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Abstract

Chemical reactions occurring at the mineral–water interface are controlled by an interfacial

layer, nanometers thick, whose properties may deviate from those of the respective bulk min-

eral and water phases. The molecular-scale structure of this interfacial layer, however, is

poorly constrained, and correlations between macroscopic phenomena and molecular-scale

processes remain speculative. The application of high-resolution X-ray scattering techniques

has begun to provide substantial new insights into the molecular-scale structure of the

mineral–water interface. In this review, we describe the characteristics of synchrotron-based

X-ray scattering techniques that make them uniquely powerful probes of mineral–water inter-

facial structures and discuss the new insights that have been derived from their application. In

particular, we focus on efforts to understand the structure and distribution of interfacial water

as well as their dependence on substrate properties for major mineral classes including oxides,

carbonates, sulfates, phosphates, silicates, halides and chromates. We compare these X-ray

scattering results with those from other structural and spectroscopic techniques and integrate
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these to provide a conceptual framework upon which to base an understanding of the system-

atic variation of mineral–water interfacial structures.
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1. Introduction

1.1. Background

The mineral–water interface is arguably one of the most important interfacial sys-
tems because of its deep and pervasive effects in nature (on abiotic and biotic sys-

tems) and technology. In nature, mineral–water interfaces are the principal site of

low-temperature geochemical processes at and near Earth�s surface. These processes,
including dissolution and precipitation of primary minerals, as well as adsorption

and incorporation of trace impurities, exert a powerful influence on the natural geo-

chemical and biogeochemical cycles in our environment and effectively control the

compositions of groundwaters, surface waters, the oceans, and, to a large extent,

the atmosphere. For example, the dissolution of crustal minerals releases primary
nutrients (e.g., Ca, K, PO4, Fe, Mn) that are necessary to sustain life, leads to the

formation of clay minerals that are fundamental for soil formation, buffers the acid-

ification of watersheds, and is the primary sink for atmospheric of CO2 over long

times [1,2]. Biological control of growth and precipitation of minerals from fluids

is critical to the development of both microorganisms and higher forms of life [3–

5]. The control that microorganisms exert on their microenvironments, and in some

cases their macroenvironments, is exhibited in their ability to nucleate specific min-

eral phases that, in many cases, are not the equilibrium phase (e.g., calcite vs. arago-
nite) and in their ability to control the texture and orientation of the crystal phase

[3,6–9]. This control is fundamental to the formation of exoskeletons (e.g., derived

from calcium carbonate and silica) and bone materials (e.g., phosphates such as apa-

tite). Skeletal materials in some cases derive from single crystals having exquisite

shapes and textures that are biologically controlled [10]. The dissolution of bone

and skeletal materials (i.e., demineralization) has also been studied intensively and

is an important process leading to diseases such as osteoporosis [11,12]. Water films

on particle surfaces are of primary interest in areas such as atmospheric chemistry
[13,14], where such films may play an important role in mediating reactions with

other atmospheric gases (e.g., NOx and SOx).

The solid–liquid interface is also critical in many areas of human activity, includ-

ing various technological and industrial processes. The adsorption and/or incorpora-

tion of contaminant species into mineral phases in underground aquifers leads to the

sequestration and/or oxidation–reduction reactions of toxic elements in groundwater

[15]. Permeable reactive barriers represent a technology to purify contaminated

water as it flows through the ground, either by adsorption or through chemical reac-
tions, instead of more intrusive and costly ex situ procedures [16,17]. Crystal growth
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of minerals in aqueous media is central for a broad range of technologies [18–24] and

can be controlled through inhibition and/or adsorption of impurities [25–28] or

incorporation of impurity ions [29–31]. Noble-metal catalyst formation is initiated

by the adsorption of heavy-metal complexes from aqueous solutions to oxide sub-

strates [32].
Although the origins of modern surface science were closely coupled with the

development of ultra-high vacuum technology (UHV) and various electron- and

ion-based techniques [33], the key feature of all of these phenomena and processes

is the presence of a liquid, typically aqueous, phase that is largely incompatible with

UHV technologies. Progress in this vast important area of surface science was lim-

ited until the late 1980s when a resurgence was driven by driven by the development

of new capabilities to make direct observations of the structure and properties of the

liquid–solid interface, both in situ and with sub-Ångstrom resolution and sensitivity.
Most notable was the development of scanning probe microscopies [34,35], and var-

ious synchrotron X-ray techniques [36–42], which together have enabled new classes

of in situ nanoscale and atomic-scale studies of mineral–fluid interfaces.

Much attention has been given to solid–liquid interfaces in the past few decades,

particularly solid–water interfaces [43–51]. Although significant strides have been

made in recent years, structure and bonding at the mineral–fluid interface are only

beginning to be understood for the simplest minerals [52]. A key feature of solid–

liquid interfaces is the perturbation of the liquid structure near the solid surface
(Fig. 1). Although the substrate and fluid structures far from the interface are

known, the behavior of the first few fluid layers is unknown and likely to be different.

This interfacial structure may have crucial influence on solid–liquid interfacial prop-

erties, notably diffusion, solute adsorption, and dielectric properties. For instance,

the perturbations on the fluid side of the interface in Fig. 1 might be characterized

by the ‘‘adsorption’’ of one or more water layers, with the development of a ‘‘mod-

ulated liquid’’, or with the formation of ‘‘ice-like’’ layers. These layers may or may

not have any lateral registry with respect to the substrate lattice. Here, we refer to
water in this transition region as ‘‘interfacial water’’. These various conceptual mod-

els suggest different properties of interfacial water. Theoretical studies predict that

the ‘‘hard-wall’’ effect of a smooth solid surface would constrain interfacial liquids,

resulting in a layered density profile [53–55] analogous to the hydration shell sur-

rounding an isolated solute in a bulk water [56]. Since these early predictions, evi-

dence for such interfacial layering of liquids (especially water) near interfaces has

come primarily from molecular dynamics simulations [57–68] suggesting that layer-

ing may be a generic effect at the solid–liquid interface and it may be present at many
different types of substrates, ranging from silicates to metals.

Until recently, experimental evidence that interfacial fluids develop structure (i.e.,

have a density profile that is distinct from a smoothly varying step function) has

come from two sources. First, measurements of the forces between two musco-

vite–mica surfaces as a function of surface separation (using the ‘‘surface forces

apparatus’’, or SFA) showed dramatic oscillations in force–distance curves for aque-

ous and non-aqueous solutions [69,70]. These oscillations are associated with the re-

moval of individual fluid layers separating the muscovite surfaces and suggest that



Fig. 1. Schematic density profile of interfacial water near the solid–aqueous interface. The nature and

range of any interfacial ordering, indicated by the oscillatory density profile near the interface, is to be

determined.
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the interfacial fluids form discrete layers, at least when confined between two sur-
faces. Additional measurements led to new insights into the properties of these con-

fined water layers [71–73]. Qualitatively similar layering of water has been observed

in scanning force microscopy [74] and scanning tunneling microscopy [75] as the

apparent formation of integral numbers of water layers separating the tip and sam-

ple. More recently, unexpected dynamics of water were observed at the ‘‘Janus inter-

face’’ of water confined between hydrophobic and hydrophilic surfaces [76,77]. More

direct structural insight into these phenomena has derived largely from neutron scat-

tering measurements of various hydrated clay minerals that confine thin water films
in interlayer regions [57,58,78–81]. These measurements directly demonstrated that

fluids, including water, can develop layered structure when confined between silicate

planes. The results, however, leave unanswered a central question: Is the observed

structure of confined water layers an intrinsic property of free solid–fluid interfaces?

Or, is it simply the result of confinement of fluids in the nanoscale spaces between

solid surfaces?

In recent years, substantial progress has been made in direct observation of solid–

liquid interfaces with non-aqueous fluids, mostly by using X-ray scattering
techniques. Liquid density oscillations near solid surfaces have indeed been observed

in systems ranging from liquid metallic gallium adjacent to the surface of diamond

[82] to normal molecular liquids adjacent to oxidized silicon surfaces [83–85]. In
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the latter case, direct evidence for such oscillations was obtained for both thin films

and macroscopically thick layers, suggesting that the layering was intrinsic to the iso-

lated interface. This work also established that layering was not intrinsic to all sys-

tems and that shear flow could either disrupt or induce molecular layering [86]. In

each of these measurements, relatively weak layering of the fluid was observed within
�2–3 molecular layers of the surface [82,83]. Other measurements addressing the

nature of the liquid phase adjacent to the solid substrate have shown that liquid

Pb adjacent to a silicon surface has a 5-fold local symmetry, confirming earlier the-

ories that supercooling is due to the formation of icosahedral complexes that act as

the nucleation barrier to solidification [87]. Recent measurements have revealed dis-

tinct layering of normal liquids confined between hard walls [88,89], as well as rare

gases confined in nanometer-sized cavities in aluminum [90]. The first direct experi-

mental observations of density oscillations at solid–aqueous interfaces were observed
adjacent to conducting substrates under potentiometric control (i.e., in the presence

of applied electric fields). Under such conditions, it was generally assumed that such

layers would be ice-like [91–94].

An additional complexity inherent to mineral–water interfaces derives from the

fact that most minerals are insulators and potentiometric control is normally inap-

plicable for such studies. Instead, the pH-dependent charge at mineral surfaces is

associated with acid–base behavior of oxide and silicate surfaces (e.g., protonation

reactions of surface oxygens). This phenomenon is a central component to surface
complexation models that attempt to explain and/or predict surface protonation

reactions and ultimately reactivity [95–98]. Spectroscopic studies clearly show evi-

dence that mineral surfaces interact with the aqueous phase through chemical reac-

tions, for example, to form hydroxylated surface functional groups [99–103].

Observation of differences in water thin-films on glass substrates formed by vapor

phase adsorption and in the vicinity of the bulk meniscus revealed the structure of

water wetting films [104]. Neutron scattering measurements are also able to probe

solid–water interfaces [105] and have probed the structure of water at non-wetting
surfaces revealing a water density deficit associated with hydrophobic interactions

[106]. Information on the orientation and spectroscopy of aqueous solutions near

mineral surfaces was also obtained by non-linear optical spectroscopy measurements

of interfacial water molecules near silica and corundum surfaces [107–111], as well as

recently for a quartz surface [112].

In spite of all these studies, little is known from direct experimental observations

about the structure of water near isolated mineral–water interfaces [38,52], including

the location of interfacial species, their registry with respect to the substrate lattice,
and the extent of order (both vertical and lateral). In analogy to the hydration layer

that surrounds ions in aqueous media, any reactions that take place at the mineral–

water interface should be controlled by transport through a surface hydration layer

at the mineral–water interface. The properties of hydrated ions are well understood,

and vary systematically with elementary parameters (e.g., ion size and hydration en-

ergy) [56]. In contrast, direct experimental knowledge of surface hydration layer

properties at mineral–water interfaces is extremely limited. The properties of mineral

surface hydration layers, including degree of ordering and spatial extent, are likely to
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be controlled by the structural and chemical properties of the substrate, including the

functional groups expressed at the surface, and the unit cell size and its symmetry.

An understanding of these interrelationships between hydration layer properties

and mineral surface structures is critical for developing a fundamental understanding

of mineral–water interface processes.
In this review, we discuss the new insights into the structure and properties of the

mineral–water interface derived from high-resolution synchrotron X-ray scattering

techniques. We explore both the mineral and the fluid sides of the mineral–water

interface and their interrelationships. We take a broad definition of minerals to ex-

tend to any naturally-occurring inorganic crystalline phase (or, in some cases, syn-

thetic equivalents) including the major mineral classes of ionic crystals, oxides,

silicates, phosphates, and sulfates but excluding metals and semiconductors that gen-

erally do not play an important role in interfacial processes in natural environments
under ambient conditions (297 K, 1 atm). Consequently, we will not review extensive

developments in well-studied areas such as metal–aqueous electrochemistry, which

has been reviewed previously [113–118]. Nor do we intend to duplicate the recent re-

views of water properties and organization at solid substrates as derived from vari-

ous macroscopic and spectroscopic studies [47,119–124], or oxide surface structure

and reactivity at ultra-high vacuum conditions [125–127]. Instead, our goal is to re-

view and discuss the recent developments in the structure of mineral–water interfa-

cial systems as derived exclusively from X-ray scattering measurements and to
integrate the new results with recent theoretical and experimental developments.

The objectives of this review are (1) to help bridge the information gap that currently

separates our macroscopic concept of these systems from the critical molecular-scale

behavior that has remained largely obscure and (2) to point out directions for further

work in this area. The central issues that we address here are the interrelationships

between the nature and composition of the substrate lattice, the identities and struc-

tures of surface functional groups that are formed by the truncation of the lattice in

aqueous environments, and the structure of the interfacial water adjacent to the min-
eral surface. We review the results of each mineral system that has been studied to

date, separating those studies that were performed in contact with fluid water (i.e.,

mineral–water interface, Section 2) from those done in contact with humid air

and/or water vapor in vacuum (i.e., mineral–water vapor interfaces, Section 3). Sys-

tematic trends and unique features of these systems are discussed in Section 4, along

with a discussion of future prospects in this area.

1.2. Structural motifs at the mineral–water interface

The creation of a surface (e.g., by cleaving a crystal) leads inevitably to the forma-

tion of undercoordinated surface species. Vacuum studies of surfaces have identified

and characterized structural changes at surfaces, including local structural relax-

ations of the surface atoms, surface reconstructions, and even large-scale instabilities

such as surface faceting [128] that are ultimately derived from the undercoordinated

surface atoms. An example of an undercoordinated lattice cation at a mineral surface

is the 5-fold coordinated Ti atom on the rutile (110) surface [129]. For minerals in
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aqueous environments, however, immersion in water can substantially reduce the

large surface energy associated with broken bonds through formation of surface

complexes via chemical reactions with the aqueous phase that restore the cation�s
coordination shell. This results in a substantial reduction in the surface energy

and thereby makes mineral–water interfaces more thermodynamically stable than
they would be in the absence of water. This apparent passivation of mineral surfaces

by reaction with water contrasts markedly with the distorted structures observed at

elementally clean yet energetically unstable surfaces found in ultra-high vacuum

environments.

Typical mineral–water surface sites are seen on the hydrated rutile (110) surface,

containing two surface oxygen sites (Fig. 2). Surface sites having a singly-bound oxy-

gen containing species are generically referred to as non-bridging oxygen (NBO) sites

(Fig. 2). This NBO completes the oxygen coordination shell surrounding the 5-fold
coordinated Ti atom found in vacuum studies. A second type of surface functional

group common to mineral surfaces is the bridging oxygen (BO) site. Together, these

sites create a surface oxygen lattice that interacts directly with the solution. While

this nomenclature emphasizes the geometry of these sites, they may exist in different

protonation states (e.g., an NBO might correspond to an associatively adsorbed

water molecule or an dissociatively adsorbed hydroxyl group). The reactivity of these

groups may also be controlled in part by the substrate crystal structure. For instance,

BOs that have no broken bonds due to creation of the surface are likely to be less
reactive than those BOs that are undercoordinated with respect to the bulk lattice.

1.3. Chemical properties of surface functional groups

The properties of surface functional groups generally control the reactivity of

mineral–water interfaces. It is, however, difficult to make general statements con-

cerning the nature of BOs and NBOs, given the diversity of crystal surface structures

and compositions. Much of our current understanding is based on quantum-
mechanical theoretical studies correlating the properties of surface functional groups

with crystal chemistry and solution conditions [51,130–134]. These calculations typ-
Fig. 2. Structural motifs at the mineral–water interface. Here the rutile (a-TiO2) (110) surface is shown

with bridging oxygen (BO) and non-bridging oxygen (NBO) sites as determined recently with X-ray

diffraction [223]. This creates a surface oxygen lattice that is the primary contact with the aqueous phase.
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ically can include only a relatively small number of water molecules because of the

limitations of the computing resources required to perform the calculations. This ap-

proach is most appropriate for understanding water adsorption at mineral surfaces

in vacuum and/or humid environments (where the water film thickness is limited).

Insights from such calculations may not be fully applicable for understanding prop-
erties of mineral surfaces in contact with macroscopic quantities of water, but they

are nevertheless quite useful when available. Recent advances have shown that the

Carr–Parrinello ab initio molecular dynamics approach [135] is a powerful technique

for understanding the properties of water [136,137] and water near solid–water inter-

faces [134,138–141] and should be an important tool for understanding the mineral–

water interface.

Classical molecular dynamics (MD) simulations can incorporate thousands of

water molecules and are effective in exploring the phase space of water interaction
with a mineral surface (e.g., the interplay between position and orientation). The

main limitation of this approach is that it normally uses potential functions that

are fitted to match macroscopic properties. These potentials are generally not vali-

dated as predictors of surface properties, because of the absence of independent

experimental results for comparison with simulations. Conventional MD simula-

tions do not incorporate chemical reactions (among water molecules, ions, and the

mineral surface), and therefore care must be taken to ensure that the simulations

are representative of the systems of interest.
Phenomenological correlations in bonding behavior at mineral–water interfaces

provide useful insights in the absence of high-level theoretical results. The bond va-

lence approach is a simple but potentially powerful formalism originally suggested

by Pauling [142] but later developed in more detail by Brown [143–145]. This is

essentially an ionic charge distribution model incorporating chemical interactions

ranging in strength and character from covalent bonds to ionic interactions and

hydrogen bonds. In particular, the bond valence approach provides constraints that

relate characteristic bond lengths, coordination numbers, and bond strengths for
each atom. This approach has been useful as an independent check on the reason-

ableness of an experimentally-derived structure (e.g., in crystallography studies),

as well as to interpret the interactions of ions with mineral surfaces [38] and their

coordination environments within glasses [146]. This approach can also provide

additional chemical insight into structures and properties derived by X-ray scattering

techniques such as the protonation state of a surface functional group [147], to which

X-ray based measurements would be otherwise insensitive.

