ability to interact with neighboring liquid molecules as
in the bulk fluid, and thus may result in a different liquid
density at the interface as compared to the bulk liquid. This
density difference at the solid/fluid interface is one important
factor that determines the sign and the magnitude the solva-
tion forces (hydration forces for water) between immersed
objects, along with other factors like the type of ordering and
the interactions between the liquid and the surface. Thus, the
understanding of the relation between these factors and the
resulting hydration forces is of fundamental importance in
colloid science® and biology.ll

This review will summarize the present theoretical under-
standing and experimental data for water interaction with
non-ionic surfaces as encountered in technological applica-
tions and omnipresent in biological interphases. In the ex-
perimental part we focus on neutron and x-ray scattering and
sum frequency generation (SFG) spectroscopy experiments,
which probe the density and the structure of the H bond
network at the water/solid interphase. Although the inclusion
of a detailed discussion on surface-force experiments would
be a natural follow-up to the theoretical and the experimental
part, we do not intend to review the numerous surface-force
and AFM experiments on hydration interactions for two rea-
sons: first, an outstanding review was already published by
Christenson and Claesson.'” Second, the wide body of
surface-force measurement gives results that are difficult to
rationalize and, in many cases, contradicting. On one hand,
the lack of a proper characterization prior and subsequent to
the measurement affects the reliability of the published
measurement.'> On the other hand, the contribution to the
surface-force of unavoidable defects present on the surface
becomes more and more relevant as the two surfaces get
closer. At distances of a few nanometers, they can drastically
affect the force measurement.”

The behavior of water at softer surfaces like lipid mem-
branes is outside the scope of this review, but many aspects
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(e.g., hydrophobicity/hydrophilicity, hydrogen bonding, wa-
ter orientation, hydration, etc.) apply equally to these sys-
tems. The interested reader can find the topic discussed in
two very interesting reviews'™'* and other computational
works.">"7

Il. THEORETICAL CONSIDERATIONS OF WATER/
SOLID INTERACTIONS

A. Hydrophilicity and hydrophobicity

The terms hydrophilic and hydrophobic are commonly
used to describe the nature of water interaction with surfaces,
colloidal particles, or solutes. Intuitively, hydrophilic (hydro-
phobic) objects attract water molecules more (less) strongly
than water molecules attract one another, and a hydrophobic
(hydrophilic) surface is a surface capable (incapable) of
strong hydrogen bonding with water. However, the interac-
tion of surfaces with water is not simply related to the num-
ber or strength of hydrogen bonds, but depends on various
factors such as the rigidity of the surface groups able to form
H-bonds and how they are distributed on the surface (e.g.,
areal density and lateral arrangement).lo Therefore, the water
affinity of a surface cannot be expressed in terms of a single
factor.

From the thermodynamical point of view, the affinity be-
tween a surface and water is expressed in terms of water-
surface interfacial tension, 7,,,. When this quantity is nega-
tive (positive), i.e., increasing (decreasing) the water-surface
interface lowers the energy of the system, the surface is hy-
drophilic (hydrophobic). By means of the Young equation,
Yo €08(6)= v, — V,s» Where the subscript v indicates water
vapor, the water-surface interfacial tension, v, relates to the
contact angle, 6. It is often assumed that the change over
from hydrophobic to hydrophilic behavior occurs at a contact
angle of 6=90° where v,,=7,,. Since the contact angle
when v,,,=0 depends also on the solid/vapor interfacial ten-
sion, %w10,18 which is always positive, the change over from
hydrophobic to hydrophilic behavior depends on the sub-
strate material and not only on the measured water/solid con-
tact angle. The contact angle is a practical criteria to deter-
mine the wettability of a solid by a liquid. Its determination
is subject, however, to some difficulties arising from the pin-
ning of the contact line (the line that in the situation of par-
tial wetting delimits the wetted portion of the surface) on
surface defects, resulting in hysteresis in the contact angle
measured as the solid/liquid surface increases (advancing
contact angle) or decreases (receding contact angle). Rough-
ness, for instance, causes the surface to have discontinuities
in the slope that induce fluctuation in the contact amgle,19 as
was shown by Dettre and Johnson with contact angle mea-
surements at increasing roughness.20 Theoretical models to
describe how the contact line is pinned between subsequent
grooves on a surface are described in a seminal review on
wetting21 of periodic surfaces and surfaces with random fluc-
tuation in shape. Contact angle hysteresis can be due also to
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surface contamination, and to the presence of solutes in the
liquid that in some circumstances can form a film on the
surface.

A definition for hydrophobicity and hydrophilicity, inde-
pendent of the nature of the solute or solid, can be derived
from the sign of the hydration pressure, p;,, between
two parallel surfaces immersed in water at a distance H,
pp=—(dy/H) , . v denotes the tension of a water film con-
fined between the two surfaces, which depends on the dis-
tance H. For H— o we have that v,,,=y(H)/2. Provided that
the distance H between the two surfaces is large enough that
the hydration pressure is a monotonic function of this param-
eter, the hydrophilicity (hydrophobicity) criterion based on
the water-surface interfacial tension is equivalent to the con-
dition that p, is repulsive (attractive). The hydrophilicity/
hydrophobicity criterion based on the contact angle overes-
timates the hydrophilicity of a surface compared to the
py-based criterion, i.e., in the interval 0<v,, cos(6) <7,
according to the contact angle criterion, the surface is hydro-
philic, whereas following the p,-based criterion the surface is
still hydrophobic. The offset between the two hydrophilicity/
hydrophobicity criteria is elaborated in Vogler’s review, '®
where he evaluated the characteristic decay length of the
force between partially silanized surfaces as a function of the
contact angle. The crossover between attractive and repulsive
characters of the force occurs at a contact angle of 6
~62 deg. Thus, the region between 62 and 90 deg is hydro-
philic, according to the contact angle criterion, and hydro-
phobic, according to the hydration pressure criterion. In this
article, these terms will be used only when there is no ambi-
guity, i.e., for surfaces whose contact angle is well below
62 deg or higher than 90 deg.

B. Thermodynamics of liquids confined between
solid surfaces

The density and molecular arrangement in confined fluids
and the resulting solvation forces have been the subject of
many theoretical studies. The basic thermodynamics was de-
scribed by Ash et al.* and Hall® and subsequently elabo-
rated by Evans et al.:' with reference to Fig. 1, we consider
two parallel surfaces of surface area A, immersed in a vol-
ume V of fluid. The two plates are subject to external forces
f, which keep them at separation distance H. The system is
described by the grand canonical ensemble (i.e., at constant
pVT) in order to account for the experimental condition of
an open system (i.e., exchange of molecules between the
bulk and confined liquid). The grand potential function is
Q=U-TS-uN. If we denote with (), the grand potential
that the system would have without the surfaces, we define
with O'=Q-Q, the excess grand potential. It results that
()' =2Av, where 2y is the surface tension of the water film
between the plates. (' and y depend on the separation H.
For H—, v is equal to the fluid-surface interfacial tension,
whereas at H=0, the difference between the system with and
without plates disappears and consequently '(0)=(0)=0.
If p;, is the solvation pressure between the surfaces, the fol-
lowing relationships hold:
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FIG. 1. System of two parallel plates of area A immersed in water. p,, is the
solvation pressure between the surfaces and f=p,A is the external force
applied to keep the surfaces at a given separation H.