Because we will make use of the bond valence model throughout this manuscript,
the model�s concepts are outlined here. Each cation has a valence, V, corresponding

to the number of its valence electrons, which is expressed in terms of valence units

(v.u.) and is essentially the charge available to form bonds. The bond valence of each

bond is governed by the relation s = exp[(r0 � r)/b], where r0 is a parameter specific

to a cation–anion bond pair and the respective chemical state of the ions, r is the ac-

tual cation–anion bond length, and b = 0.37 Å. For any given bonding configura-

tion, the sum of bond valences of a given cation must be equal to the cation�s
valence (i.e., V =

P
si). Consequently, longer bonds have a smaller valence (i.e.,
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are weaker), and a cation can have multiple bonding configurations ranging from a

few stronger, shorter, bonds to a greater number of weaker, longer, bonds. In water,

the oxygen valence of 2 can be pictured as being distributed between the two O–H

bonds of the water molecules (each with s = 0.8) plus two hydrogen bonds with a

valence of 0.2 each. If the oxygen valence due to its intra-molecular (O–H) bonds
is greater than 0.8, the valence of the two accepting hydrogen bonds will be propor-

tionally reduced.

For surfaces, a direct implication of the bond valence model is that surface bond

lengths should decrease relative to their bulk values if the surface atoms retain the

undercoordinated environments associated with the bond breaking necessary to cre-

ate a surface. This is expected because the fixed valence of a surface atom is distrib-

uted among fewer bonds, leading to larger bond valence for each bond.

Consequently, the bonds of an undercoordinated surface atom should be both stron-
ger and shorter. This has been observed in the case of the rutile (110) surface studied

in vacuum [129], where the Ti–O bond lengths were found to be substantially shorter

near the surface.

Within the context of the bond valence theory, the properties of the NBO bonded

to a lattice cation MeV+ having valence V and bulk coordination CN can be exam-

ined. The average valence of each bond (also known as the Pauling bond strength) is

hsi = V/CN. We make the simplifying assumption that the perturbations of the sur-

face bond valence are compensated locally. This is consistent with the observation
that most mineral surface structures in contact with water have only slightly relaxed

surface lattices with respect to the bulk truncated lattice. If the NBO perfectly com-

pensates for the exposed lattice cation, we expect that the NBO has a valence due to

the NBO–Me bond of V/CN. If the substrate metal cation valence deficit signifi-

cantly exceeds that of the valence available through hydrogen bonds of a water mol-

ecule (�0.2 v.u. per accepting hydrogen bond), then this valence deficit cannot be

satisfied by the adsorption of a water molecule as an intact molecule (i.e., associa-

tively) but could be satisfied by a dissociatively adsorbed water molecule. In this sce-
nario, an adsorbed OH� will have available for bonding with the surface the

�0.8 v.u. that was taken up by the proton in the water molecule. Consequently,

the nature of an NBO (i.e., adsorbed H2O or OH�) may be inferred by the properties

of the substrate lattice and its lattice cation.

Similar constraints can be developed for BOs. For BOs having a broken bond, the

situation is comparable to that of NBOs, and in such cases the nature of any ad-

sorbed species will be sensitive to the substrate crystal structure. In this case, bond

valence model predicts that the interaction will be primarily to hydrogen atoms
and BOs will either be directly protonated or associated with water molecules

through accepting hydrogen bonds. For BOs having no bonds broken to create a

surface, the bond valence of the oxygen is completely saturated by bonds with the

lattice cations. The result is an inert functional group, as long as the surface atom

locations are unchanged with respect to the bulk structure (and the valence of the

cation to which the BO is bound is unchanged). The structural relaxations of surface

atoms away from their bulk lattice position can, however, lead to moderate reactiv-

ity. For instance, the bond valence reduction associated with a Me–oxygen bond
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length change of +0.07 Å, typical for mineral–water interfaces, is 0.17 v.u. This va-

lence is similar to that of an accepting hydrogen bond. This shows that nominally

‘‘unreactive’’ functional groups may be accessible for the coordination with water

molecules via hydrogen bonding. More generally, the valence of each atom in a

structure can be calculated when the full three-dimensional interfacial structure is
known to reveal bond valence deficits associated with adsorbed protons and hydro-

gen-bonded water [147].

A complete understanding of mineral–water interface reactivity must include the

pH-dependent development of surface charge that results from proton adsorption/

desorption by surface oxygen atoms (especially those of metal (hydr)oxides). Mineral

surfaces are characterized by a pH of zero net surface charge, pHpzc, that is specific

to each mineral surface [46,148], with the mineral surface having negative and posi-

tive charges above and below the pHpzc, respectively. This charging behavior is nor-
mally understood with surface complexation models (SCMs), in which mass law

expressions describing ion binding at the metal oxide surface are coupled with clas-

sical models of the electrical double layer (EDL) [46,96,98,148–156]. This proton

charge is compensated by aqueous ions distributed among discrete (i.e., Stern or

Helmholtz) planes of cation and anion adsorption, as well as a diffuse layer of ions

typically described by Gouy–Chapman theory [46,151,157,158]. A generic 2-pK for-

malism if often used to describe proton affinity for surface oxygen atoms

[98,148,149]. A related approach is the MUlti-Site Ion Complexation (MUSIC)
model [152,153] that utilizes the specific crystal surface structure and the bond va-

lence concept [142,143] with an empirical relationship between valence undersatura-

tion and proton affinities of oxygen ligands in bulk solutions to predict surface

oxygen proton affinities and site densities.

1.4. Constraints and limits on interfacial water structure

Interfacial water may be expected to exhibit some structural characteristics of ice
and/or water, because the uniqueness of these structures comes from the water mol-

ecule�s structure and its tendency to form hydrogen bonds. The structures and prop-

erties of ice and water have been studied for many decades [159–162]. The common

solid phase of water (ice-I) is hexagonal ice having lattice parameters jaj = 4.5227 Å

and jcj = 7.3671 Å, near T = 0 �C and P = 1 bar, where water molecules are ordered

in a bilayer structure, as shown in Fig. 3a [163]. Each bilayer has hexagonal symme-

try, and the protons are disordered, with the average positions indicated. Each water

molecule has four neighboring water molecules: three within the bilayer, and one in
the adjacent bilayer. The average O–O spacing in this structure is 2.75 Å, with a bi-

layer spacing of 3.644 Å.

X-ray and neutron scattering data for liquid water show that the oxygen–oxygen

pair distribution function exhibits characteristic layering with a strong first peak near

2.8 Å, followed by rapid dampening of oscillations within 10 Å [160,161,164,165]

(Fig. 3b). Similarly, measurements of supercooled water lead to a water correlation

length of only�4 Å that is temperature independent [166]. Both of these observations

suggest that perturbations of the bonding and interactions in interfacial water will not



Fig. 3. (a) The structure of hexagonal ice as seen along [001] (above) and [1�20] (below) with oxygen and

hydrogen shown in red and blue, respectively. Hydrogens are shown in all possible sites since they are

disordered in this phase. (b) The O–O correlation function in liquid water. Part (b) is reprinted with

permission from J.M. Sorenson, G. Hura, R.M. Glaeser, T. Head-Gordon, Journal of Chemical Physics

113 (2000) 9149–9161. Copyright 2000 by the American Institute of Physics. (For interpretation of the

references in color in this figure legend, the reader is referred to the web version of this article.)
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extend far from source of perturbation (i.e., the interface) unless interfacial water is

truly ice-like. Substantial progress has been made recently in understanding the local

bonding structure in water and ice, both experimentally and theoretically [167–170].

These studies showed that the hydrogen bond in ice has a covalent component and
that the liquid structure disrupts, on average, one hydrogen bond per water molecule.

These ideas are contrary to the widely-held notion that water retains the same local

bonding structure found in ice structures, but as a disordered random network. Rec-

ognizing these important new findings, the level of detail currently available concern-

ing interfacial water structures is generally unable to resolve these features.

In the majority of interfacial water systems studied, the structure has been derived

from models optimized through comparison with X-ray scattering data. In this
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respect, it is useful to consider the steric constraints on water structure independent

of specific chemical (e.g., hydrogen bonding) interactions. A reasonable first approx-

imation is that interfacial water density equals the bulk water density, qw = 1 g/

cm3 = 1H2O/(30.3 Å3). This suggests that interfacial water films have a two-dimen-

sional (2D) density of q2d � q2=3
3d ¼ 1 H2O=ð10 Å

2Þ, which is only 11% less dense
than water in a hexagonal ice bilayer (0.113 H2O/Å2). Assuming that water can be

described by the close packing of spheres implies an O–O spacing of 3.4 Å and a

layer spacing of 2.77 Å. Note that these quantities are substantially different from

those of 2.75 Å and 3.64 Å, respectively, observed in hexagonal ice. This rough anal-

ysis illustrates the magnitude and character of the changes that might be found in

interfacial water structures having hydrogen bonding structure that is either pre-

served or disrupted.

1.5. X-ray scattering from mineral–water interfaces

X-rays are an ideal probe of mineral–water interfaces. The ability of hard X-rays

(E > 5 keV) to penetrate millimeters of water allows in situ studies to be performed

at conditions defined by the relevant interfacial processes. X-rays can measure atom-

ic-scale structures, such as the separation of individual atoms or molecules, because

X-ray wavelengths are comparable to the size of atoms [171,172]. The interaction of

X-rays with matter is understood at a fundamental level, and X-ray based techniques
can provide truly quantitative data concerning the arrangements of atoms through a

variety of approaches, such as crystallography and X-ray absorption spectroscopy

[172]. These characteristics can also be used to study the structure of the mineral–

fluid interface (e.g., atomic locations, bond lengths) with sub-Ångstrom precision.

The sensitivity of X-ray scattering techniques to interfacial structures arises from

the interference of X-rays scattered from surfaces and interfaces, such as grazing-

incidence X-ray reflectivity, surface and thin-film diffraction, crystal truncation rods

(CTR) [41,42,173–181], and X-ray standing waves (XSW) [182–188]. These
techniques have been used most widely to probe the interfaces of relatively simple

materials (e.g., elemental semiconductors and metals) at vacuum–solid and electro-

lyte–solid interfaces [91,92,189–195]. However, these X-ray scattering techniques

are also sufficiently robust to study the surfaces of the more complex mineral mate-

rials (e.g., molecular ionic solids, silicates, and oxides) commonly found in natural

systems [39,40,126].

Here we briefly review the use of X-ray reflectivity to probe the structure of min-

eral–water interfaces, particularly to define water structure in the vicinity of mineral
surfaces. X-ray reflectivity, simply defined as the ratio of the reflected and incident

X-ray fluxes, is typically measured over a broad range of incident angles. X-rays

probe structures along the direction of momentum transfer, Q = Kf � Ki, where

jKj = 2p/k is the wave vector of the X-ray photon whose direction is along the

photon propagation direction (Fig. 4a). In the simple case of the mirror-like reflec-

tion of X-rays from a surface or interface (i.e., specular reflectivity) the structure is

probed only along the surface-normal direction. The measurement and interpreta-

tion of X-ray reflectivity data (i.e., the angular variation of reflected X-ray intensities



Fig. 4. (a) A truncated crystal having surface lattice spacings a1 and a2 and layer spacing a3. (b) The

reciprocal-space structure for the truncated lattice in (a). Crystal truncation rods extend from Bragg peaks

along the surface-normal direction.
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as a function of incident angle) [41,42,177,178,180] derive from the same theoretical

foundation as X-ray crystallography, a technique used widely to study the structure

of bulk (three-dimensional or 3D) materials [171,172]. An important characteristic of
X-ray reflectivity data is that these techniques are not only surface sensitive, but also

specifically derived from the interfacial structure.

X-ray data for surfaces and bulk materials appear in different forms, as can be

seen when scattered the intensity presented in reciprocal space. Surfaces and crystals

appear as rods and points, respectively, as shown in Fig. 4. Here, the crystal structure

will be described with a surface unit cell (with lattice parameters a1, a2, a3) where a1
and a2 are oriented within the surface plane and a3 describes the vector displacement

between equivalent sites in neighboring layers (which need not be along the surface-
normal direction, n). These parameters will generally differ from the traditional bulk

unit cell parameters. The surface reciprocal lattice vectors, bj, describing the location

of the Bragg rods can be described by ai Æ bj = 2pdij. For a rectangular surface unit

mesh, jbij = 2p/jaij. Within this surface coordinate system, each of the Bragg rods

are indexed with integer surface Miller indices (H,K) and a continuous index, L,

along the rod.

The relationship between the interfacial structure and the reflected X-ray intensity

has been discussed previously in detail, but for completeness it is summarized here.
The sensitivity of X-ray diffraction to structure is derived from measurements of

scattering intensities. As originally derived by Robinson [180], the integrated scatter-

ing intensity, Iint, due to a surface or interface is

I int ¼ I0ðe2=mc2Þ2T cell½ðAk3P=a2ucÞ=X�½1= sinð2hÞ�jF j
2DQz=2p; ð1Þ

where I0 is the incident photon intensity (in units of photons per area per second),

re = e2/mc2 is the classical electron radius, Tcell is the transmission factor of X-rays

through the cell, A is the active area of the surface (i.e., the area of the surface that

participates in the diffraction measurement), k is the X-ray wavelength, P is a polar-

ization factor, auc is the area of the surface unit cell, X is the angular velocity in the

rocking scan, 1/sin(2h) is the Lorentz factor, 2h is the scattering angle, F is the struc-

ture factor of the interface, and DQz is the length of the surface rod that is integrated
in the rocking scan (e.g., due to the finite detector resolution). Therefore, Iint, has
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units of photons per second. Many of the pre-prefactors in Eq. (1) depend on the

details of the scattering experiment and on the choice of spectrometer [196–202].

Normalizing the scattering intensity to the incident beam flux yields the X-ray reflec-

tivity, which is dimensionless.

The structure factor, F, is related to the geometric structure through the relation:

F ðQÞ ¼
Z

qðrÞ expðiQ � rÞd3r ¼
X

fjðQÞ expðiQ � rjÞ expð�ðQ � rjÞ2=2Þ; ð2Þ

where q(r) is the electron density. The second expression is in the form of scattering

from individual atoms, where fj(Q), rj, and rj are the atom scattering factor, position

and projected root mean square (rms) vibrational amplitude (along Q) summed over

all atoms j. The interfacial structure factor in Eq. (2) can be rewritten in a form that

allows for substantial conceptual simplification:

F ¼ F ucF CTR þ F surf þ F water: ð3Þ
Each of these terms is identical to the structure factor as described in Eq. (2), except

that the summation is over a subset of atoms. Fuc is summed only over atoms within

a single bulk unit cell; Fsurf is summed over all near-surface atoms that might be dis-

placed from their ideal bulk lattice positions (typically 2–3 layers deep into the crys-

tal) plus any adsorbed layers attached to the surface; and Fwater describes the fluid

structure above the interface, including any structuring of the fluid near the mineral
surface. The structure factor of a truncated crystal (known as a crystal truncation

rod, or CTR [176]) is

F CTR ¼ 1=½1� expðiQ � a3Þ�; ð4Þ
where a3 is the vector separation between neighboring substrate layers, with layer

spacing a3 Æ n.
A brief comment on terminology is warranted. Here, X-ray scattering intensity re-

fers to a signal that is proportional to the detector count rate (photons/sec). X-ray

reflectivity refers to the scattering intensity normalized to the incident beam intensity

which is applicable to both specular and non-specular scattering geometries and is

dimensionless. (In the literature, the term reflectivity often refers only to low angle

specular reflectivity, and non-specular reflectivity often is referred to separately as

crystal truncation rod scattering). In many cases, the data are reported in the form

of structure factors. This is obtained by solving for jFj using Eq. (1) where the extrin-
sic factors are removed from the experimental data. This is a convenient form for

analyzing the data since they can be directly compared to structure factor calcula-

tions (e.g., using the ROD program [203]) for least-squares optimization of interfa-

cial models.
1.5.1. Sensitivity to interfacial water structures

We illustrate the sensitivity of X-ray reflectivity data to the fluid structure at the

mineral–water interface (Fig. 5a) with model calculations (Fig. 5b). Here the sub-
strate is assumed to have a single atom per layer (so that Fuc = fsub, where fsub � Z

is the atomic scattering factor of the substrate atom) with a density of 2.3 g/cm3



Fig. 5. (a) Model density profiles showing a substrate crystal and two fluid density profiles: a featureless

error function profile, and a ‘‘layered’’ profile. (b) Calculated specular reflectivities for the surface in (a)

without water, and with the two water profiles. (c) Individual form factors of the substrate lattice and the

two water profiles in (a). Note the quasi-Bragg peak due to the layered water profile, whose position is

determined by the layer spacing and whose width is determined by the extent of layering.
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(typical of many minerals) and layer spacing of 3.14 Å. For simplicity, we assume

that the substrate surface atoms are located precisely at the projected bulk lattice

positions, and consequently all contributions from the substrate lattice are expressed

by fsub/[1 � exp(iQ Æ a3)]. This results in a typical CTR profile (Fig. 5b) showing a

continuous intensity variation connecting substrate Bragg peaks, with a minimum
structure factor magnitude corresponding to jFucj2/4 at the anti-Bragg position

(i.e., exactly half-way between Bragg peaks).