1oy [dy
ph_A(&H) 2(&11) ’ )

wT w.T

H

_L ’ __l h ’
V(H)—ZAQ(H)— zfode- (2)

The general correlation between the layering of the liquid
structure and the resulting solvation pressure was determined
by Attard et al* They provided a description of the free
energy per unit area between planar walls for a dense fluid.
For hard spheres confined between hard walls, they predicted
a decaying oscillatory solvation pressure with a period
slightly greater than the liquid hard-sphere diameter. The os-
cillations asymptotically converged to the bulk pressure of
the fluid. A dipolar moment was added to the hard spheres in
order to elucidate the behavior of dipolar fluids: for smaller
separations the pressure was qualitatively similar to the one
observed for nonpolar fluids, but for large separations an
attractive pressure was found, in contrast to the nonpolar
fluid.

The decay of the density oscillations in the liquid struc-
ture was studied in detail by Evans et al* Tn this work, the
universal character of decay was pointed out, for a model
fluid characterized by short-range interaction. Evans et al.
identified two classes of decay: a monotonic exponential de-
cay and an exponentially damped oscillatory decay. The first
kind occurs generally at low temperature and density. High-
density liquids are associated with damped oscillations of the
liquid structure. The crossover between the two regimes de-
fines a line in the (p,T) plane known as the Fisher-Widom
line.

Understanding solvation phenomena in water, i.e., hydra-
tion phenomena, presents several difficulties: despite the
simple chemical structure, the phase behavior of water is
very complex due to the fact that every molecule has two
proton donors and two acceptors, leading to a strong network
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of hydrogen bridge-bonded water. The presence of a discon-
tinuity (such as a hard wall) not only induces changes in
local density as compared to the bulk fluid, but also affects
the orientational distribution of molecules and, hence, the
hydrogen-bond network and density in the adjacent liquid-
water layers. A further difficulty arises from the fact that
H-bonding is a colligative phenomenon.

How the density in water changes in the presence of sol-
utes was studied by Lum et al.,”> who developed a unified
theory to describe the solvation of small and large nonpolar
species in water. Small nonpolar solutes have a low solubil-
ity in water due to the fact that they can be fitted in the
clathrate cage formed by neighboring water molecules with-
out the loss of too many H-bonds. Larger hydrophobes dis-
rupt the network of hydrogen bonding, which can result in
instability phenomena and drying. The crossover between the
two regimes occurs at length-scales of the order of nanom-
eters. Since the introduction of a hydrophobic body into wa-
ter expels fluid molecules, the theory develops a general
treatment of the excluded volume effect. [The excluded vol-
ume effect arises from the fact that two molecules cannot
occupy the same space at the same time. Therefore, mol-
ecules induce with their presence an effective interaction on
neighbors that prevents them from occupying sites already
taken by other molecules.] The solute-water radial distribu-
tion function, g(R+r), is analyzed as a function of the radius
R of a hard sphere immersed in water. At small radii R, g
presents oscillations due to the granularity of the fluid. In this
regime structuring of water around the hydrophobic object is
still possible, so that a hydration shell with clathrate geom-
etry surrounds the solute, increasing the density of water
close to it. At larger R (>1 nm), a depletion of the water
density is predicted. For two parallel hydrophobic plates, a
region of water thermodynamically less stable than a vapor
phase is predicted for plate separations smaller than ~5 nm,
leading to instability of the liquid and cavitation. In this con-
text, several surface-force measurements of hydrophobic
plates in water can be interpreted, in which a long-range
attractive force and (at smaller separation) jump-into-contact
were observed. The work of Lum shows quite clearly that
hydration phenomena have a pronounced dependence on the
radius of curvature of the surface in contact with water. Con-
sequently, the microscopic roughness of a surface is expected
to play an important role in the interpretation of solvation
forces.

The role of molecular orientation of water on the interac-
tion with surfaces was studied by Besseling.;.26 He provided a
statistical thermodynamic model based on a lattice-fluid
theory of water. Surfaces carrying equal amounts of donors
and acceptors and surfaces that only present hydrogen bond-
ing donor sites were considered. His results show that there
is not a simple correlation between the affinity of surfaces to
water and the surface-forces resulting for confining water
between two surfaces. Although it is generally excepted that
highly hydrophobic surfaces show attractive interaction in
water due to the prevalence of the density effect, for more
hydrophilic surfaces both attraction or repulsion can occur,
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depending on the relative contribution of density and orien-
tational effects. When a surface affects the orientational or-
dering of water molecules, then the solvation layer propagat-
ing from opposite surfaces can cause disruption of such order
and induction of attractive surface-forces, even in hydro-
philic surfaces. However, density effects are generally more
relevant than orientational, so it is common to observe attrac-
tion between hydrophobic surfaces in water and repulsion
between hydrophilic ones.”®

C. Computer simulations

Detailed information on the molecular origin of solvation
forces has been obtained by means of computer simulations,
which allow the reproduction of the structure of the confined
fluid and the correlation of this with the solvation forces.
Most of these studies are concerned with simple Lennard-
Jones fluids and the confining walls are either assumed to be
smooth or are represented by force centers arranged in face-
centered cubic 100 or 111 lattices.*”*"® These simulations
give detailed insight on the interrelation between fluid den-
sity in the confined space and the resulting solvation forces.
For water, the simulations are more difficult because the
complexity of hydrogen bridge bonding in water and its col-
lective nature cannot be explicitly described by two body
potentials.29 However, the most important properties of wa-
ter, including the anomaly in the temperature dependence of
its density, can adequately be represented by two-body po-
tential, when they are parameterized in a way that reproduces
some selected properties of the liquid. Thus, they reflect, in
an effective way, the collective phenomena in water, even
though the potentials do not include any explicit many-body
terms. In the last years, few explicit many-body water mod-
els have became available for computer simulations.*

Molecular dynamic (MD) computer simulations were
used by Wallqvist and Berne®' to study the hydration force
between two hydrophobic ellipsoidal plates immersed in wa-
ter. The interactions between water molecules were modeled
by a reduced effective representation (RER)* developed to
describe a liquid with highly directional hydrogen bonds in a
tetrahedral network, and a purely repulsive inverse-power
potential was used to account for the water-plate interactions.
As the separation between the two ellipsoids was reduced, a
weak oscillating force was observed, corresponding to the
removal of water layers. When the distance was so small that
only two layers could fit between the ellipsoid, a further
approach led to a dewetting transition and subsequent strong
attraction between the ellipsoids.

No dewetting transition was instead found in other isoten-
sion ensemble Monte Carlo (MC) simulations performed by
Forsman et al.>> on water confined between hard walls. The
simple point charge (SPC) model® of water was used to
describe the water interaction and the wall was considered
hard only with respect to the oxygen atom. A strong attrac-
tion between the walls was observed, caused by density de-
pression of the liquid between them.