The structure factor magnitudes for various interfacial water structures can be

calculated. An error function profile has the structure factor

F water erf ¼ ifwaterðAucqwÞ exp½�0:5ðQr0Þ2�=Q; ð5Þ
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where the fwater is the scattering factor for a water molecule, Auc is the unit cell area,

r0 is the rms width of the water interfacial profile, and qw = 0.033 Å�3. This pro-

duces a monotonically decreasing structure factor for the fluid water (Fig. 5c).

The structure factor of a layered water density profile can be written as a CTR in

which each layer is successively broadened away from the surface following the form
rj ¼ ½r2

0 þ jr2
bar�

1=2
[40,204]. This function takes the form

F water layer ¼ fwaterðAucdwaterqwÞ exp½�0:5ðQr0Þ2�=f1� exp½�0:5ðQrbarÞ2�
� expðiQdwaterÞg: ð6Þ

This formalism results in a structure factor that is similar to that of the error func-

tion profile at small Q, but with a quasi-Bragg peak at Q = 2p/dwater due to the lay-
ering of density near the interface. This peak is nevertheless substantially broadened

because of the limited spatial extent of the layering. The spatial extent of the water

layering can be characterized as the distance at which subsequent peaks in the fluid

density profile are not resolved (i.e., the layer spacing, dwater, is equal to full width at

half-maximum of neighboring peaks). This can be expressed as a correlation length

of the interfacial water:

Lwater ¼ dwater½ðdwater=2:355Þ2 � r2
0�=r2

bar ð7Þ

The usefulness of the layered water structure factor is that it recovers the structure

factors of both error function profiles and the CTR of an ideal crystal in appropriate

limits (Q! 0 in the former, rbar ! 0 in the latter).

Calculations of the full interfacial structure factor, jFucFCTR + Fwaterj2 are shown
in Fig. 5b along with a similar calculation of a bare substrate, jFucFCTRj2. These cal-
culations show that a primary difference between the solid–vacuum and solid–liquid

interfaces is a reduction of the structure factor at small Q (<2 Å�1) due to the smaller

density discontinuity at the liquid–solid interface in the presence of water [181]. This

low Q behavior is not sensitive to the molecular-scale details of the interfacial water

structure because it does not yet resolve the individual layers of the fluid structure, as

indicated by the nearly identical intensities for the two water profiles. At larger Q

(>2 Å�1), the structure factor of the bare surface and that in contact with an error
function profile are nearly identical, because the magnitude of the error function

structure factor is so small that the modification of the structure factor due to inter-

ference of the substrate and water structure factors is negligible (Fig. 5b). However,

the structure factor for the layered water profile is distinct from the error function

profile because the layered water structure factor has quasi-Bragg peak that is

directly associated with the non-monotonic density profile of the water layers

in the interfacial region. No single feature in these calculations, however, immedi-

ately identifies the modulation as due to the interfacial water. Other phenomena—
including surface relaxations, changes in surface stoichiometry, surface roughness,

and the substrate unit cell structure factor—also produce modulations in the reflec-

tivity. Because it is not yet possible to simply invert such data to reveal the inter-

facial structure directly (i.e., through application of ‘‘direct methods’’ routines) an



188 P. Fenter, N.C. Sturchio / Progress in Surface Science 77 (2004) 171–258
understanding of the fluid–water structure is best achieved from a full quantitative

understanding of the measured intensities through least-squares fitting.

This particular set of calculations (Fig. 5) shows that the changes in the scattering

intensity associated with the layered structure factor are negligible beyond Q � 5–

6 Å�1. This is ultimately due to the weak magnitude of the layered water structure
factor beyond the quasi-Bragg peak, which in turn is associated with the assumed

spatial broadening of all the fluid–water layers. This results in a strong drop in

the intensity due to the Debye–Waller factor in Eq. (2). (Here the sharpest peak in

the density profile was assumed to have an rms width of 0.5 Å, which is a reasonable

lower limit for liquid-like interfacial water.) In contrast, specifically adsorbed layers

(e.g. either ice-like water layers or adsorbed ions) having vibrational amplitudes

comparable to substrate vibrational amplitudes will continue to have a strong effect

upon the scattering intensity at or beyond 6 Å�1. This suggests that a complete struc-
tural characterization of the interfacial structure can be obtained with measurements

to Q � 6 Å�1, so that all of the available information on the fluid water structure is

obtained. This is especially important because the analysis of the data is, strictly

speaking, model dependent. Similarly, non-specular reflectivity data (i.e., when the

momentum transfer has a component parallel to the surface plane) is needed to ob-

tain information on the lateral structure of interfacial water. The non-specular rods

will be modulated similarly to the specular rod discussed above if the interfacial

water structure consists of discrete lateral adsorption sites or if the fluid water profile
is laterally modulated with a Fourier component coincident with the surface lattice.

On the other hand, the interfacial structure will make no contributions to the non-

specular CTRs if it is only vertically modulated (i.e., as a 2D liquid).

1.5.2. Sensitivity to mineral surface termination

Many minerals are layered materials in which the electron density profile can be

separated into >1 distinct planes of charge within the unit cell. Therefore one must

first determine the terminating plane of the crystal before attempting to optimize the
detailed mineral–water interface structure. This is non-trivial because X-ray reflectiv-

ity data cannot be inverted to reveal the structure in a model-independent manner.

Instead, it is usually necessary to determine the structure by comparing the data to

various structural models. The likely terminating plane of a surface prepared by

cleaving might be determined as the plane that minimizes the number of broken

bonds [125]. This approach is inapplicable to growth surfaces and/or to surfaces that

are polished.

A destructive interference phenomenon (‘‘termination interference’’) has been ob-
served in systems in which the location of an intensity pseudo-node (i.e., a sharp

intensity minimum with a non-zero minimum intensity) has been related directly

to the terminating plane of the mineral through a ‘‘finger-print’’ assessment derived

from a visual comparison of model-calculated and measured intensities. This pseu-

do-node is observed over and above the inherent orders-of-magnitude intensity var-

iation due to the CTR form factor, jFCTRj2 = 1/sin2(Qc/2), which is present for any

interfacial scattering system. Systems where this has been observed include

YBa2Cu3O7�d [205], Si(111) [206,207], b-alanine (010) and a-glycine (010)
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[208,209], KDP (101) [210], benzamide (001) [211], orthoclase (001) and (010)

[212,213], muscovite (001) [214], potassium dichromate (001) [215], and fluorapatite

(100) [216]. This phenomenon is illustrated for a model structure (Fig. 6) having two

distinct layers (e.g., ‘‘A’’ and ‘‘B’’), each with two atoms per layer in arbitrary posi-

tions and with arbitrary scattering amplitudes. Model calculations show that such a
structure often results in an intensity node whose position along the CTR is deter-

mined by the terminating plane of the crystal. In this case, as is often observed exper-

imentally, the intensity node is found just below or above the first-order Bragg peak

along a CTR (i.e., L � 1 r.l.u. for the specular rod) for the A and B terminations,

respectively. A general explanation of this phenomenon [217] shows that it is the re-

sult of destructive interference of X-rays scattered separately by the A and B layers.

The cause of this interference is a node in the substrate structure factor (Fuc in Eq. (3)

when there exists a structural relationship between the A- and B-layers (e.g., inver-
sion symmetry). The node location, LAo (in reciprocal lattice units), is determined by

the substrate crystal structure through the approximate relation: LAo =

{2[hXAi � hXBi]}�1 where, for example, hXAiis the reduced center-of-mass location

of the A layer�s electron density profile, [or, hXAi =
P

(fAirAi Æ n)/(a3 Æ n
P

fAi)]. This

shows that the node is found at Lo < 1 r.l.u. (Lo > 1 r.l.u.) when the center-of-mass
Fig. 6. (a) The density profile of a model layered crystal having two distinct layers with inversion

symmetry. (b) Calculated intensity profiles for the A- and B-terminated lattices. Notice that the location of

the node (either just above or below the (001) Bragg peak) is determined by the choice of terminating

plane.
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separation of the outer two layers is greater (less) than half the substrate lattice con-

stant. Further, this node in the substrate structure factor will generally be observed

as a pseudo-node in the measured intensity (Eq. (1)) with a non-zero intensity min-

imum because of the inclusion of surface structural relaxations. For crystals consist-

ing of layers not related by symmetry (i.e., with structure factors not equal in
magnitude), destructive interference will lead to a modulation of the reflectivity,

making the termination interference generally more difficult to observe.

1.5.3. Resolution

The ability to make definitive statements concerning a structure is closely coupled

to the spatial resolution in a scattering experiment which is in turn determined by the

angular range of data. Generally, the broadest data range in reciprocal space results

in the narrowest spatial resolution in direct space. Given the complexity of many
mineral surfaces, high-resolution data are needed to resolve the various contribu-

tions to the interfacial structure (e.g., lattice cations, surface oxygens, adsorbed

water, etc.). To visualize the effect of resolution, the effective electron density of a sin-

gle atom can be described as a Gaussian function, in which the rms width has con-

tributions from the intrinsic distribution r0 deriving from the actual rms width of the

atom distribution (e.g., due to vibrations), and extrinsic contributions due to the res-

olution of measured data, rres. This effective width can be written as

reff ¼ ðr2
0 þ r2

resÞ
1=2

where rres = 1.1/Qmax [40,218]. This formula derives from an
analysis of the two equivalent definitions of the Patterson function [171] and assumes

that the data ranges from Q = 0 to Qmax. This leads to an effective full width at half-

maximum (FWHM) associated with the resolution of �2.6/Qmax. This result is sim-

ilar to the relation describing the spatial resolution derived by applying Rayleigh�s
criterion to the Patterson function, which leads to a spatial resolution of p/Qmax

and is, in turn, identical to the resolution obtained by discrete Fourier synthesis

[219]. This shows that data having a value of Qmax � 6 Å�1 leads to a spatial reso-

lution of �0.5 Å.
It is useful to plot the derived structure using the resolution-broadened rms widths

[40,218], which we refer to as a ‘‘resolution-broadened electron density profile’’. Fea-

tures that are not visually distinguished in a resolution-broadened profile are there-

fore not resolved by the data and can be expected to be model-dependent.

(Experimental data can retain sensitivity, however, to features of the structure that

are not resolved.) In contrast, features that are resolved appear as discrete features

and are likely to be largely model-independent. This provides a straightforward

way to assess the uniqueness of a structural model.
2. Mineral–water interface structures

The mineral–water interface is conceptually and experimentally straightforward

to create. A mineral is placed in contact with an aqueous reservoir that has been

pre-equilibrated with the mineral and consequently is thermodynamically stable with

respect to reactions (dissolution, growth, etc.). This reproduces the essence of inter-
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faces present in nature but with well-defined interfacial structures that can be studied

in great detail. These systems, perhaps more than any other interfacial systems that

have been studied in surface science, can provide direct insight into the structures

and processes that are present in nature.

The study of mineral–water interfaces with X-ray scattering poses certain inherent
challenges. Measurements need to be done in the presence of a macroscopic water

film that will attenuate the X-ray beam intensity (and consequently increase back-

ground signals). The most straightforward geometry is the ‘‘transmission cell’’

(Fig. 7a), in which the sample is held in contact with a macroscopic water layer

(>1 mm thick). Because the attenuation length of X-rays in water is �10 mm at

�20 keV, a substantial amount of incident beam attenuation occurs even for modest

samples (�3–5 mm). Most measurements are therefore performed in a ‘‘thin-film’’

cell in which a thin (�8-lm-thick) plastic window (e.g., polyimide) holds a water film
(whose thickness may be as small as �2 lm) in contact with the mineral surface (Fig.

7b). In this geometry, the linear attenuation of X-rays is minimized, and the signal-

to-background ratios are maximized. Increasing the photon energy to minimize

attenuation and maximize signal-to-background ratio is effective only to photon

energies of �20 keV, at which energy the cross section for Compton scattering from

low-Z elements (such as C and O) begins to dominate. Any increased penetration of

the incident beam into the substrate crystal also proportionately increases the back-

ground signals from the substrate lattice [210]. The substrate background signal is
often larger than the background from the plastic window and the thin water layer

[40]. Under these circumstances background levels are intrinsic to the particular sub-

strate being measured and are controlled though careful choice of photon energy or

scattering geometry.

A significant advantage of these sample geometries is that they allow measure-

ment under equilibrium, or near-equilibrium, conditions. Under these circumstances,

damage that is imparted to the crystal surface by the X-ray beam (e.g., roughening)

can heal and return to the equilibrium state [220]. In some cases, care must be taken
with the thin-film cell to ensure that the environment above the plastic window is
Fig. 7. Schematics of the (a) transmission and (b) thin-film cells for probing the mineral–water interface.
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controlled to present modifications to the solution chemistry by reactions with atmo-

spheric gases (e.g., CO2) that diffuse through the plastic window. In this section we

review the individual results of X-ray scattering studies at mineral–water interfaces.

The systems and results are briefly summarized in Table 1.

2.1. Oxides

2.1.1. Quartz (101) and (100)

Quartz (a-SiO2) is second only to feldspars as the most abundant mineral in

Earth�s continental crust. The quartz structure consists of corner-sharing silicon tet-

rahedra that form spirals with trigonal symmetry. Quartz is a hexagonal lattice with

lattice spacings of jaj = 4.9137 Å and jcj = 5.4047 Å. Two quartz–water interfaces

have been studied with X-ray reflectivity: the (10�10) and (10�11) surfaces, corre-
sponding to the prismatic and pyramidal faces (referred to as the (100) and (101)

surfaces, respectively) of natural growth surfaces of Herkimer ‘‘diamonds’’. The

(101) pyramidal surface is the simpler of the two quartz surfaces in having only

one likely termination because the lattice structure forms a distinct and stoichiome-

tric layer perpendicular to the (101) surface. The (101) surface unit mesh is oblique,

with spacings of ja1j = 7.307 Å, ja2j = 4.913 Å separated by an angle of 110.9�, and a

layer spacing of 3.3418 Å (Fig. 8a). This surface is expected to be terminated by two

NBOs per surface unit mesh having an area of 33.8 Å2.
Specular X-ray reflectivity measurements revealed a CTR profile for quartz that is

nominally featureless, with neither substantial modulations nor sharp intensity min-

ima commonly associated with layered crystals [221] (Fig. 8b). Analysis of these data
Table 1

Summary of water structures at mineral–water interfaces

Mineral Surface Formula Vertical order Lateral order Ref.

Quartz (100) SiO2 1 Layer Ia [221]

(101) 1 Layer Ia

Ruthenium dioxide (110) RuO2 0–2 Layers Y [93,234]

(100) 1 Layer Y [235]

Rutile (110) TiO2 1 Layer Y [223]

Calcite (104) CaCO3 1 Layer (two heights) Y [255,256]

Barite (001) BaSO4 1 Layer Ia [218]

(210) 1 Layer Ia

KDP (101) KH2(PO4) n.o.b n.o.b [210,264]

(100) n.o.b n.o.b

ADP (101) NH4H2(PO4) n.o.b n.o.b [265]

Fluorapatite (100) Ca5(PO4)3F 2 Layers Ia [216]

Muscovite (001) KAl2(Al,Si3)O10(OH)2 2 Layers + MFc Ia [214]

Orthoclase (001) KAlSi3O8 2 Layer + MFc Ia [212,213]

(010) 2 Layers + MFc Ia

a Inferred.
b Not observed.
c Modulated fluid.



Fig. 8. (a) Schematic structure of the quartz lattice with the (101) face shown in side view. (b) Specular

CTR data of the quartz (101)–water interface. (c) Derived ‘‘resolution-broadened’’ electron density profile

from the data in (b) that includes the effect of the finite experimental resolution. These figures are reprinted

from M.L. Schlegel, K.L. Nagy, P. Fenter, N.C. Sturchio, Geochimica et Cosmochimica Acta 66 (2002)

3037–3054, with permission from Elsevier.
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led to the derived electron density profile shown in Fig. 8c and confirmed that the

(101) surface is terminated by a complete SiO2 layer, consistent with two surface tet-

rahedra per unit mesh, with oxygen coordination shells of each completed through

the formation of a NBO. Above this fully coordinated silica layer was an additional
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discrete layer 1.6 Å above the NBO, followed by a featureless water density profile

corresponding to the density of fluid water. Silicon atoms in the outermost quartz

layer were vertically displaced by <0.2 Å, with small to negligible displacements in

subsequent layers. The surface oxygens were also displaced from their expected

bulk-like positions, with vertical displacements of 0.2 Å and 0.4 Å for the two NBOs.
The derived coverage of the adsorbed water layer on quartz (101) is �1.8 ± 0.15

water molecules per unit mesh (or one water per 19 Å2). This coverage is equivalent

to the density of NBOs on that quartz surface and, interestingly, is substantially

smaller than the expected 2D density of a dense water layer (one water per 10 Å2).

This result indicates a degree of crystallographic control over the adsorbed water.

Because the specular reflectivity data are insensitive to the lateral location of the ad-

sorbed water molecule, we can only speculate on the relationship of the adsorbed

water with the substrate lattice. This water layer is found at a height of only 1.6 Å
above the outermost NBO but �3.1 Å above the outermost BOs. This latter height

is comparable to but somewhat larger than the expected value of �2.8 Å associated

with a hydrogen bond between the adsorbed water and the BO.