Although the H-bond is highly directional, the water-wall
potential employed in the simulation described above was
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independent of the orientation of the water molecule with
respect to the wall. The influence of the orientation of the
water-wall potential on the hydration force was studied by
Hayashi et al.'® with grand canonical Monte Carlo (GCMC)
simulations. The TIP4P* model potential was used to de-
scribe the water-water interactions. The water-wall potential
was taken as an inverse (9-3) power function, where the
contribution of the two water protons and the lone electron
pairs was assumed to depend on their orientation relative to
the wall. By doing this, walls containing only proton accep-
tors, donors, or both could be considered by simply including
or excluding the contributions due to the proton acceptors
and/or lone electron pairs. In agreement with the theoretical
studies of Besseling,26 the simulation showed that attraction
between hydrophilic walls may be possible due to the orien-
tational ordering induced by the surfaces on the adjacent wa-
ter layers. As a matter of fact, the model potential used to
describe the water-wall interaction included a contribution
related to the flexibility of the surface group involved in the
hydrogen bonding, i.e., their ability to adapt their orientation
to the approaching water molecule; rigid surface groups
hinder this ability, resulting in unfavorable energy contribu-
tions, which make the surface less hydrophilic. For hydro-
phobic surfaces, two different types of attractions were
found: at separation greater than ~6 nm, attraction was a
consequence of water density depletion. At smaller separa-
tion, it was due to capillary evaporation of the confined wa-
ter. On the contrary, Forsman et al.*® did not observe attrac-
tive interactions between hydrophilic walls. This could be a
result of the different analytical form of the orienting terms.

The theoretical predictions of Lum et al.” are supported
by recent MD simulations®” in which the density profile of
water close to spherical and planar hydrophobic surfaces
(simulated by a single-spherical solute with a varying radius
inside a cubic box filled with SPC water or a planar hydro-
phobic substrate formed by a layer of parallel alkane mol-
ecules oriented normal to the interface) was studied (Fig. 2).
For planar surfaces, a layer of reduced water density (deple-
tion layer) was predicted. The simulations were aimed at
elucidating the dependence on the radius of curvature, pres-
sure, and temperature of this layer. The results are expressed
and analyzed in terms of the depletion distance d, (Ref. 37)
defined as

d2=fdz<1 _ phc(z) _ pw(z) )’ (3)

Phebulk  Pw,bulk

where p indicates the density and the indices hc and w refer
to hydrocarbon and water, respectively. The depletion dis-
tance, d,, should not be confused with the thickness of the
depletion layer, which is related to the extension of the den-
sity gradient from the surface. It corresponds to the integral
difference between the actual density across the interface and
the corresponding bulk densities on both sides of the inter-
face normalized to unity. This parameter is a way to quantify
the density-depletion layer so that a meaningful comparison
between theoretical studies and experiments can be
attempted.
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FIG. 2. (a) Temperature dependence of the water density profile close to a planar hydrophobic wall at fixed pressure p=1 bar. The Lennard-Jones potential
of the hydrophobic layer is denoted by a broken line (to the left). (b) Pressure dependence of the water profile for fixed temperature 7=300 K. In all cases,
the simulation box contained 64 hydrophobic molecules and 2781 SPC/E water molecules. The system was thermalized for 100 ps and averaged for 2 ns. The

figure is reproduced with permission from Ref. 37.

Netz and co-workers showed that increasing the radius of
curvature of the hydrophobic surface decreases the depletion
length of the layer. While the properties of this layer were
found to be relatively insensitive to pressure, a dependence
on temperature was found. Increasing temperature increases
the thickness of the depletion layer. The simulations gave a
value of d, ranging from 0.21 nm at a temperature of 273 K
to 0.29 nm at 360 K. The simulation also predicted the pres-
ence of a large electrostatic surface potential (about +0.5 V)
due to the strong orientation of the interfacial water mol-
ecules, which tends to orient their hydrogen atoms and thus
their dipole toward the hydrophobic surface. Other GCMC
simulations predict the opposite orientation of the water mol-
ecules confined between graphite sheets.*® The principal ob-
jective of this study was to explain the well-known effect of
environmental humidity on the friction and wear of graphitic
carbons. Three different water-graphite model potentials
were tested and it was shown that the thermodynamic and
structural properties of the confined water are very sensitive
to the range and to the orientational dependence of the model
potential. This raises doubts concerning the results of previ-
ous simulations using orientation-independent potentials,
which predicted an unusual behavior of water inside carbon
nanotubes.”” !

Pertsin and Grunze* performed GCMC simulations of
water confined in asymmetric slitlike nanopores formed by
two parallel walls, one hydrophilic and one hydrophobic.
The simulations were done in the presence of structureless
nonorienting, as well as structured orienting, walls. It was
found that when the density-corrected excess-chemical po-
tential of the liquid w” was set slightly above the value at the
liquid-vapor coexistence, u!,,~—6.2 kcal mol™!, the system
was characterized by very large fluctuations of the number of
water molecules and a wandering liquid-vapor interface. The
importance of this study is twofold. On one hand, the simu-
lation was in agreement with recent surface-force-apparatus
experiments performed on water in a similar asymmetric
conﬁnement,43 the so-called Janus interface. These experi-
ments revealed a very noisy response of the system. On the
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other hand, a region with reduced density with a clear depen-
dence on the excess chemical potential was found near the
hydrophobic surface. The extension of such region increases
as the w” approaches the liquid-vapor coexistence value (see
Fig. 3).

GCMC simulations were performed on surfaces formed
by oligo (ethyleneglycol) (OEG)-terminated alkanethiol®
adsorbed on gold and silver. The interaction of these mono-
layers measured with scanning force microscope depend
strongly on the substrate on which they are adsorbed. OEG-
modified gold surfaces repel each other in electrolyte solu-
tions and they are resistant to protein adsorption, whereas
OEG-modified silver substrates show attraction and no resis-
tance to protein adsorption.45’46 The simulation of Ref. 44
predicted a density reduction of the water between the SAMs
and, contrary to the experiments, attraction for both Au- and
Ag-supported SAMs. However, the monolayers showed con-
siderable differences in the molecular conformation on the
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FiG. 3. Hydrophobic edges of the density profiles for water confined in an
asymmetric slitlike nanopore (i.e., formed by a hydrophilic and a hydropho-
bic surface) as a function of the excess chemical potential u”. Curves 1
—4 are for u"=-6.0, —6.05, —6.09, and —6.095 kcal mol~!, respectively. The
figure is reproduced with permission from Ref. 42.
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substrates due to the difference in their areal density. Silver-
supported monolayers have a high area density and are im-
permeable to the solvent, whereas on gold, the molecules
adsorb with a lower surface density that allows the solvent to
penetrate into the film. This causes a disordered transition
that partially changes the helical conformation into an all-
trans structure. The difference between the interaction ex-
perimentally measured for the Au-supported monolayers and
that predicted by the simulation was attributed to the effect
of ion inclusion in the SAMs that can penetrate into the film
due to the lower areal density. In real experiments, part of
water dissociates into hydroxide, OH~, and hydronium,
H;0*. The preferential adsorption of OH™ over H;0* causes
a repulsion between the SAM surfaces. This effect is not
seen in the simulations because the water molecules were
thought ideally pure and nondissociable. The liquid was free
of ions and the surface remained electrically neutral. Conse-
quently, the interaction was dominated by the hydrophobic
attraction.

In the next section, we will discuss experimental results
on the density of water at surfaces with different surface
energies. Unfortunately, a direct comparison of the experi-
mental data with those found in simulations is not possible
because the measurements and the simulations deal (in es-
sence) with different systems: while the simulations are con-
cerned with water confined between two parallel surfaces,
the experiments deal with a single water/solid interface,
which formally corresponds to infinite separation between
the parallel plates. For increasing H, the combined effect of
the two opposite surfaces on the confined water should decay
and the interphase water density should increase, so that the
measured density at a single water/solid interface surface
will be less than simulated in a confined geometry.

lll. EXPERIMENTAL OBSERVATIONS: NEUTRON
AND X-RAY REFLECTOMETRY

X-ray and neutron reflectometry (NR)* allow the study of
buried interfaces over length-scales ranging over several or-
ders of magnitude with a resolution of a few tenths of na-
nometers (x-ray) and nanometers (NR), respectively. Con-
ceptually, the experiments are relatively straightforward: a
beam of neutrons or x-rays hits the surface of the sample at
grazing angle and gets reflected. The intensity of the re-
flected beam is measured as a function of the angle or the
wavelength. For a simple interface between two media, the
radiation is fully reflected up to a critical angle and then it
falls rapidly, giving rise to so-called Fresnel reflectivity. In
the presence of a thin film, the reflection from subsequent
interfaces produces fringes (Kiessig oscillations) that are re-
lated to the thickness and refractive index of the film. Typi-
cally, neutron and x-ray reflectometry calculation are ex-
pressed in terms of scattering-length densities (SLD), which
are related to the refractive index through the following
expression:

n?=1-24. (4)

For neutrons & is
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where \ is the wavelength, p, is the neutron scattering-length
density of the atomic species i, and n; is its number density,
whereas for x-ray

2

5= repe ©)
where r, is the classical electron radius and p, is the electron
density.

Contrary to the x-rays, the neutron scattering-length of the
elements varies in a nonmonotonic way across the periodic
table and varies from isotope to isotope. Therefore, the con-
trast can be changed and enhanced when an isotope of the
same chemical element is used. One of the best known ex-
amples is the case of the two hydrogen isotopes 'H and D
with scattering-lengths that differ in sign and magnitude. The
ability, in the case of neutrons, to change the contrast by
isotopic substitution provides unique means to selectively
probe an interphase. Lu and Thomas*® gave an overview of
the potential of neutron reflectometry to investigate the av-
erage structure in layered systems along the surface normal
where other techniques would fail due to disorder or to the
intrinsic complexity of the layers that compose the system.
There are, however, a number of uncertainties involved in
modeling the density distribution extracted from reflectivity
curves. The main difficulty is the so-called “phase problem”
that arises from the fact that the reflectivity measured in an
experiment is the square of its complex amplitude. Thus, all
the phase information is lost and the density profiles result-
ing from the inversion of the reflectivity data are not unique.
In order to reduce the ambiguities of the models, boundary
conditions related to the physical properties of the studied
system are introduced, and, in the case of neutrons, measure-
ments are performed at different contrast. One further prob-
lem is the stability of a density model with respect to the
number of boxes used in fitting the reflectivity curves. Fi-
nally, there is the effect of surface roughness that may result
in an apparent density depletion due to the smearing of the
excluded volume region in the liquid density profile.

In order to verify the prediction of theoretical work, sev-
eral experiments were performed on different surfaces in
contact with water. We discuss these experiments separately
for hydrophobic and hydrophilic surfaces.

A. Hydrophobic surfaces

The first experimental evidence of a density deficit in the
interface of water with a hydrophobic surfaces was reported
independently by Steitz et al. % Jensen et al.”® and Schwen-
del et al.’' The experiments were performed on three differ-
ent surfaces and the quantitative determination of the deple-
tion layer was significantly different in the three
experiments.

Steitz et al.* performed NR on D,O in contact with a
deuterated polystyrene (d-PS) film. By spin coating d-PS on
a silicon wafer they obtained a surface with a contact angle
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FIG. 4. Neutron reflectivity from the interface of a d-PS film (thickness=280 A, Nbyps=6.42X 100 A2, ggp=13 A, T apsiayer=0 A) between the silicon
substrate and the D,O subphase (Nbp, =6.37 X 1076 A=2): (a) reflectivity curve R(Q); (b) scattering-length density profile p*. The figure is reproduced with

permission from Ref. 49.

of ~90 deg. Since the scattering-length density of d-PS is
very close to that of D,0, the reflectivity profile would be
dominated by the scattering of the silicon/d-PS interface, i.e.,
a Fresnel reflectivity profile, if the density of the interfacial
region was equal to that of the bulk phase. Their experiment
instead provided evidence of a nonvanishing scattering con-
trast at the surface/water interface, since the reflectivity pro-
file was characterized by a series of minima and maxima
(Kiessig oscillations) due to of the interference between the
neutron scattered at the silicon/polymer and polymer/D,0
interfaces. The experimental reflectivity and the scattering-
length density resulting from the fit are reported in Fig. 4.
The reflectivity could be fitted by including a local minimum
in the scattering-length density profile at the polymer/liquid
interface, which was attributed to a region of water having a
reduced density. To exclude the presence of protonated con-
taminants, which would affect the scattering-length density
in the same way a depletion layer of water would, the thick-
ness of the deuterated PS film in air was measured prior and
subsequent to the neutron-reflectometry experiment with
x-rays. The invariance of the thickness was strongly indica-
tive that the presence of protonated contaminants could be
ruled out. The thickness of the depletion layer of water, d;,
was of the order of 2—5 nm, with a reduced density of p
from 88% to 94% of the density of bulk water p,, (see Fig.
4). In terms of depletion distance,”” this translates into d,
~0.26 nm.

Jensen et al.”” probed the water interface of a paraffin
monolayer (contact angle ~110 deg) floating on water by
x-ray reflectometry. They found evidence of a weak dewet-
ting (density deficit of one water molecule per 0.2
—-0.25 nm?) extending less than 1.5 nm into the bulk water,
which is equivalent to a depletion distance of d,~0.1 nm,
i.e., smaller than the one predicted by Netz et al.>’ Schwen-
del et al.’’ measured the reflectivity profile against D,O of
self-assembled monolayers (SAMs) on gold surfaces. Non-
functionalized hydrophobic octadecanethiolate 7,, with an
advancing contact angle 6,;,,=115 deg gave a reflectivity
profile compatible with an extended layer of water
(~5 nm) with a conspicuously reduced density. The profile

lSO
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could be fitted by assuming a three box model, a semi-
infinite box with density of pgy of bulk water, and two in-
terphase layers between the bulk water and the SAMs, with
different densities: a 2.1 nm layer with density p=9%pgw
and a 4.8 nm layer with p=88%pgy. This would give a
depletion distance d, ~?2.4 nm, which is much larger than
found in simulations and other experiments. This may indi-
cate that air inclusions in the SAM films, or surface rough-
ness, contributed to these results. In further investigations on
similar systems (dodecanethiol and hexadecanethiol mono-
layer adsorbed on gold) a depletion layer between 0.15 and
0.25 nm closer to the other experimental results®® was found.
The difference in the results could be also due to the pres-
ence of nanobubbles on the surface, which can form or not
depending on the history of the sample, as it was proved by
Zhang et al.”

We can describe the experimental results in terms of the
interfacial energy of the surface with water. The interfacial
energy can be expressed by v ji,= ¥s— Viiq €Os 6, where y; is
the surface energy of the surface, vy, is the surface tension
of the liquid, and 6 is the contact angle between the liquid
and the surface. By using the values for the surface energies
from the literature for PS> parafﬁn,55 and methyl-
terminated alkanethiols,56 we see that the interfacial energies
between these surfaces and water are around 44, 51, and
43 mJ/m?, which correspond to experimental depletion dis-
tances of d,=0.25, 0.1, and ~0.2 nm, respectively. Although
a high interfacial energy correlates with the presence of a
depletion layer, there are not enough experiments to propose
a dependence of depletion length on the interfacial energy.
As a matter of fact, a comparison between these different
experiments may be impossible because of different surface
roughness and rigidity. A further complication is that the
resolution of x-ray and neutron experiments is different.”’