We can assess these observations from the perspective of bond valence theory. Sil-

icon atoms in the quartz lattice have 4/4 = 1 v.u. per Si–O bond. Therefore an under-

coordinated Si atom at the surface cannot associatively adsorb a water molecule.

Instead the Si atom is more likely to adsorb an OH� (0.8 v.u.) to compensate its

valence deficit, leaving 0.2 v.u. that might be accommodated by surface structural
relaxations that decrease the Si–O bondlength in the NBO. The BO has no associ-

ated broken bonds, and therefore its valence is fully saturated through its existing

bonds with Si and it is expected to be largely unreactive. Its availability to hydrogen

bond with water, however, is closely related to the surface relaxation, because an in-

crease in the Si–O bond length of the BO would decrease its associated Si–O bond

valence, thereby freeing up some valence for hydrogen bonding between the BO

and adsorbed water. In fact, one of the BOs is relaxed outwardly suggesting an in-

crease in the Si–O bond length. The observed 3.1 Å height therefore suggests the pos-
sibility of a weak donating hydrogen bond between the adsorbed water and the BO.

The combined density of the NBO and adsorbed water molecules for the quartz

(101)–water interface is �(1.8 + 2)/33.8 = 0.11 water/Å2, consistent, within error,

with the expected value of 0.1 water/Å2 for a dense water layer. Therefore, the ad-

sorbed water and NBOs create a dense layer with minimal corrugation (�1.5 Å) that

acts as a template upon which any fluid water structuring can develop. In many re-

spects, this layer resembles the hydration layer observed at the muscovite–water

interface [214,222] in which two distinct layers of adsorbed water are observed (Sec-
tion 2.5.1). In fact, one might expect that this surface could act as a template for ice-

like layers if epitaxy between such a layer and the surface was favorable, as found for

muscovite. At first view, the correspondence between the hexagonal ice structure and

the structure of the quartz (101) surface appears to be very favorable. For instance,

the surface unit cell area of quartz (101) differs by only 4% from twice the hexagonal

ice unit mesh area (33.8 Å2 vs. 2 · 17.6 = 35.2 Å2). The vertical displacement between

the NBO and adsorbed water (�1.5 Å) is similar to the separation of water molecules

within a single bilayer of hexagonal ice (0.92 Å). The angular separation between
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surface lattice vectors (110� vs. 120�) is also similar for the two structures. Yet the

absence of evidence for any extended layering suggests that the continuous water

profile above the adsorbed water layer is essentially fluid and poorly ordered. This

finding may, in part, be related to geometric or chemical effects. The geometric influ-

ences over the structure are derived from the non-hexagonal symmetry of the quartz
(101) surface unit mesh which furthermore has two inequivalent NBOs that are

asymmetrically arranged within the unit mesh. The lack of hexagonal symmetry

could prevent any simple lattice matching even if the lattice spacings are favorable.

Chemical influences derive from the observation that the quartz (101) surface is ter-

minated with a hydration layer apparently consisting of a hydroxyl as the NBO and

an adsorbed water molecule resulting in a chemically modulated surface. In compar-

ison, the muscovite surface is terminated with two adsorbed water molecules (possi-

bly including an adsorbed H3O
+ ion). This chemical heterogeneity of the quartz

(101) hydration layer could also disrupt a hydration network that might otherwise

lead to layering of water above the surface hydration layer.

The behavior of the quartz (100)–water interface is essentially similar to that of

the quartz (101)–water interface [221]. The (100) surface is rectangular with lattice

spacings of ja1j = 5.404 Å and ja2j = 4.914 Å with a surface unit mesh area of

26.55 Å2 and a layer spacing of 4.2515 Å. Unlike the (101) surface, the (100) surface

can be terminated in one of two manners, but determination of the terminating plane

for this surface is non-trivial because the two terminations give identical reflectivity
profiles when calculated for ideally-terminated lattices [221]. This result is associated

with properties of the quartz structure along [100] in which the a- and b-planes are
exactly displaced by d1 0�1 0/2 [217]. Nevertheless, in the presence of surface struc-

tural relaxations the two terminations can be distinguished; the b-termination was

observed for two of the three samples that were studied. Reflectivity data for the

third sample was consistent with a mixed termination of a- and b-terminated planes,

with 2/3 of the surface covered by the b-termination suggesting that the actual ter-

mination is controlled by the growth conditions. As for the (101) surface, the
(100) surface was terminated by a layer that consisted of a mixture of NBOs and

adsorbed water molecules. Again, no evidence is found for any layering of fluid

water above the adsorbed water layer suggesting fluid-like water structure with min-

imal layering, consistent with the behavior observed for the (101) surface.

2.1.2. Rutile (110)

Rutile (a-TiO2) has been studied extensively by a wide array of surface analytical

techniques and is generally viewed as the model oxide surface [127]. Rutile has a
number of applications including its use as a catalyst, as a pigment, and as a coating

(e.g., for biological implants). The (110) surface is the most widely studied surface of

rutile. It has a rectangular unit mesh with surface lattice dimensions of ja1j = 6.497 Å

along [�110] and ja2j = 2.959 Å along [001], and an area of 19.22 Å2 (Fig. 9a and b).

The unit cell has two equivalent layers along the surface-normal direction with an A–

B stacking so that the non-primitive unit cell has a dimension of 6.497 Å along the

surface-normal direction but a layer spacing of 3.249 Å. The surface can terminated

in one of three different manners, each representing a distinct surface chemistry. The



Fig. 9. (a) Perspective view and (b) top view of the rutile (110) surface, showing the bridging oxygen (BO)

and terminal oxygen (TO) rows. (c) Selected non-specular CTRs of the rutile (110)–water interface (blue)

and upon adsorption of Rb+ (red). (d) Derived resolution-broadened lateral density profiles corresponding

to the best-fit models. Figures reprinted in part with permission from Z. Zhang, P. Fenter, L. Cheng, N.C.

Sturchio, M.J. Bedzyk, M. Predota, A. Bandura, J.D. Kubicki, S.N. Lvov, P.T. Cummings, A.A. Chialvo,

M.K. Ridley, P. Benezeth, L. Anovitz, D.A. Palmer, M.L. Machesky, D.J. Wesolowski, Langmuir 20

(2004) 4954–4969. Copyright 2004 by the American Chemical Society. (For interpretation of the references

in color in this figure legend, the reader is referred to the web version of this article.)
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Ti–O plane of rutile contains two inequivalent Ti atoms and two co-planar oxygen

atoms. Above this plane are two distinct oxygen layers that each form rows along

[001]. The first layer consists of doubly coordinated BOs at a nominal height of

1.265 Å above the Ti–O plane. The second oxygen is a singly-coordinated terminal

oxygen (TO) bound to a single Ti atom at a nominal height of 1.983 Å. (TO and

NBO are interchangeable and the use of TO as the designation for the singly-coor-

dinated oxygen species follows designation in [223].) CTR measurements in UHV

[129] determined that the surface was terminated by the Ti–O plane with the BO,
leaving behind a bare 5-fold coordinated Ti atom. This termination can be rational-

ized as the charge-neutral surface that would result upon cleavage of one Ti–TO

bond per surface unit mesh. Not surprisingly, this surface also exhibited large struc-

tural displacements in the near-surface region that can be associated with the disrup-

tion of the local coordination environment of this surface Ti atom.

Specular and non-specular CTR measurements (Fig. 9c) show nearly ideal CTR

profiles, indicating that the rutile (110)–water interface is only modestly modified

with respect to an ideally-terminated lattice [223]. Structure factor fits to these data
give the laterally averaged electron density profile (Fig. 9d). This profile reveals that

the surface is terminated by (1) both a BO and TO whose locations are near the ex-

pected heights, (2) an additional discrete layer at a height of �3.8 Å above the Ti–O

plane, and (3) a featureless (error function) profile at a height of 5.6 Å corresponding
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to the fluid water. The layer at �3.8 Å is interesting because it occurs above the BO

and TO layers that complete the coordination shell of the surface metal atoms and is

ordered both vertically and laterally.

These data do not uniquely determine the full coordinates of this hydration layer,

because the data used to derive the structure consisted of CTRs with surface Miller
indices (H,K) having H + K = even, but did not include the H + K = odd rods (e.g.,

(1,0)) [223]. These latter rods are the ‘‘oxygen-only rods’’ because the scattering

amplitude of the two Ti atoms in the bulk lattice exactly cancel for these rods. (Note

that surface Ti atoms contribute to these rods if they are displaced from the ideal

bulk truncated lattice positions.) The absence of such rods in the data means that

the derived lateral locations are degenerate to displacements of a/2 + b/2. Analysis

of the structure including these oxygen-only rods is being performed [224]. With this

degeneracy in mind, plus the fact that the missing amplitudes from the oxygen-only
rods are sensitive to details of the surface structure, the hydration layer positions de-

rived from these data must be considered preliminary. Three different adsorption

sites were found for water in the hydration layer. One (O1) is bridging between

TOs with a lateral displacement of 1.04 Å at a height of 3.51 Å, and an occupation

of 0.68 ± 0.1. A second (O2) is bound to a BO at a height of 4.05 ± 0.1 Å with a sig-

nificant lateral displacement of 1.1 ± 0.1 Å and an occupation of 0.92 ± 0.2. A third

(O3) hydration water was also found bridging between BO sites at a height of

3.66 ± 0.07 Å but with a substantially smaller occupation of 0.34 ± 0.06. Although
these reported sites are each degenerate with a different site, they were chosen be-

cause they retain reasonable O–O distances and coordination suggestive of hydrogen

bonds with the BO and TO sites. For instance, O1 has a distance to the TO of 2.3 Å,

while O2 has nearly equal distances to the BO and TO of �3 Å, and the O3 has a

distance to the BO of 2.9 Å. Together these three sites provide a net coverage of

1.94 water molecules per unit mesh, in agreement with the expected water monolayer

with a two-dimensional density of 0.1H2O/Å2.

Structural displacements were also determined at the rutile (110) surface. The BO
and TO oxygens were found at heights of 1.17 ± 0.04 Å and 2.13 ± 0.03 Å, similar to,

but distinct from, the expected heights of 1.27 Å and 1.98 Å, respectively [223]. The

two Ti atoms in the surface plane were displaced vertically by 0.07 ± 0.01 Å and

�0.13 ± 0.01 Å, but the actual direction of each is not determined by the degeneracy

described above for the surface hydration layer. The oxygen in the Ti–O plane was

displaced by only 0.02 ± 0.01 Å vertically and 0.02 ± 0.05 Å laterally along [�110].

Comparing these results to earlier CTR measurements for the rutile (110)–vac-

uum interface [129], we see that in addition to the expected absence of the TO and
surface hydration layer under UHV conditions, the major difference between the

rutile (110) surface in vacuum vs. water is that the structural relaxations are substan-

tially reduced in the presence of water. For instance, the BO at the vacuum-termi-

nated surface was displaced by �0.27 ± 0.08 Å, and the Ti atoms were displaced

by 0.12 ± 0.05 Å and �0.16 ± 0.05 Å below the TO and BO rows, respectively.

The substantially smaller structural relaxations for the rutile surface in water indi-

cate that the coordination environment of the surface Ti atoms is only modestly per-

turbed with respect to the bulk structure, as compared with the surface in vacuum
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where one Ti atom per unit mesh is 5-fold coordinated by oxygen instead of the 6-

fold coordination found in the bulk crystal.

These results can be compared to computational studies of the rutile–water inter-

face. For this surface, the role of surface charge must be discussed explicitly because

the charge of the rutile surface depends on the solution pH through protonation/
deprotonation reactions of surface functional groups (that is, the surface is ampho-

teric). A neutral rutile (110) surface results from cleavage of the crystal in which

each of the daughter surfaces retains BOs but looses TOs, equivalent to the structure

found in UHV [129]. Yet, as observed above, the actual rutile surface structure in

water includes the TO rows. If these TOs result from the adsorption of water mol-

ecules, two protons should adsorb with each oxygen, forming a TOH2 species that

retains a net neutral surface. Surface complexation models have been used to gain

insight into the surface charging of rutile through comparison with rutile powder
titration data, but the results are not definitive in terms of the exact nature of the

charging. In some cases the proton uptake of rutile is modeled in terms of a 1-pK

model with a single reactive site, while in other cases two reactive sites are used.

There has been extensive effort to understand water interaction with titania, and

the rutile (110) surface in particular [130–132,223,225–230]. There has been substan-

tial disagreement concerning the nature of the initial adsorption mechanism, with

conflicting results concerning whether the initial adsorption mechanism is associative

or dissociative (i.e., adsorbing as intact or dissociated water molecules, respectively).
While theoretical studies see dissociative water adsorption even at defect-free sur-

faces, experimental studies see dissociative water adsorption only with surfaces con-

taining defect sites (see the recent reviews on this subject and references therein for a

much more complete discussion [119,127]). Since these X-ray measurements were

performed in contact with bulk water, the primary issue is not the initial water

adsorption mechanism, but instead the interaction of water with a fully hydroxylated

surface. Recent DFT calculations were performed in which two surface unit meshes

were included and terminated by complete BO and TO rows, consistent with the
CTR results described above. In this study, the water structure was probed as addi-

tional water molecules were added, with coverages up to two water molecules per

surface unit mesh in addition to the BO and TO [130,131]. Charge neutrality was

maintained by multiple surface sites, including an unprotonated BO, a protonated

BO, a protonated TO, and a doubly protonated TO (i.e., a non-dissociated water

molecule in the TO site). Adsorption of one water molecule per unit mesh (corre-

sponding to �1/2 of a dense water layer) to a surface having complete BO and

TO layers resulted in preferential coordination with the BO. Addition of a second
water molecule per unit mesh (resulting in a nominally dense water monolayer)

led to coordination of the water with the TO site, but tilted toward the BO site.

A second approach to understanding the structure of interfacial water at the ru-

tile–water interface used large-scale MD simulations containing 2000 water mole-

cules sandwiched between rutile (110) surfaces [223,226,227]. A key feature of this

study was the use of DFT calculations to determine water–rutile interaction poten-

tials [228,231] which were then incorporated into the MD simulations. Interaction

potentials for liquid water were derived from the extended simple point charge
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(SPC/E) model [232,233], which accurately reproduces the physical and structural

properties of real water over a broad range of conditions. Thus, the conceptual sim-

plicity of this model enables observation of the properties of the actual system that

was probed with X-ray scattering. A significant challenge in this work was an inabil-

ity to incorporate protonation reactions directly due to the use of the SPC/E model.
The proton distribution of the surface therefore had to be assumed and its effect on

the interfacial water structure (and ion adsorption) was evaluated separately to

determine the likely proton distribution. Two choices for the surface protonation

were made: (1) a non-hydroxlyated model in which the surface is terminated by

non-protonated BO sites and water molecules in the TO site (corresponding to the

associated adsorption models from UHV studies), and (2) a hydroxylated surface

model, in which the surface is terminated uniformly by singly protonated BO and

TO sites. In both cases, the MD simulations confirmed the major observations de-
rived from CTR measurements that BO and TO sites are fully occupied, an addi-

tional surface hydration layer occurs at �3.8 Å above the Ti–O plane, and

ordering of water beyond the hydration layer (either laterally or vertically) is negli-

gible. Comparison of interfacial water structure and adsorbed ion locations (mea-

sured with CTR and X-ray standing wave (XSW) techniques), indicated that the

hydroxylated surface provides an excellent description of all relevant X-ray data

[223]. In particular, the TO heights were predicted by MD to be 2.0 Å and 2.2 Å

for the TOH and TOH2 sites, respectively, while the experimentally measured value
was 2.13 ± 0.03 Å. The surface hydration layer was observed from MD simulations

to consist of two discrete lateral sites: one bridging the TOH and BO sites and the

other bridging BO sites, with an average height of 3.8 Å, in good agreement with

the CTR results.

2.1.3. Ruthenium dioxide (110) and (100)

Ruthenium dioxide (RuO2) has significant similarities and differences with respect

to rutile. RuO2 has the same lattice structure as rutile, with slightly different lattice
spacings. The (110) surface unit cell has surface dimensions of ja1j = 6.36 Å along

[�110] and ja2j = 3.11 Å along [001], with a vertical separation between equivalent

layers of 3.18 Å. This structure has a surface unit mesh area (19.78 Å2) (Fig. 9a and

b) that differs from the area of the rutile surface by only 3%. As for rutile, one can

expect the surface of RuO2 to consist of a mixed Ru–O plane, upon which may be

added oxygen rows that consist of BOs or TOs, each completing the coordination

shell of the two different Ru atoms within the Ru–O plane (Fig. 10a). The structural

similarity of RuO2 and rutile belies an important difference, in that RuO2 is electri-
cally conductive due to the partially filled d-shells of the ruthenium atom, unlike ru-

tile (and most other minerals) that are either insulators or large band gap

semiconductors. This difference in conductivity allows the RuO2 surfaces to be stud-

ied under potentiometric control, as has been done for many metal surfaces. This

opens up the additional thermodynamic variable of the electrochemical potential

[114–118], which is unavailable to other mineral surfaces that can only be controlled

through changes in pH, solution composition, and (to a limited extent) temperature.