Among the parameters that might influence the thickness
of the depletion layer are the presence of dissolved gases,
temperature, pressure, chemical potential of the liquid, and
pH. NR experiments were conducted on hexadecanethiol
SAM in contact with D,O (Ref. 52) at different temperatures
between 6 and 50 °C. The results showed that the depletion
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layer at 25 °C was between 2 and 2.3 nm thick with a den-
sity between 91% and 92% of the bulk water density (i.e.,
d»=0.16—0.22 nm in terms of depletion distance), which in-
creased with temperature, in agreement with computer simu-
lations performed in corresponding model systems52 and
with those of Ref. 37. Experiments were also performed in
the presence of two salts taken from both sides of the
Hofmeister series (calcium chloride and potassium sulfate)
and at two different pH. The depletion layer increased
slightly when the two salts were added, but was left almost
unaltered by pH.52 By correlating these trends with how the
surface energy and the free molar Gibbs energy of water are
affected by temperature and dissolved salts, the results®
could be rationalized by assuming that the extension of the
depletion layer depends on at least two parameters: (i) the
difference in surface energy between the solid and liquid and
(ii) the temperature and solute dependent free energy of the
bulk liquid-water phase, which can be estimated through the
difference in the chemical potential between its vapor and
liquid phase. Experiments performed on the hydrophilic
SAM/cyclohexane interface (i.e., polar surface and nonpolar
liquid)52 gave a density reduction of the solvent also in this
case, qualitatively correlated to the liquid/surface interfacial
energy. This demonstrates that the density deficit at the solid/
liquid interface is not a peculiarity of water.

The presence of dissolved gas was shown to influence the
range of hydrophobic attraction between hydrophobic
surfaces.”® Dissolved gas should also accumulate between
hydrophobic surfaces with obvious repercussions on the
metastability of the confined fluid,””’ since nanoscopic
“bubbles” can act as nucleation centers, providing new path-
ways to evaporation. The effect of the dissolved gas on the
extension of the depletion layer was studied by Doshi et al.®
By performing NR on quartz substrates coated with
octadecyl-trichlorosilane (OTS) monolayers in contact with
D,O (Ref. 60), the depletion layer was shown to depend on
the types and concentration of gasses dissolved in water. The
system consisted of a layer of OTS molecules with low
scattering-length density sandwiched between quartz and
D,O having a higher scattering-length density. The
scattering-length density profile of the SAM was modeled
with two boxes, the head group and the hydrocarbons with
constant SLD and thicknesses t,, and 7, respectively (Fig.
5). The depletion layer itself was modeled by a sigmoidal-
error function whose midpoint was at distance & from the
hydrocarbon-water interface. With this choice, the depletion
distance d, corresponds to &/2. For naturally aerated un-
treated D,0, the depletion distance was 0.38 nm. Degassing
of the liquid reduced its extension to 0.26 nm, which in-
creased reversibly as the D,O was placed again in contact
with air for several hours. Therefore, the presence of dis-
solved air has the effect of increasing the extension of the
depletion layer. D,O bubbled with CO, and Ar resulted in
depletion distances of 0.29 and 0.1 nm, respectively. No
compelling explanation was given for the low value of deple-
tion length found in the last case, but it might be dependent
on the different adsorption behavior of the gasses at the
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with the monolayer is modeled by a sigmoidal error function whose center

has an offset § from the D,O-OTS interface. The figure is reproduced with
permission from Ref. 60.

hydrophobic-water interface. The results of Doshi et al. are,
however, in conflict with those of two x-ray reflectometry
studies performed on OTS (Ref. 61) and octadecyltriethoxy-
loxane (OTE).62 Both studies give evidence of water-density
depletion in contact with the hydrophobic surfaces, with
depletion lengths of 0.11 nm (Ref. 61) and 0—0.24 nm,* but
no dependence on the presence of gas was found.

If a vapor layer is assumed to be the origin of the density
depletion, a remarkable consistency can be found between
the structural data of Ref. 60 and the surface-force experi-
ments of Ref. 63 aimed at quantifying the boundary slip
effects at hydrophobic surfaces. The no-slip boundary condi-
tion of a liquid near solid surfaces does not always hold. A
relevant slip occurs for water at hydrophobic surfaces. When
a vapor layer of thickness d is assumed to be in contact with
the hydrophobic surface, the slip can be quantified by the
slip-length b=d(#,/n,—1), where 7,, and 7, are the vis-
cosities of water and vapor, respectively. The estimated value
of b resulted to be 25 nm, which is not very different from
the value obtained with surface-force experiments on OTS-
coated Pyrex,63 considering that two very different experi-
mental techniques were used. Indeed, the idea that the den-
sity depletion is a vapor phase in contact with the
hydrophobic surface is gaining consensus. Theory25 seems to
converge to this view. Also, the scattering experiments re-
ported above have been explained according to this
interpretation.49’60

Surface-force experiments aimed at measuring the dy-
namical shear response of water confined within asymmetric
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FIG. 6. The density distribution of interfacial-water oxygens as a function of
distance z from the mean surface-oxygen position, obtained by x-ray reflec-
tometry on water in contact with mica surfaces: (a) adsorbed water and (b)
hydration water. The large-z-limit value of 0.033 atoms A? corresponds to
the mean oxygen density of bulk water. The figure is reproduced with per-
mission from Ref. 65.

slits were also rationalized by assuming a wandering inter-
face between a wetting-liquid phase in contact with the hy-
drophilic surface and a nonwetting-vapor phase in contact
with the hydrophobic surface.”® The wandering interface was
characterized by a very noisy shear-response with a broad
distribution of relaxation times compatible with the presence
of the vapor layer in accord with grand-canonical Monte
Carlo simulations.*” An alternative way to explain a reduced
density at the interface would be to hypothesize the presence
of a highly structured icelike phase. However, this would be
in contrast with the low viscosity found in water confined
between hydrophobic surfaces.*

B. Hydrophilic surfaces

Contrary to hydrophobic surfaces, hydrophilic surfaces
are, in principle, able to form hydrogen bonds with the water
molecules in contact with them. The balance between the
hydrogen bonds linking the liquid molecules and those that
coordinate the water molecules to the binding site of the
surface govern the conformation and the density of the liquid
at the interface. Oscillating-density profiles of water mol-
ecules in the presence of a flat hydrophilic surface are pre-
dicted by computer simulations (see, for example, Ref. 42).
In practice, its experimental determination is extremely com-
plex because the hydrating molecules interact quite strongly
with the surface and their molecular ordering can be smeared
out by the chemical and geometrical heterogeneity of the
surface. Only recently has direct evidence of density oscilla-
tion at the solid-ambient water interface been reported by
Cheng et al.”® in the case of water in contact with ultra-flat
mica surfaces. By means of high resolution specular x-ray
reflectivity, the interfacial distribution of oxygen atoms of
water was determined: a first adsorbed layer was found, fol-
lowed by a series of dumped hydration layers (see Fig. 6)
starting at 0.25 nm above the surface. It must be noted that
previous evidence of water oscillating-density was observed
only under confinement between solid surfaces® or in the
presence of applied electric fields.”” The density of the water
molecules hydrating the surface (which correspond to the
combined density of the first two layers depicted in Fig. 6)
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resembles the density of bulk water, i.e., the presence of the
surfaces does not significantly affect the hydrogen bonding
between the water molecules. A negligible effect on the den-
sity in the presence of hydrophilic surfaces follows also from
x-ray reflectometry experiment performed on soft hydro-
philic organic monolayer layers [1-triacontanol (C;yHg OH),
fatty acid, monopalmitoyl glycerol ester, and dipalmitoyl
glycerol ester] in contact with water having a contact angle
smaller than 20 deg (Ref. 50) and tripalmitoyl glycerol ester
monolayers on water with a contact angle of 70 deg.SO For a
hydroxy-terminated undecylthiolate SAM (C,;OH) (contact
angle of 6,,,=20 deg), the reflectivity profile could not be
uniquely modeled: both a model with reduced density (2.25
nm layer with p=60%pgy plus a 4.3 nm thick layer with p
=90.6%pgy) and a model with increased density (10 nm
layer with p=108%pgy plus a 4.4 nm thick layer with p
=103.3%ppy) provided good agreement with the experimen-
tal data, demonstrating the ambiguity and model dependence
in the analysis of reflectivity data.”’

An increased density of water in contact with an amor-
phous SiO, surface was measured by x-ray reflectivity in the
quasiliquid layer resulting from the surface-melting of ice
that occurs at a temperature typically 15 K below the bulk-
melting temperature 7, Similar to the experiment of Steitz
et al.,”” the interference pattern coming from multiple inter-
phases could be used to detect and quantify the quasi-liquid
layer sandwiched between the silica substrate and the ice.
For temperatures smaller than Ty=T7,,—17 K, only a single
interface between the ice and the silica was present that gen-
erated the characteristic Fresnel reflection. For temperatures
higher than T\, the multiple reflection generated at the silica—
liquid-ice interface generated fringes of a period 27/L,
where L is the thickness of the melted layer. The thickness
and the density of this layer could be determined from the
analysis of the reflectivity data. The density was significantly
higher compared to bulk water: about 1.2 g/cm® and con-
verged to 1.0 g/cm? for T— T,,. The thickness increased as
the temperature approached T, following a logarithmic
growth behavior.

IV. SUM FREQUENCY GENERATION EXPERIMENTS
ON THE INTERACTION OF WATER WITH
NON-IONIC SURFACES

Sum frequency generation (SFG) spectroscopy is a
second-order nonlinear optical technique. A visible laser
beam of frequency w,;, and a infra-red laser beam of tunable
frequency w;, overlap at the interface and generate an output
beam at the sum frequency wy=w,;+w;,. If the frequency
range of the IR beam overlaps with the frequencies of the
vibrational modes of the molecules present in the interface,
SFG can be used to selectively probe these vibrations. Within
the electric dipole approximation, SFG is forbidden in a cen-
trosymmetric bulk medium, but is allowed when inversion
symmetry is broken. This implies that contributions to the
spectra due to isotropic bulk phases are absent and only the
interfacial signal is detected. Comprehensive reviews of the
use of SFG to study polymer surfaces and aqueous surfaces
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FIG. 7. (a) SFG spectra taken from Ref. 71 of the quartz-OTS water inter-
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of the CCly/water (A), hexane/water (B), and vapor/water interfaces (C),
indicating the difference in hydrogen bonding at the various interfaces.

have been published by Chen® and Richmond,” respec-
tively. The vibrational spectrum of the water molecules in the
range of 3000 to 3800 cm™! is particularly sensitive to the
local molecular environment and can be used to probe the
structure of the H-bond network. However, the high sensitiv-
ity of this spectral region is accompanied by a high complex-
ity because the different local environments in which water
molecules can be found cause the vibrational resonances to
widen and overlap over large frequency ranges. In addition,
the coherent nature of SFG can cause complex interference
patterns that make the analysis even more difficult.

In order to discuss the spectral SFG vibrational features,
we reproduce in Fig. 7(a) (inset B and D) the SFG spectrum
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of the water/air interface and of the quartz/ice interfaces by
Du et al.”' Differences between these two spectra are evident
over the entire energy range, reflecting different structural
properties of the two systems. The spectrum of the ice/quartz
interface is dominated by a pronounced peak at about
3200 c¢cm™', which resembles the Raman OH stretch of ice.”?
At around 3400 cm™!, a peak can be seen in the water/vapor
spectrum that is absent in the quartz/ice. In the region around
3700 cm! a sharp peak appears in the water/vapor interface.

Of the spectral regions described above, only the last one
at around 3700 cm™' is assigned undoubtedly to the dan-
gling OH bonds of the water molecules pointing into the
vapor phase. This peak is indicative of a lack of H-bonding
interaction and, as we will see, is typically found in hydro-
phobic surfaces in contact with water. The assignment of the
other two peaks is still debated. In some references’ ">’ the
peak at 3200 cm! is attributed to the coupled symmetric
OH stretch of water molecules tetrahedrally coordinated, i.e.,
to an H-bond network with a ordered icelike structure; and
the peak at 3400 cm™' is assigned to the H-bond of asym-
metrically bonded water molecules or to water molecules
with bifurcated H-bonds,7l indicative of a waterlike disor-
dered H-bond network. Other authors proposed that contri-
butions to the 3400 cm™! band comes mainly from water
molecules directly adjacent to the surface and that the peak at
3200 cm™! comes from water molecules in following water
layers.75 More recently, Buch’® presented molecular dynam-
ics simulations where the effect of intermolecular coupling
on the OH-stretch vibrations are included. The peak at
3400 cm™! was assigned to four-coordinated molecules, and
the 3200 cm™! to collective excitation of intermolecularly
coupled H-bond vibrations. Further work of the same author,
which partially revises and further elaborates these assign-
ments, is in progress.77 It is evident that the assignments of
the two SFG peaks at lower energy (3200 and 3400 cm™')
are still debated, and, with this in mind, we will review the
experimental SFG results in the next sections, separately for
hydrophobic and hydrophilic surfaces.

A. Hydrophobic surfaces

SFG measurements were performed on hydrophobic
solid/water interfaces’' [formed by the adsorption of OTS
(CH;(CH,)4SiCl;) self assembling monolayers on fused
quartz] and on the liquid/liquid water/hexane interface. The
spectra [see Fig. 7(a), inset A] shows the characteristic peaks
at 3200 and at 3400 cm~'. The presence of a pronounced
peak at 3680 cm~! was also detected. That, as we have al-
ready seen for the water/air interface, is typical of surfaces
unable of forming H-bonds in contact with water. This is
supposedly caused by the free OH bonds of water molecules
pointing toward the surface. By comparing the spectra from
the solid OTS/water interface with those of the nonrigid
hexane/water and air/water interfaces [Fig. 7(a), insets A and
C], the peak at 3400 cm™! is more relevant for the latter.
These results suggest that the rigidity of the constraint affects
the SFG features, i.e., the connectivity and the orientation of
the hydrogen bonding at the interface. Du et al.” assign the
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peaks at 3200 and 3400 cm™! to icelike ordered and disor-
dered liquidlike water molecules, respectively. According to
the authors of Ref. 71 the higher degree of orientation occur-
ring on solid surfaces could be explained by the necessity to
compensate the H-bonds that cannot be formed with the non-
polar surface; in order to maximize their number (or to mini-
mize the number of lost H-bonds), the interfacial water mol-
ecules try to adopt a hexagonal structure, in which one fourth
of them have dangling OH-bonds pointing toward the hydro-
phobic surface. This interpretation is, however, speculative
and in contrast with the low viscosity found in water con-
fined between hydrophobic surfaces; " a thin layer of
highly oriented water would behave in a solidlike fashion
and would be characterized by a higher value of viscosity.
Instead, there is experimental evidence that water confined in
sub-nanometric environments, unlike nonassociative liquids,
maintains a viscosity typical of bulk liquid.64’78