Consequently, in addition to applications that RuO2 has in common with rutile



Fig. 10. (a) Side view of the RuO2(110) surface, showing the three possible terminations. (b) Cyclic

voltammogram showing the variation of the current (lines) and X-ray scattering intensity (circles) as a

function of electrochemical potential in 0.1 M NaOH. Solid and open circles are X-ray intensities

measured at (014) during cathodic and anodic scans, respectively. (c) Rocking scans at (014) measured at

�200 mV and 330 mV showing differences in the raw data X-ray scattering data indicated in (b). (d) Non-

specular CTRs for the RuO2(110) surface at (i) 300 mV, (ii) 550 mV and (iii) �200 mV, each showing the

(1,0), (0,1) and (2,0) CTRs. Note the significant differences in the shape of the CTRs between the Bragg

peaks for the different potentials. (e) Derived structural schematics of the RuO2(110) surface at the

potentials corresponding to the data in (d). Figures reprinted with permission from Y.S. Chu, T.E. Lister,

W.G. Cullen, H. You, Z. Nagy, Physical Review Letters 86 (2001) 3364–3367. Copyright 2001 by the

American Physical Society.
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(such as catalysis), its conductivity has also led to applications as an electrode in en-

ergy storage and energy conversion.

Cyclic voltammograms of the RuO2(110) surface (Fig. 10b) in 0.1 M NaOH show

two distinct reversible reactions at potentials near 150 mV and 400 mV, as compared

with the open circuit potential of approximately�200 mV [93]. X-ray reflectivity data
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as a function of potential for a fixed scattering condition demonstrate that these reac-

tions are associated with changes of the surface structure. In particular, the X-ray

reflectivity data show substantial changes with no apparent hysteresis for the reaction

near 400 mV, whereas the reaction near 150 mV is associated with substantial hyster-

esis below this reaction potential. With these results as a guide, full CTR measure-

ments were performed at three potentials characteristic of each regime: 330 mV,

500 mV, and �200 mV (Fig. 10c). As for rutile, a subset of the CTRs (having surface

Miller indices ofH + K = odd number; e.g., the (1,0) and (0,1) rods in Fig. 10) can be
classified as oxygen-only rods because the scattering from the two Ru atoms in the

bulk unit cell exactly cancels for these scattering conditions due to destructive inter-

ference. The other rods having contributions from both Ru and O are referred to as

Ru rods (e.g., the (2,0) rod in Fig. 10). The data show negligible changes in the Ru

rods, indicating that the changes in the surface termination do not involve substantial

changes in surface relaxations or morphology. Substantial changes observed in the

oxygen-only rods indicate that the RuO2 termination, and especially the distribution

of surface oxygen atoms, changed during these electrochemical reactions. This can be
seen most clearly in the (0,1,L) rod where a typical ‘‘U’’-shaped CTR at 330 mV be-

tween the Bragg peaks at L = 3 and 5 (i.e., with a local minimum in the intensity near

L = 4), is transformed into a ‘‘W’’-shaped CTR at both 500 mV and �200 mV (i.e.,

with a local maximum in the intensity near L = 4).

Analysis of these data led to the structural models shown in Fig. 10e [93]. These

results show that the RuO2 surface at a potential of 330 mV has a structure that

might naively be expected for a hydrated mineral surface, with completion of the sur-

face metal cations through adsorption of BO and TO species, assumed here to be
OH�, and with no additional adsorbed water layers. Since only non-specular reflec-

tivity data were included in this analysis, layers that are vertically ordered but not

laterally ordered would not have been observed. Consequently, the data are not sen-

sitive to the presence of fluid water above the RuO2(110) surface. At the more po-

sitive potential of 500 mV, a similar structure is found with an additional adsorbed
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layer that bridges between the BO and TO sites. This layer was interpreted as being

an adsorbed water molecule whose coverage was found to be 2 molecules per unit

mesh resulting in a 2D density that is similar to that observed in other systems

including rutile (1 water/9.9 Å2). This adsorbed species, however, had O–O separa-

tions to the TO and BO (2.4 Å and 2.14 Å, respectively) that were substantially smal-
ler than expected for a typical hydrogen-bonded geometry (e.g., as that found in

hexagonal ice of �2.75 Å). Such spacings would be indicative of a symmetric O–

H–O bond of the type found in high-pressure phases of ice such as ice X. At the same

time the Ru–O bond lengths of the surface oxygens were also substantially changed

with an expansion of 0.11 Å, and a contraction of 0.42 Å for the bond lengths to the

BO and TO respectively.

A more extreme surface restructuring was found at the open circuit potential of

�200 mV [93]. Here the two bonds between each BO and the Ru atoms in the
Ru–O plane are disrupted resulting in a commensurate water monolayer that ap-

pears to interact through hydrogen bonds with the TO species. This structure is

roughly similar to the associative adsorption of water at the rutile (110) surface

observed in MD simulations and theoretical calculations [130,131,226,227] but it

differs from those structures in that the bonds between the BO species and the

surface are disrupted on RuO2(110). In contrast, associative adsorption on rutile

(110) leads to non-bonded water molecules in the TO site [226,227]. Substantial

hysteresis was associated with X-ray scattering intensities below potentials of
200 mV, and attributed to differences in the ability of the water monolayer to or-

der at negative potentials. X-ray scattering intensities as a function of applied po-

tential indicate that the transformation of the BO to an adsorbed but non-bonded

water species is continuous, with the oxygen atom height increasing continuously

with decreasing potential. At sufficiently negative potentials (��1000 mV) the

water monolayer is completely desorbed. The monolayer does not readsorb, how-

ever, until increasing the potential to �150 mV. At this potential the BO directly

coordinates with the RuO2 surface. The inability of the associatively ordered
water monolayer to reform at potentials less than �150 mV suggests a kinetic

barrier.

Similar measurements were performed for RuO2(100) and (110) surfaces in

0.5 M H2SO4 revealed different electrochemical and structural behavior [234,235].

Unlike the RuO2(110) surface in alkaline environments where sensitivity to electro-

chemical reactions was found in the oxygen-only rods, the changes in the X-ray

reflectivity data in acidic environments were primarily found in the Ru rods for both

the (100) and (110) surfaces, suggesting more extensive restructuring of the surface.
This restructuring consisted primarily of a lattice distortion along [�110] for both

surfaces that is associated with a change in oxidation state of the surface from

Ru4+ to Ru3+. Associated with this restructuring was the inferred adsorption of

H3O
+ that was otherwise invisible to the X-ray data, presumably because of weak

interactions with the surface oxygens. Measurements to isolate the structural

changes associated with cathodic activation revealed that little or no structural

change was associated with activation, except for an increase in surface roughness

at extremely negative potentials [235].
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2.2. Carbonates: calcite (104)

Calcium carbonate is interesting due to: the relatively rapid dissolution and pre-

cipitation kinetics [27]; the sensitivity of calcite solubility to atmospheric CO2 con-

centrations and solution pH [46]; and the ability to incorporate trace quantities of
various impurities [29–31,236–240]. These properties also make calcite and its poly-

morphs (including aragonite and vaterite) important biominerals as major constitu-

ents of exoskeletons [9,27]. The structure and reactivity of calcite surfaces have been

extensively studied by various theoretical and experimental techniques. Most studies

have considered the calcite (10�14) surface [hereafter referred to as the (104) sur-

face], which is the dominant face exposed in calcite powders and is the perfect cleav-

age plane of calcite single crystals. These studies include surface complexation

models for calcite–solute interactions [241,242], ab initio calculations and MD sim-
ulations [243–248], and atomic force microscopy (AFM) [249–253].

High-quality calcite (104) surfaces prepared by cleavage have large flat terraces

separated by steps; the same surface is expressed by calcite powders. The expected

termination of the calcite lattice consists of a surface unit mesh having lattice spacing

of ja1j = 8.097 Å, ja2j = 4.991, a layer spacing of 3.035 Å, and an area of 40.41 Å2,

with an array of co-planar Ca2+ and CO2�
3 groups (Fig. 11a), roughly analogous

to the NaCl (001) surface. The carbonate groups in the bulk truncated structure

are tilted at 45.3� with respect to the surface-normal direction (Fig. 11b) so that
the three carbonate oxygens are found at heights of +0.79 Å, 0 Å and �0.79 Å with

respect to the surface Ca2+ ion in the bulk truncated lattice. Alternating CO2�
3 groups

are related by glide plane symmetry along a1. The calcite (104) cleavage surface is

created by breaking one Ca–O bond for each Ca2+ and CO2�
3 ion in the surface layer

(a total of four broken bonds per unit mesh). This results in a nominal 5-fold coor-

dinated Ca2+ ion at the surface, as compared with the 6-fold coordination in the bulk

calcite. In the absence of any interaction with water, the surface would be terminated

with one bare Ca2+ and a NBO of the CO2�
3 group protruding 0.79 Å above the sur-

face plane.

Early X-ray reflectivity studies demonstrated that calcite surfaces were smooth

and reproducible [220,254], consistent with AFM studies [249–253], and provided

the first direct experimental observations of mineral–water hydration structures at

isolated interfaces [220,254,255]. High-resolution specular CTR data of the cal-

cite–water interface (Fig. 11c) display the expected variation of the CTR, albeit with

a small but significant modulation associated with the internal structure of the calcite

unit cell (most notably the carbonate oxygen layers at ±0.79 Å with respect to the
Ca2+ planes) and any surface structural displacements and interfacial water structure

[255]. The simplest model consistent with the data was one in which the outermost

two calcite layers were relaxed and an adsorbed layer distinct from the fluid water

structure was present at the calcite–water interface. Such a layer was unexpected if

the calcite (104)–water interface consisted simply of bulk-truncated calcite (104)

with featureless bulk water. The 2D density of these molecules was, within experi-

mental error, equal to that of the Ca2+ ion if this molecule was reasonably identified

as a water molecule. Separate measurements of the structure at calcite saturation



Fig. 11. (a) Lateral and (b) vertical structure of the calcite (104) surface (calcium: blue; oxygen: red;

carbon: black). (c) Specular X-ray reflectivity data are shown. (d) Structural model of the calcite–water

interface derived from specular and non-specular reflectivity data. Panel (c) is reproduced from P. Fenter,

P. Geissbuhler, E. DiMasi, G. Srajer, L.B. Sorensen, N.C. Sturchio, Geochimica et Cosmochimica Acta 64

(2000) 1221–1228. Panels (a), (b) and (d) are reproduced from P. Geissbühler, P. Fenter, E. DiMasi, G.

Srajer, L.B. Sorensen, N.C. Sturchio, Surface Science 573 (2004) 191–203, with permission from Elsevier.

(For interpretation of the references in color in this figure legend, the reader is referred to the web version

of this article.)
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under both acidic and alkaline pH conditions showed no changes in the scattering

intensities, indicating that Ca2+ and/or CO2�
3 ions do not adsorb to the calcite surface

terraces.

The height of these adsorbed water molecules was found to be 2.50 ± 0.12 Å with
respect to the surface Ca layer [255]. This is consistent with an adsorbed layer con-

sisting of a water molecule with a Ca–Ow bond if that bond were directed largely

along the surface-normal direction since the expected Ca–O bond length is 2.4 Å

[255]. This can be ascribed to the need to saturate the Ca–O broken bonds. The de-

rived structure reveals negligible ‘‘layering’’ of water beyond this first adsorbed water
layer, and it was well-fitted by an error function profile to simulate a featureless

water profile. More sophisticated models that include layering of the fluid water

beyond the adsorbed water layer were tested, but no further structuring of the inter-

facial water was dictated by the data.

This simple picture has two serious shortcomings. First, the lateral location of the

adsorbed water was not measured, and consequently the consistency of these results
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was not uniquely established. Second, the adsorption of a single monolayer of water

leaves an equal unoccupied volume within this first adsorbed water layer. The results

are thus unsatisfying in that this model fails to satisfy a reasonable space-filling

criterion.

Geissbühler et al. recently extended the analysis of the calcite–water interface to
include both specular and non-specular reflectivity data [256]. Such data provide di-

rect insight into the lateral interfacial structure. This data set is complete to a lateral

resolution of �1.2–2 Å laterally and �0.7 Å vertically. These data resolve most of

the shortcomings of the specular reflectivity study leading to the model in Fig.

11d. They demonstrate that the adsorbed water layer is laterally ordered, as expected

based on chemical arguments, and is found at a height of 2.3 ± 0.1 Å. A second

adsorbed water molecule, Ow2, is found 3.45 ± 0.2 Å above the surface plane but

is located laterally between the Ow1 molecules and has a larger rms vibrational
amplitude. This combination of larger height and rms width suggests that this second

water molecule is weakly adsorbed and fills the space between chemically adsorbed

Ow1 molecules. Although the Ow1 molecule was found to be laterally ordered, a sur-

prising aspect of this result was that this water molecule was laterally displaced away

from the location expected if it acts simply to complete the Ca2+ ion coordination

shell as determined by the calcite lattice (i.e., the lower oxygen of the ‘‘next layer’’

carbonate removed to create the surface). Instead, it was laterally displaced by

�2 Å from the Ca site in the opposite direction. This results in a calcium-water dis-
tance of 2.96 ± 0.12 Å that is substantially longer than the expected value of 2.4 Å.

Calcite surface relaxations were also probed, revealing that the surface Ca2+ and

CO2�
3 ions are vertically displaced by �0.02 ± 0.02 Å and �0.124 ± 0.01 Å, respec-

tively [256]. The tilt of the outermost carbonate increased by 11.3 ± 0.5� with respect

to its 45.3� tilt in the bulk structure (i.e., it tilted towards the surface plane). Dis-

placements in the second layer were substantially smaller indicating that only the

top surface layer is significantly perturbed from its bulk coordination geometry.

Computational studies of the calcite–water interface have focused primarily on
MD simulations of calcite surfaces hydrated by the adsorption of a single monolayer

of water to the calcite surface [244,245,248], with one water molecule per surface

Ca2+ ion. These studies all revealed a calcite surface with relatively small structural

relaxations and a tilt of the surface CO3 that reduced the surface corrugation. The

height of the adsorbed water monolayer was found at �2.4 Å above the calcite sur-

face, but results on the orientation of the protons attached to the adsorbed water

molecule varied.

These simulations with a single adsorbed water molecule per Ca2+ ion provide di-
rect insight into the role of water in stabilizing the calcite surface structure. Wright et

al. showed that the calcite surface exhibits large structural displacements (e.g.,

�0.8 Å inward displacement of the surface Ca) without adsorbed water, and that

these displacements are substantially reduced with water adsorption [244]. This di-

rectly indicates that water plays a key role in the properties of the mineral–water

interface by chemically passivating the calcite surface. Such large structural displace-

ments for dry vs. wet calcite surfaces have yet to be directly observed experimentally.

These simulation results are qualitatively consistent with the calcite–water CTR
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results, but they may not be directly comparable in detail, because they include only

a single monolayer of water (whose density is �1/2 of a dense water layer) as op-

posed to a semi-infinite water layer.

Recent MD simulations included a �30-Å-thick water layer separating equivalent

calcite surfaces [246,247] are therefore most comparable to the present X-ray results.
These studies show a surface hydration layer consisting of two different water mol-

ecules, at heights of 2.2 Å and 3.2 Å above the surface Ca2+ ions, with significant

modulation of the water density profile to �10 Å above the calcite surface. These

MD results are generally in close agreement with the heights derived from the

X-ray data described above for the immediate hydration layer above the calcite sur-

face, but some discrepancy remains concerning the lateral location of the adsorbed

water molecules. For instance, the lateral position of the lower hydration layer is dis-

placed in MD simulations by �1 Å from the Ca site, resulting in a net Ca–O distance
of 2.43 Å, while X-ray results find a lateral displacement of �2 Å. The experimen-

tally-derived Ca–O bond length could be the result of a distortion of the surface

Ca2+ coordination shell (e.g., due to contraction of the in-plane Ca–O bond lengths

and associated expansion of the bond length between the surface Ca2+ and the

adsorbed water molecule). Bond lengths derived from these particular X-ray data,

however, should be treated with some caution as they might be susceptible to system-

atic errors associated with an observed variability in the raw data in excess of the

expected statistical error.
The Kerisit and Parker results revealed the nature of the adsorbed water mole-

cules through the use of density functional theory (DFT) calculations [246].

Although X-ray results are insensitive to the nature of this species [e.g., hydroxyl

(OH�), water (H2O), or hydronium (H3O
+)], previous Fourier transform infrared

spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) studies of calcite

surfaces showed evidence for the adsorption of hydroxyls at the calcite surface [257–

259]. Energy minimization calculations for calcite surfaces that were initially termi-

nated by a single monolayer of either water or hydroxyl ions (OH�), showed that
molecularly adsorbed water is favored energetically over hydroxyl ions on the calcite

(104) surfaces and that the adsorption of hydroxyl ions would take place only on

some steps and low-index calcite surfaces. Consequently, the experimentally ob-

served surface hydroxyl ions seen in XPS and FT-IR studies (under vacuum condi-

tions) appear to be inconsistent with the computational studies of the calcite–water

interface. This suggests, at a minimum, fundamental differences between the calcite–

water and calcite–water vapor interfaces, or that these surface hydroxyl species are

indicative of defect sites instead of idealized smooth terraces.
We finish the description of the calcite–water interface with a discussion of the

calcite termination in the context of the bond valence model. Calcium has a net va-

lence per bond of 2/6 = 1/3 v.u., while carbon has a valence of 4/3 v.u. per C–O bond.