Further SFG studies were made on CCl,/water and
hydrocarbon/water by Scatena et al.” The wide range of
spectral contributions of the systems was discussed” and it
was shown (see below) that significant information on the
structure of the hydrogen-bond network at the water inter-
faces could be obtained by combining frequency and orien-
tational information coming from SFG spectra. By compar-
ing the spectra of CCly/water and hydrocarbon/water
interfaces with that of the vapor/water interface [see Fig.
7(b)], they noted that the spectra were dominated by the
higher-energy peaks (3400 and 3669 cm™') and observed a
drop of intensities in the peaks at lower energies
(3200 cm™!). Their fits were improved by adding, besides
the three peaks at 3200, 3400, and 3700 cm™!, additional
ones corresponding to other water interfacial species. In par-
ticular they supposed that a part of the water molecules
present at the hydrophobic liquid/water interface have weak
or negligible H-bond interaction with other interfacial water
molecules. Part of these molecules are composed by water
monomers in the organic phase (whose H atoms are pointed
toward it) with an absent or negligible interaction with other
water molecules. Another part is composed of H-bond accep-
tor water molecules partially immersed in the organic phase,
having their H atoms pointing toward it and with an orienta-
tion sensitive to pH variation.

B. Hydrophilic surfaces

In contrast to hydrophobic surfaces, the SFG spectra ob-
tained for water in contact with hydrophilic surfaces are
characterized by the lack of the spectral contribution from
the free OH-bonds at 3700 cm™'. Since these surfaces can
interact with the water molecules through H-bonds, the dan-
gling H-bonds oriented towards the surface are absent. SFG
spectra were measured at the interface between water and
three different hydrophilic solids, SiO,,”* TiO,,*” and CaF,.*'
In all these studies, the pH was varied to see the effect of the
surface charge on the molecular orientation. Du e al. studied
the OH stretch vibration of water molecules at hydrophilic
fused-quartz surfaces.” They found that the interfacial ori-
entation and bonding of water molecules are strongly af-
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fected by (i) electrostatic interactions with the surface
charges induced by ionization of the SiOH groups and (ii)
hydrogen bonding of the molecules with SiOH groups. The
two interactions have the opposite effect. By varying the pH
of the bulk water, and consequently the degree of surface
ionization, they could change the relative contribution of
each of the two interactions. For highly ionized surfaces
(high pH), several monolayers of water can be oriented by
the intense electric field, with their dipoles pointing toward
the surface. The degree of orientational order was identified
by following the intensity of the peaks at 3200 and
3400 cm™! (see Fig. 8). At low pH, the surface is uncharged
and the interfacial water tends to form H-bonds with the O
atom facing the quartz surface, i.e., opposite to the orienta-
tion observed at high pH. Orientational order extends only
over one or two layers of interfacial water, giving peaks with
lower intensity. In the intermediate pH range (partially ion-
ized surface), the interfacial water was characterized by a
lower degree of order due to the competition between hydro-
gen bonding with the surface-silanol group and the orienta-
tion induced by the surface field. The experiments showed
that the surface charge following the changes in pH can in-
duce a flip in the molecular orientation. Note that neutron
reflectometry experiments did not show detectable effects on
the density at the solid/water interface caused by changes in
pH

Compared to SiO,, the TiO,/water interface has richer
spectroscopic features because the isoelectric point (the pH
at which the surface has a neutral charge) is at pH 5.5, in
contrast to pH 2 for SiO,. By performing measurements at
different pH, the effect of changing the surface charge from
negative to positive values was evaluated by Kataoka et al. 80
The characteristic spectral features at 3200 cm™' and at
3400 cm™! were followed by varying pH. It was shown that
both peaks displayed a minimum at the isoelectric point for
TiO,. The intensity of the 3200 cm™' peak increased signifi-
cantly both at lower or at higher pH, which means that a
charged surface induces molecular orientation of the water
molecules. By adding phosphate anions to the solution,
which adsorb quite strongly to the surface, Kataoka et al.
could shift the isoelectric point of the surface to resemble
that of a SiO, surface (pH 2). In this case, the intensity of the
peak at 3200 cm™! as a function of pH was very similar to
that of the Si0,, i.e., a monotonic increase with pH.

SFG experiments were also performed at the CaF,/water
interface.®’ At low pH, the spectrum was dominated by the
peak at 3200 cm™! due to the orientation of water molecules,
with a small contribution also in the 3400 cm™' region. At
the isoelectric point (around pH 6.4), the sum frequency re-
sponse falls to zero, indicating a full randomization of the
water molecules at the interface. At pH> 6.4, the contribu-
tion at 3200 cm™! reappears, although in minor proportion,
along with a peak at 3675 cm™!. This peak was assigned to
weakly hydrogen bonded Ca-OH groups originated at high
pH from ion exchange of surface fluorine and free OH™, or
from specific adsorption of OH™ groups from solution.® All
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Fic. 8. SFG spectra from the quartz/
water interface with different pH val-
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produced with permission from Ref.
74.
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the experiments above show evidence of the role of the sur-
face charge in determining the orientation of water molecules
at the hydrophilic interface.

Kim et al.* studied the structure of the interfacial water at
the solid/liquid interface in the presence of supported lipid
bilayers (SLB), which provide a 0.5 to 1.5 nm confinement™
to the water molecule sandwiched between the quartz and the
bilayer. The intensity of the peaks and the oscillator strength
was followed for the bare quartz interfaces and various neu-
tral, positive, and negative charged bilayers by varying the
pH and the electrolyte concentration. They found that, al-
though the trends of the measured quantities for the various
bilayers as the pH is varied are similar to each other, the
intensities of the 3400 cm™! peaks were reduced in the pres-
ence of positively charged and neutral supported lipid bilay-
ers and increased in the presence of negative SLB. On the
contrary, the intensities of the 3200 ¢cm™' peaks increased for
positively charged SLB and decreased in the presence of
negatively charged SLB. In cellular environments, a high
number of complex supramolecular structure, like mem-
branes and proteins, interact with each other in environments
where tight confinement is the normal condition. The inter-
action between them responds dramatically to subtle change

Biointerphases, Vol. 2, No. 3, September 2007

4000

Wavenumber (cm™')

in the aqueous medium where the system is immersed. Per-
forming experiments in confined geometry on simpler model
systems (like lipid bilayers) can help increase understanding
of a wide range of phenomena occurring in complex biologi-
cal systems that so far have been very difficult to rationalize.