Oxygen atoms have a nominal valence of 4/3 for each C–O bond and 1/3 for each

Ca–O bond. The broken bonds in the unit cell associated with the Ca2+ ion and

the outermost oxygen in the CO2�
3 each have a nominal valence of 1/3. We expect

the observed structure to compensate for the valence deficit for both the Ca2+ and

CO2�
3 ions. These bond valence considerations show that Ca2+ is unlikely to com-
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plete its coordination shell by adsorbing a hydroxyl ion because its available bond

valence (�0.8 v.u.) is substantially larger than the bond valence deficit of the surface

Ca2+ ion. Instead, molecular adsorption of water to the Ca2+ site through a donating

hydrogen bond has a nominal bond valence of 0.2. Compensation for the remaining

deficit of 0.13 v.u. can occur by strengthening of the other five Ca–O surface bonds
which were not broken in cleaving the surface or the Ca–Ow1 interaction. Similarly,

the 1/3 v.u. deficit for the outermost oxygen in CO3 is too small to be compensated

for by direct adsorption of a proton, but it can be largely compensated for by an

accepting hydrogen bond to a water molecule (e.g., through the hydrogen atom asso-

ciated with Ow2). The height difference between the carbonate oxygen and Ow2,

�2.7 Å, is typical of the O–O separation of water molecules interacting through

hydrogen bond and is consistent with this simple picture. Therefore, the adsorption

of both Ow1 and Ow2 appears to be needed to properly terminate valence imbalance
due to creation of the surface. The bond valence model provides a simple explana-

tion for the molecular (i.e., non-dissociative) adsorption of water to the calcite sur-

face that is directly associated with the magnitude of the surface bond valence deficit

upon cleavage of the crystal. The generally excellent agreement between the experi-

mental observations (by X-ray scattering), and the computational studies (DFT cal-

culations and MD simulations) and bond valence model suggests that the bonding

and interactions of this surface are generally well understood.

2.3. Sulfates: barite (001) and (210)

Barite (BaSO4) is a molecular ionic crystal, like calcite. Barite is relatively insol-

uble in aqueous solutions and this is problematic in the oil production industry when

Ba-rich oilfield brines encounter SO4-rich seawater to cause unwanted barite precip-

itation. Hence considerable efforts have gone into developing surface-active growth

inhibitors for barite. In addition, barite�s insolubility makes it a good archive of the

chemical and isotopic history of seawater [260].
Barite has lattice spacings, a = 8.884 Å, b = 5.457 Å, c = 7.157 Å, with space group

Pbnm. This results in a screw axis along (001) and consequently Bragg peaks with

H = (2n + 1)L (where n = integer) are missing. The (001) surface is a square lattice

with ja1j = 8.884 and ja2j = 5.457 Å. Unlike calcite (104), the barite (001) surface

can, in principle, be terminated in more than one manner. Fig. 12a is a side view of

the barite surface. Each barite unit cell consists of two equivalent layers (separated

by 3.58 Å) that are related by a screw axis along [001]. Within each of these layers,

the barite lattice can be terminated by either a complete BaSO4 bilayer or half-bilayer.
The data in Fig. 12b show a typical CTR profile, albeit with a substantial reduc-

tion in reflectivity near L � 3 [218]. This feature is associated with the termination of

the lattice with a double BaSO4 layer, as shown in Fig. 12c due to termination inter-

ference described in Section 1.5.2. This can be seen using the relations in Section

1.5.2, where an ideally-terminated surface with a complete BaSO4 bilayer should

exhibit a node in the substrate structure factor near L = 3.3, while a half-bilayer

termination has a node near L = 0.6. The incorporation of a complete BaSO4 layer

plus structural relaxations and an adsorbed water layer was needed to achieve a



Fig. 12. (a) Schematic view of the barite (001) surface as seen from the side (barium: green; sulfur: yellow;

oxygen: red). (b) Specular reflectivity data. (c) Derived resolution-broadened electron density profile. The

adsorbed water feature is associated with the completion of the outermost Ba2+ ions coordination shells.

Figures reprinted in part with permission from P. Fenter, M.T. McBride, G. Srajer, N.C. Sturchio, D.

Bosbach, Structure of barite (001)- and (210)–water interfaces, Journal of Physical Chemistry B 105

(2001) 8112–8119. Copyright 2001 by the American Chemical Society. (For interpretation of the references

in color in this figure legend, the reader is referred to the web version of this article.)
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quantitative fit to the experimental data. The Ba2+ ions are displaced from their bulk

lattice locations by �0.07 Å near the surface. The outermost SO2�
4 ions show a larger

displacement of �0.4 Å and a rotation of 19� within the outermost BaSO4 bilayer.

The best-fit model includes an adsorbed water layer at a height of 2.35 ± 0.13 Å

above the outermost Ba2+ ion, with 2.7 ± 0.1 water molecules per barite (001) sur-

face unit mesh (Auc = 48.4 Å2). These measurements are insensitive to the presence of

protons, and therefore the molecular species of the water (e.g., hydroxyl or hydro-

nium) cannot be identified uniquely from these data; we refer to these simply as

water molecules for convenience.
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As in the calcite (104) specular reflectivity results, the measured water coverage is

significantly smaller than that for a close-packed water layer (�1H2O/(10 Å2) surface

area, or 4.8 water molecules per unit mesh), which would be expected if the barite

surface acts a chemically inert hard wall [218]. Instead, we consider that four Ba–

O bonds are broken at the (001) surface per unit mesh by cleavage (three to the outer
Ba2+ ion, one to the inner). The expected oxygen heights of the lattice oxygens to

complete the Ba2+ coordination shells are found at 2.4 Å, 2.4 Å, 1.9 Å, and 1.5 Å

with respect to the upper Ba2+ ion, as derived from the unrelaxed bulk barite struc-

ture. The observed height for the adsorbed water layer is similar to the average nom-

inal Ba–O height (2.2 Å) associated with the upper Ba2+ ion�s three broken bonds,

and the number of adsorbed water species is moderately consistent with this value

as well (2.7 ± 0.1 vs. 3.0 oxygens). This result suggests that the adsorbed water mol-

ecules saturate the broken bonds of the surface Ba2+ ions, in analogy to the obser-
vations for Ca2+ ions at the calcite–water interface (Section 2.2). Similar results

were found for the barite (210)–water interface [218] with respect to the adsorption

of water molecules to the surface whose coverage and height are determined by com-

pletion of the Ba–O coordination shell, and with structural relaxations penetrating

two molecular layers into the lattice.

No theoretical studies have been done for comparison with these results. Elemen-

tary bond valence arguments can be used to rationalize the chemical properties of the

interface. The Ba2+ ion in barite has a nominal 12-fold oxygen coordination shell in
the barite lattice, albeit with substantial variation in Ba–O bond lengths of 2.86 Å to

3.32 Å. An analysis of the bulk Ba–O bond lengths shows that each of the four bro-

ken bonds has a nominal valence of �0.25 v.u. This value is small with respect to the

valence of an O–H bond in water (�0.8), suggesting that the adsorption of water

molecules will complete the Ba–O coordination shell. The same conclusion was

reached for calcite (Section 2.2).

As in the case of calcite, where a complete understanding also incorporated the

valence deficit of the surface CO2�
3 groups, we must consider the valence deficit of

the SO2�
4 groups that matches that of the undercoordinated Ba2+ ions. The valence

deficit for SO2�
4 appears as three Ba–O broken bonds for the outermost SO2�

4 group

and one broken bond for the next SO2�
4 . Given the small valence deficit per bond

(�0.25 v.u.), each of these undercoordinated oxygen atoms could be compensated

for by accepting hydrogen bonds with adsorbed water molecules. The observation

that the total number of adsorbed water molecules is equal to the number of Ba–

O broken bonds could indicate that each water must interact with both the SO2�
4

oxygen and the Ba2+ ion. Given the variability of Ba2+ and oxygen locations at
the surface, this possibility is unlikely as a general explanation, although it might oc-

cur for a subset of the bonds. Another possibility derives from the relatively large

relaxations derived for the surface SO2�
4 (with a displacement of �0.4 Å and rota-

tions as large as 19�), as compared with the small displacements observed for Ba2+

(0.07 Å). This observation suggests that compensation for the surface sulfate valence

by interaction with water is limited; instead the SO2�
4 structural relaxations appear to

modify the individual Ba–O bond lengths so as to optimize accommodation of the

SO2�
4 valence.
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2.4. Phosphates

2.4.1. Potassium dihydrogen phosphate (101) and (100)

Potassium dihydrogen phosphate (KH2PO4, or KDP) is widely used as an optical

element in laser systems. KDP crystals are grown from aqueous solutions and conse-
quently the KDP–water interface has been studied intensively. This attention has led

to tests of fundamental theories of crystal growth through direct observations of crys-

tal growth with molecular-scale probes, such as AFM [261]. One fundamental aspect

of crystal growth theories centers on understanding the crystal faces that are ex-

pressed (i.e., the growth habit) and the crystal termination (i.e., the surface structure)

[262]. Experimental control over crystal morphology and habit are often desired. The

incorporation of impurities is also an important aspect of crystal growth (i.e., as a

growth modifier) [263]. Knowledge of the atomic-scale structure of the KDP–water
interface is therefore necessary as a foundation for testing many of these theories.

The habit of KDP crystals grown in aqueous solution has the form of tetragonal

prisms with four (100) prismatic faces doubly-terminated by four pyramidal (101)

faces (Fig. 13a). Although only one surface termination for the prismatic (100) face

is likely (since it consists of co-planar K+ and PO3�
4 ions in each layer), the (101) sur-

face can have various terminations that cannot be distinguished by theoretical argu-

ments, as can be seen in a side view of the KDP (101) structure (Fig. 13b).

The KDP (101) surface mesh consists of surface lattice spacings ja1j = ja2j =
6.316 Å, with a layer spacing of 10.20 Å along the surface-normal direction. The sur-

face unit mesh is oblique, with 107� angular separation between the surface unit axes,

resulting in a quasi-hexagonal surface unit mesh with an area of 38 Å2. Each KDP

unit cell consists of an A–B stacking of two equivalent KDP layers with a vertical

separation of 5.10 Å. Each KDP layer consists of two inequivalent KDP molecules

in a nominal sequence of K-PO4-PO4-K along the surface-normal direction.

Consequently, even if the crystal is assumed to have a stoichiometric composition

up to the surface, the surface can be terminated by either a K+ or PO3�
4 layer.

AFM measurements observe elementary steps with measured heights in multiples

of 5.10 Å [261]. This result suggests that only one of the two terminations is ex-

pressed at the surface, but AFM measurements do not distinguish between the

two possible terminations.

Non-specular X-ray reflectivity measurements were measured for the (1,0), (1,1),

and (2,1) CTRs [210] (a subset of these data are shown in Fig. 13c). The (2,0), (2,�1)

and (0,1) rods were also reported separately. [210,264] The KDP lattice termination

can be assessed directly by comparing the experimental data to structure factor cal-
culations for ideally-terminated lattices. As a layered crystal structure, the reflectivity

profiles for KDP (101) surface can be expected to exhibit substantial differences for

the different terminations. The most notable of these is a sharp pseudo-node, Lo,

found in calculations of the (10) rod near the bulk Bragg reflection near L = 1, where

Lo = 1 � d for the K+ terminated lattice, and Lo = 1 + d for the PO4 terminated lat-

tice with d � 0.2. These values are characteristic of termination interference and,

although no true node is observed in the experimental data, a substantial intensity

asymmetry above and below the (101) Bragg reflection suggests that the KDP



Fig. 13. (a) Growth form of KDP expressing prismatic (100) and pyramidal (101) surfaces. (b) Structural

schematic of the KDP–water interface, with derived structural displacements shown. (c) CTR data for the

KDP–water interface. Figures reprinted with permission from S.A. de Vries, P. Goedtkindt, S.L. Bennett,

W.J. Huisman, M.J. Zwanenburg, D.M. Smilgies, J.J. De Yoreo, W.J.P. van Enckevort, P. Bennema, E.

Vlieg, Physical Review Letters 80 (1998) 2229–2232. Copyright 1998 by the American Physical Society.
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(101) surface is K+-terminated. A fully optimized structural model providing a

quantitative description of the experimental data indicated that the K+ ions in the
top layer relaxed outward by 0.10 ± 0.05 Å, while the PO3�

4 groups relaxed by

0.04 ± 0.05 Å.

Similar measurements were performed on the KDP (100) (prismatic) surface

[210]. In that case the K+ and PO3�
4 ions are co-planar and only one termination

is expected. An optimized model of this surface is consistent with the experimental

data and demonstrated that the substrate surface relaxations were <0.1 Å.

No discussion concerning the structure of water adjacent to the KDP surface was
included for these measurements of the KDP–water interface. A more detailed
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description of the structure of water adjacent to the KDP–water vapor interface is in

Section 3.2.1.

2.4.2. Ammonium dihydrogen phosphate (101)

Measurements performed to determine the structure of ammonium dihydrogen
phosphate (NH4H2PO4, or ADP) (101) surface explored the role of the lattice cation

in controlling the surface structure and termination [265]. ADP and KDP have sim-

ilar crystal structures with K+ replaced by the ammonium ion (NHþ
4 ). ADP and

KDP grow with identical crystal morphologies, exposing the (100) prismatic and

(101) pyramidal surfaces. A significant difference between these two lattices is the

nature of interactions. ADP is known to have strong hydrogen bonds which might

alter the character of the surface with respect to the KDP surface. The observation

of elementary steps by AFM with a minimum step height of 5.3 Å suggests that the
growth surface has a single crystallographic termination [265].

Comparison of the (1,0), (0,1), and (1,1) rods to structure factor calculations

again showed substantial differences for NHþ
4 and PO3�

4 terminations, with the

NHþ
4 terminated lattice showing better qualitative agreement with the experimental

data [265]. A full optimization of the structural model allowing structural displace-

ments in the top two layers confirmed this assignment and revealed surface lattice

displacements with an inward relaxation of the surface NHþ
4 by �0.34 ± 0.13 Å

and an outward relaxation of PO3�
4 by 0.27 ± 0.11 Å. No significant contributions

were identified that indicated water structure at the ADP–water interface. This

observation suggests that any water structure is limited to vertical ordering because

these non-specular CTR data require lateral ordering to observe interfacial water

structure.

The most striking aspect of these observations is that the displacements of K+ at

KDP (101) and NHþ
4 at ADP (101) are in opposite directions [265]. The difference

in behavior of the surface relaxation is attributed to the absence of hydrogen bonds

in the KDP structure. Creation of the ADP surface disrupts two hydrogen bonds per
unit mesh, one for each of the NHþ

4 and PO3�
4 species. The substantial reduction of

the vertical distance between the NHþ
4 and PO3�

4 layers compensated for the loss of

hydrogen bonds by providing for additional interaction between the nitrogen atom

in NHþ
4 and the oxygen atom in PO3�

4 .
2.4.3. Fluorapatite (100)

Apatite is an important biomineral as a major constituent of teeth and bone and is

known for its extremely low solubility. Apatite minerals have variable anionic com-
positions including pure end members with fluoride (fluorapatite, FAp), hydroxyl

(hydroxyapatite) and chloride (chlorapatite), as well as a high capacity to incorpo-

rate trace elements. The nominal FAp composition is Ca10(PO4)6F2. FAp is hexa-

gonal having space group P63/m and lattice spacings a = 9.37 Å and c = 6.88 Å.

The (100) growth surface of a natural gem-quality FAp from Cerro de Mercado,

Durango, Mexico was studied (Fig. 14a). This surface has an orthogonal unit mesh

with dimensions ja1j = 9.37 Å and ja2j = 6.88 Å, with a surface unit mesh area of



Fig. 14. (a) Structural schematic of the fluorapatite (100) surface in perspective view (calcium: green;

fluorine: yellow; phosphor: red; oxygen: blue). (b) Specular CTR data for the fluorapatite-water interface

with calculations corresponding to various models. (c) Derived resolution-broadened density profiles for

the models calculations in (b). The blue line indicates the best-fit structure. Figures are reproduced with

permission from C. Park, P. Fenter, Z. Zhang, L. Cheng, N.C. Sturchio, American Mineralogist 89 (2004)

1647–1654. (For interpretation of the references in color in this figure legend, the reader is referred to the

web version of this article.)

P. Fenter, N.C. Sturchio / Progress in Surface Science 77 (2004) 171–258 213
64.5 Å2. The sample was taken from a rock specimen containing individual crystals,

�2–3 mm wide and �5–6 mm long in a rock matrix. The crystals were terminated by
hexagonal prismatic (100) and hexagonal dipyramidal (101) faces.

As with any growth surface, an a priori determination of the terminating plane is

non-trivial. For FAp, additional conceptual difficulties are derived from (1) the dual
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ionic and covalent character of its bonds; (2) a multiplicity of lattice terminations.

Three distinct terminations consist of a mixed Ca–PO4 termination at the traditional

unit cell border (as shown in Fig. 14a), a Ca-terminated lattice, and a PO4 terminated

lattice obtained by terminating the lattice half-way between the traditional unit cell

boundaries; and (3) the possibility that the surface composition is not stoichiometric.
In spite of these possible difficulties, the specular reflectivity showed a sharp dip in

intensity just above the (100) Bragg peak (Fig. 14b) that is characteristic of the ter-

mination interference described in Section 1.5.2 [216]. Model calculations for various

terminating planes (some showing a dip above or below the (100) Bragg peak, and

others showing no such dip), indicated that the FAp lattice is terminated at the plane

consisting of the traditional unit cell boundary shown in Fig. 14a.

Completion of the structural model to obtain quantitative agreement with the

experimental data required the inclusion of changes in the surface stoichiometry, sur-
face structural relaxations, and interfacial water structure [216] (Fig. 14c). The out-

ermost surface layer was found to be deficient in Ca2+ and/or F� ions (non-specular

reflectivity would be needed to distinguish between these two sites), with a nominal

composition of hCa = 1.67 ± 0.33 with fixed hF = 1.0 (with respect to the ideal occu-

pation of 2 for Ca2+ and F�). This surface Ca2+ deficiency suggests that the FAp had

partially dissolved, either naturally or during preparation of the crystal for the X-ray

measurements. Surface structural relaxations included small displacements of the

surface Ca2+ ion (0.01 ± 0.14 Å) and relatively large displacements of the surface
PO3�

4 (�0.34 ± 0.12 Å) and F� ion (0.38 ± 0.37 Å).

Substantial structuring was observed above the mineral surface [216]. Although

the composition of this layer is uncertain (due to its history as a natural growth

surface and the potentially complex surface chemistry of apatite), it was analyzed

in the context of an ordered hydration structure, with two distinct layers at

heights of 2.64 ± 0.09 Å and 4.17 ± 0.14 Å and occupation factors of 3.5 ± 1.3 and

4.1 ± 2.2 water molecules per unit mesh. Again, as found in other systems

described above, this occupation factor is substantially smaller than one would ex-
pect for a dense water layer, which would result in an occupation factor of �6.5

per unit mesh.

In the context of the broken bonds associated with the creation of the FAp (100)

surface, the completion of the oxygen coordination shell surrounding the two under-

coordinated surface Ca2+ ions would result in three oxygen atoms at heights of 2.16,

2.16, and 2.693 Å, at an average height of 2.33 Å. This result is consistent in number

and modestly consistent in height with the first hydration layer observed at a height

of 2.64 Å. In the bond valence picture, this presumed hydration layer would proba-
bly consist of water molecules (as opposed to OH�) since the Ca–O bond valence of

�2/6 = 1/3 v.u. is relatively small and similar to that found at the calcite–water

interface.

More generally, this two-layer structure is difficult to understand in simple geo-

metric terms because of the relatively low density of these layers. This observation

suggests that an additional, potentially fluid or less ordered, component to the inter-

facial water structure was not observed much as the measurements of the calcite–

water interface using specular reflectivity were insensitive to the more poorly ordered
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interfacial water, resulting in a structure that suggested a low-density water layer. In

this respect, it is interesting that the derived interfacial structure is consistent with the

formation of a partial layer of octacalcium phosphate (OCP; Ca8H2(PO4)6 Æ 5H2O), a

‘‘hydrous defective apatite’’ [266,267] that has been proposed as a metastable precur-

sor phase in the formation of thermodynamically stable hydroxyapatite (Hap) [267–
269]. The replacement of Ca2+ in the OCP half unit cell with water and the removal

of some PO3�
4 ions reproduce a structure similar to the layered water structure de-

rived for the FAp (100) surface.

2.5. Silicates

2.5.1. Muscovite (001)

Muscovite is a widely studied mineral substrate. The muscovite crystal structure
consists of silicate sheets separated by K+ ions (Fig. 15a). Each silicate sheet consists

of three distinct layers: a layer of octahedrally coordinated Al3+ cations sandwiched

between two layers consisting of tetrahedrally-coordinated Si4+ and Al3+ cations.

Muscovite is often studied as a model clay mineral because it can be obtained in large

single crystals with atomically smooth basal planes. Muscovite is also used as the pri-

mary substrate for studies using the surface force apparatus, in which the forces be-

tween two cylindrically bent muscovite lattices are measured as a function of the

separation of the two surfaces [69,70].
The relative ease with which muscovite (001) surfaces are cleaved is a result of the

absence of covalent bonds between neighboring silicate sheets that are bound elec-

trostatically. The resulting cleavage surfaces have an exceptionally low step density.

The nominal muscovite (001) cleavage surface is composed of the basal planes of

SiO4 tetrahedra arranged in ditrigonal rings. The surface lattice is approximately

hexagonal with lattice spacings of ja1j = 5.189 Å and ja2j = 9.007 Å for a rectangular

surface unit mesh with area 46.7 Å2. The muscovite sheets have an oblique A–B

stacking with ja3j = 20.048 Å and b = 95.779� resulting in a vertical separation of
9.97 Å between neighboring sheets. Cleavage can be expected to lead to the creation

of two neutral surfaces, each with half of the K+ ions to compensate for the fixed

lattice charge due to isomorphic substitution of Al3+ for Si4+ in the tetrahedral layer.

In contact with water under ambient conditions, the K+ ions are expected to ex-

change for hydronium (H3O
+) [270,271], making this surface effectively a hard wall

(defined by the basal-plane O atoms) augmented with an array of ditrigonal cavities.

The specular X-ray reflectivity data of the muscovite (001)–water interface are

shown in Fig. 15b with a calculation corresponding to the best-fit model of the inter-
face structure [214]. The optimized structural parameters from the best-fit model

show minimal surface structural relaxations that are significant primarily for atoms

within the outermost polyhedral layer, with predominantly inward displacements as

large as 0.04 ± 0.02 Å. The derived interfacial water structure (i.e., the water O den-

sity profile) (Fig. 15c) includes broadening due to the finite experimental resolution

(�1.1 Å) [218]. Features that are resolved in this presentation are expected to be un-

iquely determined. The adsorbed layer was located at 1.3 ± 0.2 Å above the mean

position of the relaxed surface oxygen, comparable to but smaller than the height



Fig. 15. (a) Schematic perspective view of the muscovite (001) surface showing the tetrahedral–

octahedral–tetrahedra layer structure and a K+ ion above the ditrigonal site. (b) Specular CTR data of the

muscovite–water interface. (c) Derived resolution-broadened density profile of water above the muscovite–

water interface. Figures reprinted with permission from L. Cheng, P. Fenter, K.L. Nagy, M.L. Schlegel,

N.C. Sturchio, Physical Review Letters 87 (2001) 156103. Copyright 2001 by the American Physical

Society.
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of 1.6 Å for the unrelaxed K ion (Fig. 15c) and with a coverage of 1.0 ± 0.2 water

molecules per unit mesh consistent with direct incorporation of water molecules

(or H3O
+) within each ditrigonal site. In this geometry, the Owater–Osilicate distance

of 2.6 Å is comparable to the O–O hydrogen bonding distance in water. Conse-

quently this water molecule could have each of its two protons pointing toward

two of the three silicate oxygens that extend into the ditrigonal site. The hydration

structure beyond this first adsorbed layer has a narrow first layer and substantially

damped oscillatory density profile for subsequent layers extending �10 Å above the
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surface with a period of 3.7 ± 0.3 Å. The first peak in the hydration layer has a lat-

eral density equivalent to 1.3 ± 0.2 water molecules per ditrigonal ring and is located

2.5 ± 0.2 Å above the surface. This position compares well with the oxygen heights

of �2.6–2.8 Å for water molecules directly hydrating the (001) face of vermiculite,

montmorillonite, and talc [57,78,79] and it is comparable to the O–O distance for
a hydrogen bond.

Because these data derive from only the vertical structure, any interpretation of

the lateral structure and order must be treated cautiously. For instance, the nominal

correlation between the adsorbed water layer coverage and the ditrigonal site density

suggests that this species is laterally ordered. Beyond this layer, the marginally larger

lateral density of the first hydration layer (of 1.3 ± 0.2 water molecules per unit mesh

at a height of 2.5 Å above the surface plane) suggests that this first hydration layer

may not have a simple epitaxial arrangement.
The extended hydration structure observed for muscovite suggests the presence of

a hydrogen bonding network near the interface. This interpretation was recently con-

firmed by MD simulations [222], with good agreement on the locations of the first

two peaks in the water density profile and a weakly modulated water layer within

�10 Å of the muscovite surface. In particular, this simulation also shows that the

second water layer has its hydrogen atom pointing toward the surface plane, directly

indicating the formation of a hydrogen bond with the surface. This illustrates that

combining X-ray based methods with computational results can be a powerful ap-
proach to extend the understanding of these complex systems to aspects of the struc-

ture that cannot be probed directly by experiments. However, this simulation was

performed in a confined geometry in which the surface K+ ions, while desorbed,

remained closely associated from the surface (in contrast to the experimental condi-

tions in which they were likely completely removed from the surface). Consequently,

some of the agreement between the simulated and experimentally-derived water oxy-

gen profiles may be fortuitous.

Both experimental and simulation results suggest that a hydrogen bonding net-
work exists in the interfacial water at muscovite and that the ordering of the inter-

facial water is more extended than at any other mineral–water interface studied to

date. In considering evidence that this hydration layer may be ice-like, as has been

suggested in the case of thin water films adsorbed on muscovite surfaces [133,272],

we might expect that any such ice-like layer would be lattice-matched to the musco-

vite lattice. The similarities between hexagonal ice (Fig. 3a), the most likely ice struc-

ture (found near 0 �C and 1 bar), and the muscovite lattice are interesting. The (001)

ice structure has a �14% lattice mismatch with respect to the muscovite basal plane,
with hexagonal-equivalent lattice spacings for the two structures of 5.2 Å and 4.5 Å,

respectively. These are relatively large differences for a true epitaxial relationship be-

tween an ice-like layer and muscovite. The layer spacing of hexagonal ice along [001]

is 3.64 Å, within error of the layer distance (3.7 ± 0.3 Å) observed in experiment and

simulation adjacent to the muscovite surface. The correlation length of the interfa-

cial water can be estimated from the widths of the individual layers. Aside from

the first two water layers in direct contact with the muscovite surface, the correlation

length of the interfacial water is seen to be comparable to molecular dimensions
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(since the widths of neighboring layers are larger than the layer spacing). Together,

these observations suggest that the interfacial ordering in this case is not the result of

the formation of an ice-like layer, but instead an ordered fluid–water structure that

retains some of the local structure found in an ice lattice.

2.5.2. Orthoclase (001) and (010)

Orthoclase (KAlSi3O8) is a member of the feldspar group, which includes the

most common minerals in Earth�s crust. Consequently, feldspars have been studied

intensively in the context of mineral weathering and related geochemical cycles [2].

Orthoclase is a framework silicate in which silicon and aluminum tetrahedra are

linked to each other by shared oxygens arranged in a 3D network, unlike muscovite,

in which they are linked in 2D sheets. K+ ions balance the lattice charge associated

with the substitution of Al3+ for Si4+, each randomly distributed in the two tetrahe-
dral sites. The (001) and (010) cleavage surfaces are expected to be structurally sim-

ilar, and both surface orientations have perfect cleavage.

The (001) surface is rectangular with lattice spacings ja1j = 8.57 Å and ja2j =
13.006 Å, resulting in a unit cell area of 111.5 Å2 per unit mesh, each having two

equivalent tetrahedral rings and two surface K+ ions. The two likely terminations

can be identified by bond counting and have two and four broken bonds per tetra-

hedral ring for the a- and b-terminated planes, respectively, as shown in Fig. 16a.

The determination of the orthoclase (001) terminating plane is straightforward be-
cause the two halves of the unit cell along [001] are related by symmetry. Conse-

quently, the position of a node in the substrate structure factor along the CTR is

directly related to the terminating plane of the lattice [217]. This finger-print analysis

of whether the node appears just above or below the (001) Bragg reflection is directly

related to the average separation of the A- and B-layers, which for orthoclase devi-

ates only slightly from d0 0 1/2 [217]. The appearance of a pseudo-node just above

(001) indicates that the surface has the a-termination as shown in Fig. 16a. This ter-

mination is reproduced by model structure factor calculations and is confirmed by
least-squares fitting of the data to models [212,213].

Least-squares analysis of the reflectivity data (Fig. 16b) led to the model shown in

Fig. 16c. The two bonds broken to create the a-termination are saturated by the

completion of the surface tetrahedron at a height of 1.4 ± 0.15 Å above the tetrahe-

dral site [212,213]. The surface K+ ions are displaced by water molecules (and/or

H3O
+) as judged by the �2-fold reduction in electron density with respect to a K+

adsorbed layer, with a derived height of 0.7 ± 0.3 Å above the tetrahedral site and

an occupation of 1.35 ± 0.5 water molecules for each surface K+ ion. The resulting
structure, having four NBOs and 4 * 1.35 water molecules per unit mesh, corre-

sponding to an oxygen layer density of 0.08 water/Å2, again suggests that the

NBO and adsorbed water molecules together form a layer whose density is consistent

with the formation of a dense water layer. Above this layer, additional layering is

observed in the nominal fluid water profile, with a distinct first peak at a height of

2.75 ± 0.1 Å above the tetrahedral site and a fluid water layer spacing of

2.6 ± 0.3 Å. The water density profile converges rapidly to an average fluid-like

water density, as dictated by the layer-broadening term, rbar = 1.0 ± 0.2 Å. The



Fig. 16. (a) Schematic side view of the orthoclase (001) and (010) surfaces. (b) Specular CTR data for the

orthoclase (001) surface. (C) Structural schematic and derived electron density profile of the orthoclase–

water interface. Figures reproduced from P. Fenter, L. Cheng, C. Park, Z. Zhang, N.C. Sturchio,

Geochimica et Cosmochimica Acta 67 (2003) 4267–4275, with permission from Elsevier.
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correlation length of the interfacial water, derived from Eq. (7), is �2.8 Å, which is

similar to the value derived from studies of supercooled water [166] and clearly sug-

gests a fluid-like nature to the interfacial water. This significant but limited vertical

ordering of the fluid water suggests a hydrogen-bonded network, similar to that de-
scribed for muscovite (Section 2.5.1). However, no lateral structural information is

available for testing this idea.
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Measurements of the orthoclase (010) surface showed that it is quite similar to

the (001) surface in all respects [212]. The coordination shells of the surface lattice

cations (Si4+ and Al3+) are completed through formation of an NBO, and the K+

ions in the outermost layer are displaced by adsorbed water molecules that interact

with BOs. An additional layer of adsorbed water is observed, with weak layering of
the fluid water density.

No theoretical studies have addressed the orthoclase–water interface structure,

either with MD simulations or ab initio calculations. Given the greater complexity

of orthoclase vs. simpler minerals such as calcite, and the relatively large bond va-

lence of Si (�1 v.u. per bond), we can expect that the completion of the surface tet-

rahedron with an NBO after cleavage will not be an adsorbed water molecule, but

instead is likely to be an adsorbed OH� which will have �0.8 v.u. to compensate

for the undercoordinated tetrahedral cation. Similarly, the displacement of the K+

ions will likely be in the form of adsorbed water molecules that are weakly bound

to the BO sites, presumably through a hydrogen bond.

These results for the orthoclase–water interface are intermediate between the

rather dramatic layering observed for the muscovite–water interface and the much

simpler structure found for the quartz–water interface. The observed layering of fluid

water is less pronounced than for muscovite. On the other hand, the chemical termi-

nation of the lattice through the formation of an NBO and the association of ad-

sorbed water with a BO is similar to results for quartz. However, a second
adsorbed water layer observed for orthoclase (001) and (010) surfaces is not found

as a distinct layer for the quartz (100) and (101) surfaces.
3. Mineral–water vapor interface structures

The adsorption of water vapor on mineral surfaces represents a distinct environ-

ment in which to study the interaction of water with minerals, and where the pres-
ence of bulk water may not be relevant to the phenomena of interest. For

example, the knowledge of water films on particle surfaces in humid environments

is of primary interest in areas such as atmospheric chemistry [13,14], where such films

may play an important role in mediating reactions with reactive atmospheric gases

(e.g., NOx and SOx). In other cases, the presence of a bulk water film and associated

plastic membrane can lead to experimental limitations for the X-ray scattering mea-

surements because of beam attenuation or increased background signals. Direct

measurements of water films on mineral surfaces under hydrating conditions (typi-
cally humid vapor environments) can provide direct insight in the interaction of

these thin water films with the substrate lattice. In this case, the signal and back-

ground signals can approach the optimized values that can otherwise only be ob-

tained for studies of mineral surfaces in ultra-high vacuum conditions. For

mineral–water vapor interface studies, an ‘‘environmental cell’’ can be used (Fig.

17). Here, a water reservoir is maintained separately from the sample and the relative

humidity (RH) can be controlled, e.g., through changes in the water reservoir tem-

perature. RH is a thermodynamic variable that is unavailable to studies of min-



Fig. 17. Schematic of an environmental cell used to probe mineral surfaces in contact with water vapor.
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eral–water interface, and it opens up the possibility of gaining more insight into the

interactions in these systems through systematic structural measurements (e.g., as a

function of RH and temperature). But this extra degree of freedom comes with a

price: other thermodynamic quantities such as the pH of the water film cannot be

measured and the surface energy can be reduced by adsorption of extraneous species,

such as adventitious carbon. Consequently, maintaining the cleanliness of mineral
surfaces under these conditions is generally more difficult than mineral–water inter-

faces. In this section we review the individual results of X-ray scattering studies at

mineral–water vapor interfaces. The systems and results are briefly summarized in

Table 2.