V. SUMMARY AND CONCLUSIONS

In the previous sections, we reviewed the results obtained
by computer simulations, neutron and x-ray reflectometry,
and sum frequency generation spectroscopy on water inter-
faces. These methods measure different structural aspects of
water/solid interfaces. Computer simulations can describe
the system with molecular resolution and thus help us to
understand what particular properties of the water/water and
water/surface potentials are responsible for the sign and mag-
nitude of the hydration force, which can be studied in its
pure form aside from the contributions of other forces be-
tween the confining surfaces (e.g., electrostatic, van der
Waals). Moreover, these methods have the advantage that the
interaction between model surfaces free of imperfections can
be studied. However, the cooperative nature of hydrogen
bonding can be represented only in an effective way by the
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two-body potentials generally used. Only recently have po-
tentials that can describe explicitly many-body water poten-
tial appeared in computer simulations.™

Neutron and x-ray reflectometry can explore the density
of water orthogonal to the interface with different resolution,
higher for x-ray. Neutron reflectometry has the possibility to
use contrast variation to enhance its performance.

SFG spectroscopy can probe the vibrational spectra of the
water molecules at the interface. The OH stretching vibra-
tions are extremely sensitive to the local environment. This
high sensitivity is accompanied by complexity in the SFG
spectra, thus their interpretation is difficult and still an issue
of discussion.

Hydrophobic surfaces in contact with water are character-
ized by some distinct features: theory predicts that the region
in direct contact with the hydrophobic surface is less stable
than the liquid phase25 and simulations®”** accordingly en-
visage a thin layer of water with low density, although thin-
ner than what was predicted by theory.25 The density deple-
tion was experimentally confirmed by neutron and x-ray
reﬂectometry@’52 and is ascribed to the presence of a layer
of water with reduced density or a vapor layer at the solid/
liquid interface. Significant differences were found in the
reported extensions of the depletion layer, although a direct
comparison between these interfaces cannot be easily done in
view of the different surfaces used. The SFG spectra in the
region of 2800 to 3800 cm™! corresponds to the OH stretch-
ing modes, which are extremely sensitive to hydrogen-
bonding interactions between the water molecules. Hydro-
phobicity manifests itself with the appearance of a distinct
peak around 3700 cm™!, which corresponds to a free OH
group that cannot form a hydrogen bond with the nonpolar
surface. The spectral region around 3200 cm™' is typically
assigned to OH groups in a tetrahedral H-bond environment,
whereas peaks at 3400 cm™' are associated with the OH
groups that participate in disordered H-bonds. However, con-
trary to these assignments, other representations have been
proposed in the literature: the peaks at 3400 and 3200 cm™!
were assigned to water molecules adjacent to the surface and
in the following water layer, respectively.75 Alternatively, the
two peaks were assigned to four-coordinated molecules and
collective excitation of intermolecularly coupled H-bonds,
respectively.76

Experiments performed on water in contact with organic
liquid phases73 and rigid71 surfaces show that the kind of
constraint imposed by the confining surface affects the water
connectivity via H-bonds. In one study,71 the low water den-
sity found at the hydrophobic surface was explained by as-
suming that the water is in a low-density icelike structure.
This interpretation, motivated by the increase of the SFG
peak at 3200 cm™! (supposedly indicative of enhanced orga-
nization of the H-bond), is, however, speculative and is not
supported by the results found with surface-force experi-
ments. Although SFG and surface-force measurements are
performed on different systems (semi-infinite water at a hy-
drophobic surface and water confined in a slitlike nanopore
formed by hydrophobic surfaces), it would be difficult to
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explain the low viscosity found in shear force experiments of
water confined between hydrophobic surfaces® with a highly
organized icelike water layer.

Hydrophilic surfaces in contact with water present sub-
stantially different features. Evidence for hard wall density
oscillations were found,” and the average density at the in-
terface was comparable to the bulk density.so’65 However, the
results of one neutron reflectometry experiment51 gave equal
probability of an increased and depleted density. Evidence of
density depletion was found for hydrophilic surfaces in con-
tact with a nonpolar solvent.”” This experiment is very im-
portant because it shows that the solvophobic density deple-
tion is not specific to water, but is more general and
correlated with the interfacial energy of the liquid with the
solid surface. More experiments should be performed in this
direction (e.g., analyzing the trend in temperature) in order to
establish to what extent water behaves differently from other
liquids.

Surprisingly, the neutron (x-ray) scattering and sum fre-
quency generation spectroscopy communities have not inter-
acted substantially, despite the fact that parallel studies per-
formed with these techniques could help in understanding
water interfaces. In order to have meaningful complementary
information, SFG and scattering experiments should be per-
formed on interfaces prepared identically, because the hydra-
tion of solid surfaces depends in a complex way on the
physical and chemical properties of the surfaces used."?
Roughness, surface energy, number, and rigidity of the sur-
face group that can form H-bonds can all contribute in a way
that is not completely known. To understand how the various
properties of the surface affect density depletion and the ori-
entation of the water molecules, experiments should be per-
formed by changing only one parameter at a time. This could
be achieved by performing NR measurement on surfaces
formed from mixed self-assembled monolayers with differ-
ent hydrophilic and hydrophobic surface groups.84 By appro-
priate mixing of the two components, the surface tension of
the resulting surfaces could be changed at a constant thick-
ness and roughness. The chemical composition of the surface
can also be changed with respect to the relative amount of
H-bond donors or acceptors. Amino- and carboxylic-acid-
terminated SAMs could be used to form surfaces that can
induce only density variation (carrying an equal amount of
hydrogen bond donors and acceptors) or will induce both
density and orientational change (possessing, for example,
only hydrogen bond donors). By using SAMs with different
chain length, the roughness can be varied at a constant
chemical composition to verify the dependence of the deple-
tion layer on this property of the system. By controlling the
surface properties, whether a lower limit of hydrophobicity
(as measured by the contact angle or surface energy) of the
surface exists in order to have a depletion layer could be
studied.

In view of the important role that hydrophobic forces play
in biological and colloidal science, it is interesting to evalu-
ate possible correlations between the structural studies of wa-
ter at the hydrophobic interface with direct measurements of
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forces between hydrophobic surfaces in water. As stated in
the Introduction, a review of the surface-force experiments is
outside the scope of this article, also in view of the fact that
many surface-force measurements show contradictory results
that are difficult to rationalize.'” Here we will describe one
significant result. The experiments in Ref. 52, on the density
depletion at the interface between water and hexadecanethiol
modified gold substrate, fit well the surface-force experiment
of Ref. 85 performed on very similar surfaces. The last point
is important because experiments performed on surfaces ob-
tained by different methods of preparation exhibit signifi-
cantly different ranges and magnitudes of the forces,'” even
when macroscopic properties such as the contact angles are
the same. The surface-force experiments show no interaction
as long as the surfaces are at a distance larger than several
nanometers until they jump into contact. The jump-in dis-
tance is around 5 nm in pure water at room temperature. This
is fairly close to twice the extension of the depletion layer
measured in Ref. 52 at room temperature. The strong attrac-
tion seems to occur when the interfacial low-density regions
of water adjacent to each surface overlap. Also, the effect of
salts seemed compatible in the two experiments, because
both the extension of the depletion layer and the jump-in
distance increased in the presence of salts. Even though a
comparison can only be qualitative since the jump-in dis-
tance in the AFM experiment depends on the spring constant
of the cantilever used, the correlation of the trend observed
in the presence of salts is still very remarkable. This com-
parative analysis between the density of water in proximity
of a surface and the water-mediated interactions between the
surfaces should be extended to other surfaces commonly
used in surface-force studies. As pointed out by Israelachvili
one decade ago, it is not clear if the peculiarities of the water
mediated interactions have more to do with intrinsic proper-
ties of water or, rather, with the physical and chemical prop-
erties of the surfaces.” A definitive answer to this question
has not yet been given, and greater effort should be made in
this direction.
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