3.1. Oxides

3.1.1. a-Alumina (0001) and (1�102)

a-Alumina (Al2O3, otherwise known as corundum and, with appropriate impuri-

ties, sapphire and ruby) is a largely inert high-temperature oxide that is a widely used

substrate for thin-film metal growth and catalysis. Because of its hardness, it is also

widely used in polishing compounds. Its structure is relatively complex, having six

formula units per unit cell of dimensions a = 4.757 Å and c = 12.988 Å. The lattice

structure along [0001] consists of six symmetry-equivalent layers that would express

chemically equivalent surfaces, vertically displaced by c/6 = 2.165 Å. The alumina
Table 2

Summary of water structures at mineral–water vapor interfaces

Mineral Surface Formula Vertical order Lateral order Ref.

a-Alumina (0001) Al2O3 1 Layer (broad) N [147]

(1�102) n.o.a n.o.a [287]

Hematite (0001) Fe2O3 1 Layer Y [304]

KDP (101) KH2PO4 2 Layers Y [307]

Brushite (010) CaHPO4 Æ 2(H2O) 2 Layers Y [312]

Halite (001) NaCl 1–4 Layers Y [322]

KBC (001) K(CrO3)2 n.o.a n.o.a [215]

a Not observed.



222 P. Fenter, N.C. Sturchio / Progress in Surface Science 77 (2004) 171–258
(0001) surface lattice has three distinct terminations depending on the terminating

plane. These are the oxygen, single aluminum, and double aluminum terminations.

Early efforts to understand the structure of alumina surfaces involved mostly

UHV studies, such as X-ray CTR measurements [273], low energy electron diffrac-

tion (LEED) [274] and ion recoil spectroscopy [275]. These results found inconsistent
terminations: Al-terminated surfaces with inwardly relaxed Al atoms for X-ray and

ion recoil spectroscopy (Fig. 18a), and a mixed O/Al termination with an outward

surface structural relaxation for LEED studies. Theoretical studies using high-level

quantum-mechanical approaches generally confirmed the Al-terminated structure

as the lowest-energy structure with inward displacements of the surface Al atoms

[276–278]. Although these results might have suggested that the behavior of alumina

surfaces is relatively simple and well understood, experimental and theoretical ad-

vances clearly showed that the interaction of this surface with water exhibits a num-
ber of interesting and unexpected properties. Spectroscopic studies demonstrated

that the alumina surface becomes hydroxylated at elevated water partial pressures,

leading to the formation of surface OH� species with a threshold pressure of �2 Torr

[101]. Meanwhile, thermal desorption measurements of isotopically labeled water

demonstrated that water was dissociatively adsorbed to the alumina (0001) surface

as indicated by the observation of isotopically exchanged water upon thermal

desorption. This demonstrated that oxygen in thermally desorbed water was derived

from both lattice oxygens and adsorbed OH� [279]. This behavior is very different
from earlier studies of the hydroxylation of MgO surfaces which showed that min-

eral reactivity was associated with surface defect sites [100,280].

Such observations demonstrated that alumina surfaces are chemically active with

respect to hydroxylation. At this point, intense theoretical efforts led to a deeper

understanding of the reactivity of alumina (0001) surfaces, including the effect of

water adsorption dynamics and reaction pathways [281,282], comparison of chemi-

sorption and physisorption modes [283,284], hydrogen adsorption [285], and ther-

modynamic stability vs. oxygen and hydrogen chemical potentials. Some of the
important conclusions derived from these studies include the observation that water

chemisorption and dissociation are activated processes that are nonetheless kineti-

cally and thermodynamically favored; understanding these processes was also com-

plicated by the need for large computational cells to accommodate the adsorbed

proton [282]. At the same time, the kinetic pathways for observations of isotopic ex-

change were found, and further disruption of the surface lattice by additional water

adsorption suggested the possibility of a transformation to a gibbsite-like oxygen-

terminated surface [282]. Further theoretical studies also demonstrated that the ther-
modynamic stability of the Al-terminated surface depended strongly on the oxygen

and hydrogen chemical potentials; in particular the ability to transform into an oxy-

gen-terminated lattice was thermodynamically impeded in the absence of hydrogen

[286]. This sensitivity to the presence of adsorbed hydrogen provided a consistent

framework with which to understand the apparently contradictory experimental

results.

The first structural results of the hydrated alumina surface were performed with

CTR measurements [147] of the alumina (0001) surface in 40% RH (after washing



Fig. 18. (a) Structure of the Al2O3(0001) surface as measured in ultra-high vacuum condition. (b)

Specular and non-specular CTR data of the Al2O3(0001)–water vapor interface. (c) Derived structural

model corresponding to the data in (b). Figures are reproduced from P.J. Eng, T.P. Trainor, G.E. Brown,

G.A. Waychunas, M. Newville, S.R. Sutton, M.L. Rivers, Science 288 (2000) 1029–1033. Copyright 2000

AAAS.
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the polished surface with water), including both specular and non-specular reflectiv-

ity measurements (Fig. 18b). Direct comparison of these data with previous UHV

measurements [129] directly confirmed that the surface termination in a water vapor

environment is distinct from that found in vacuum. In particular, whereas the
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surface in vacuum has a CTR profile that is substantially modulated in intensity be-

tween the Bragg peaks (i.e., with respect to the generic variation associated with a

CTR), the surface in water vapor has a much simpler CTR profile that was only

weakly modulated with respect to the expected intensity profiles. Calculations of

model-terminated alumina lattices showed best agreement with the oxygen-termi-
nated surface, but deviations between measured and calculated intensities were sub-

stantial. Inclusion of surface structural displacements improved the fit substantially.

A quantitative fit to the data was obtained when an overlayer was included in the

structure (Fig. 18c). Displacements of the substrate lattice atoms were significant

only in the outermost O–Al–Al–O layer. These displacements are large as measured

in fractional changes in the interlayer spacings (�50%) but are comparable in size to

surface relaxations found in many minerals (<0.26 Å in absolute magnitude). Fur-

thermore, the displacements of these atoms with respect to the ideally-terminated lat-
tice are significant primarily for the Al atoms in the outermost O–Al–Al–O layer.

The relatively large Debye–Waller layer of the outermost oxygen layer could indicate

small differential displacements of the three surface oxygens that are not resolved by

the data, or dynamic fluctuations (e.g., as a result of lateral hydrogen bonding). An

overlayer was found 2.3 Å above the surface oxygen atom location with a large De-

bye–Waller factor (with a rms displacement amplitude of �1 Å). This was inter-

preted as a layer of adsorbed water molecules. However the observation of surface

carbon by XPS measurements implied that the hydration layer may, in part, be
associated with adventitious carbon, possibly explaining the unusually large

Debye–Waller parameter for this layer.

A bond valence analysis of lattice atoms at the Al2O3(0001) surface showed that

all surface atoms, except surface oxygen atoms, had their expected bond valences

[147]. In contrast, the surface oxygen atoms had a valence of �1 v.u., in comparison

to the expected value of 2 v.u. This suggests that the surface oxygen atoms are coor-

dinated with an adsorbed proton and probably an accepting hydrogen bond from

intralayer hydrogen bonds and/or adsorbed water molecules. This layer of adsorbed
hydrogen atoms agrees with computational studies showing the importance of

hydrogen in the transformation of the surface from an Al- to an O-terminated lat-

tices [286] and the idea that the bond valence lost upon desorption of the surface

Al atom could be replaced by adding one hydrogen atom to each of the three oxygen

atoms to which the Al atom was coordinated. This example illustrates the usefulness

of the bond valence approach to understanding mineral–water terminations as a

complement to high-level theoretical approaches that have been applied only to a

handful of systems to date.
The alumina (1�102) surface was also studied [287]. The (1�102) surface can be

described as monoclinic and has a unit cell with orthogonal surface parameters of

ja1j = 4.757 Å and ja2j = 5.127 Å within the surface plane and a vertical spacing of

a3 Æ n = 6.957 Å. This unit cell has two structurally equivalent (Al2O3)2 units with a

vertical separation of 3.48 Å between each Al2O3 layer. Significant differences with

respect to the alumina (0001) results described above include a different surface ori-

entation and the use of UHV techniques for surface preparation and environmental

control data acquisition. Instead of measuring the surface structure in water vapor as
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was done for the (0001) surface, the (1�102) surface was exposed to water vapor in

vacuo with water partial pressures ranging from 1 · 10�8 to 1.6 Torr (with exposures

as long as 15 min). Measurements were performed on five non-specular CTRs,

including (1,0), (1,1), (0,2), (2,�1), and (2,0). The primary observation was the ab-

sence of measurable changes associated with water dosing, suggesting a weak water–
substrate interaction. Analysis of the CTR data led to two models that could not be

distinguished based on the basis of X-ray data alone: one model consists of the sur-

face terminated with a partial Al2O3 layer and capped by a partial oxygen atom to

complete the coordination shell of surface aluminum atoms. The second was fully

stoichiometric with a complete Al2O3 layer that had undercoordinated surface alu-

minum atoms missing part of its oxygen coordination shell. Bond valence consider-

ations led to the conclusion that the first model was more chemically plausible,

especially after considering the role that adsorbed hydrogen atoms may play to sat-
urate the bond valence of surface oxygen atoms.

3.1.2. Hematite (0001)

Iron oxides are pervasive components in various geochemical, environmental, and

industrial processes. Iron containing compounds have a rich chemistry that includes

various phases (i.e., oxide, hydroxide and oxyhydroxide) and oxidation states (i.e.,

+2 and +3). Fe is most commonly arranged in an octahedral coordination but tetra-

hedral coordination is also observed [288]. Iron oxide surface structures are therefore
likely to exhibit rich structural and chemical behavior and direct information is

needed [47,289]. Hematite (a-Fe2O3) is isostructural with a-alumina (a-Al2O3) with

bulk unit cell dimensions of a = 5.035 Å and c = 13.747 Å.

The (0001) surface of hematite is known to be substantially more reactive than

that of a-alumina. For example, hydroxylation of the hematite surface occurs at

water partial pressures �4 orders of magnitude lower than that observed for a-alu-
mina surfaces [101]. Furthermore, it has been observed that this hydroxylated hema-

tite surface is more reactive than the corresponding a-alumina surface with respect to
the binding of Pb(II) ions from aqueous solution [290–292]. The relatively low reac-

tivity of the a-alumina (0001) surface can be understood through bond valence

arguments [293] and such arguments imply that a similar low reactivity should be

observed at hematite (0001) as well for a similar crystallographic termination.

The hematite (0001) surface has been extensively studied under various environ-

ments ranging from ultra-high vacuum to aqueous conditions [294–302]. While mea-

surements in ultra-high vacuum conditions initially led to the conclusion that there

exists a single highly distorted surface termination [294–296], measurements at high-
er oxygen and/or water partial pressures found that this surface exhibited two dis-

tinct terminations [297,303]. Recent CTR measurements and DFT calculations

provide new insight into the structure and reactivity of the hydroxylated hematite

(0001) surface [304]. Both specular and non-specular CTR data were obtained for

the hydrated hematite (0001) surface at room temperature with >90% RH [304].

A key experimental result of the CTR measurements was the observation that the

surface consists of a partial layer of O–Fe–O species (with an occupancy of �0.24)

on top of a complete and fully hydroxylated O–Fe–Fe–O terminated surface. This
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is distinct from what was observed previously for the a-alumina (0001) surface

where the surface was uniformly terminated by an hydroxylated O–Al–Al–O layer.

An important distinction for the hematite (0001) surface is whether the partial layer

is in the form of stoichiometric islands having the O–Fe–O termination surrounded

by O–Fe–Fe–O terminated regions, or if the partial layer is in the form of isolated
adatoms. While this distinction could not be made solely from the CTR data, previ-

ous microscopy studies also identified domains having two distinct terminations of

the Fe2O3(0001) surface in both vacuum and aqueous conditions [300,305]. An anal-

ysis of the CTR data that included two distinct domains provided some additional

structural detail, including the observation of a partially ordered water monolayer

on each termination, with no additional (fluid) water adsorption [18].

An important feature of this recent work on the hematite (0001) surface was the

inclusion of high level computational studies that probed the energetics of various
terminations [304]. As in other cases described above, computational tools can be

used in conjunction with the X-ray scattering results to provide insights about inter-

facial proton distributions, which are invisible to the X-ray scattering technique. In

this case, the calculations for the hydrated hematite surface [304] incorporated a re-

cently developed approach coupling T = 0 K DFT results with thermodynamic

information to project the predicted energetics to the temperatures and pressures

at which the experiments were performed [286,300,306]. The results show that the

most stable surface configurations for hematite (0001) have hydroxylated surface
oxygen atoms, with the outer two oxygen layers having one proton per oxygen atom.

The water partial pressure threshold for hydroxylation was determined to be several

orders of magnitude lower than that for the a-alumina (0001) surface. The absence

of two distinct terminations in the DFT calculations with similar energetics is incon-

sistent with the experimental observation on multiple samples of two co-existing ter-

minations. It was suggested that these differences might reflect experimental details

not included in the theoretical models. For instance, a partial layer of Fe adatoms

might be derived from the adsorption of aqueous Fe3+ species produced by dissolu-
tion during sample preparation. Together, these results demonstrate that the hema-

tite (0001) surface has three types of surface hydroxylated oxygen functional

groups, including singly, doubly and triply coordinated surface oxygens, and provide

a structural explanation for the known differences in reactivity with the correspond-

ing a-alumina surface.

3.2. Phosphates

3.2.1. Potassium dihydrogen phosphate (101)

The structure of the KDP–water interface in contact with bulk water was dis-

cussed above in Section 2.4.1. Additional measurements probed the structure of thin

water films adsorbed to the KDP surface in an environmental cell with an atmo-

sphere of variable humidity [307]. These measurements in water vapor environments

included specular and non-specular reflectivity profiles measured to high resolution

(<1 Å vertical spatial resolution). Inspection of the data (Fig. 19a) and comparison

to the calculated intensities corresponding to the structure of KDP in contact with



Fig. 19. (a) Specular and non-specular CTRs of the KDP–water vapor interface. (b) Derived electron

density profiles. The dashed line shows the actual density profile, and the solid line shows its laterally

ordered components. (c) Structural schematic showing the lateral locations of the two laterally ordered ice-

like layers. Panels (a) and (c) are reprinted with permission fromM.F. Reedijk, J. Arsic, F.F.A. Hollander,

S.A. de Vries, E. Vlieg, Liquid order at the interface of KDP crystals with water: evidence for icelike

layers, Physical Review Letters 90 (2003) 066103. Copyright 2003 by the American Physical Society. Panel

(b) is reprinted with permission from M.F. Reedijk, Ordering at Solid–Liquid Interfaces, Ph.D. thesis,

University of Nijmegen, The Netherlands, 2003.
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bulk water (dashed line, Fig. 19a) immediately reveals some central features of the

system. Data for KDP–water vapor interface are in modest agreement with the cal-

culated non-specular CTR intensities for the KDP–water interface, suggesting that
the lateral features are similar for the two systems. A large discrepancy observed

for the specular CTRs in these two environments, however, suggests that the vertical

structures are distinct, as might be expected for the micrometer vs. nanometer-thick

water films in the two studies. What is not immediately clear from these data is

whether these differences are extrinsic (i.e., due solely to the difference in water film

thickness) or intrinsic (i.e., with different interfacial water structures. A dip in the

specular intensity at small Q provides a direct indication of the water film thickness

at the KDP–water vapor interface. Since the adsorbed water film has an electron
density less than the substrate, the film thickness, W, can be estimated directly from

the dip location byW � p/Q0, where Q0 is the momentum transfer at the dip location

[181]. From this we see that W � 20 Å, which is similar to the derived value of 22 Å.

This suggests that the differences between the measured vs. calculated specular reflec-

tivities largely reflect differences in water film thicknesses.
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Structural models for the KDP–water vapor interface were derived by including

substrate surface displacements, adsorbed water layers, overlayers that were allowed

to have either vertical or lateral order (as described by the Debye–Waller parame-

ters), and a continuous electron density corresponding to that of a fluid water layer

[307]. Measurements were performed at ambient conditions, and in a sealed environ-
mental chamber at 25 �C, 45 �C and 55 �C (at 100% RH) and in an ambient environ-

ment at 25 �C and 40% RH. The derived density profiles are shown in Fig. 19b [308].

These profiles show the actual laterally averaged electron density (i.e., as derived

from the least-squares fitting to structural models), revealing the substrate lattice

structure, the presence of two discrete peaks in the electron density associated with

adsorbed water molecules, and a broad distribution associated with the fluid water

profile. Also shown in Fig. 19b is the part of that electron density that is laterally

ordered (highlighted in the insets), accomplished by multiplying each peak in the ac-
tual density profile with that atom�s Debye–Waller factor. This calculation has the

effect of removing from the electron density profile elements that are not laterally or-

dered and illustrating the relative sensitivity of the CTRs to the derived profile. The

results show that although the two adsorbed layers are laterally ordered, the more

diffuse continuous electron density profile above the surface is not.

The laterally ordered part of the structure is shown schematically in Fig. 19c [307].

Here, the two ordered adsorbed components are associated with adsorbed water

molecules. The first, O1, sits in a site consistent with the ‘‘next layer’’ K+ ion that
is absent because of the termination of the lattice. The elemental identity of this spe-

cies is not directly determined, however, and secondary indications are needed.

When the species is identified as a water molecule, the derived coverage is

2.1 ± 0.1 waters per unit mesh, double the expected coverage for that site. If this spe-

cies were identified as K+, the expected coverage should be reduced by a factor of

approximately ZO/ZK = 8/19, bringing it in line with the coverage expected from

crystallographic considerations. The derived height of this species, however, had a

substantial inward displacement so that this species, if identified as K+, would have
a 30% reduction in vertical K–K spacing, a result considered unrealistic. The second

species, O2, was also identified as a water species. O2 was found near the surface K+

layer and was thought to shield the charge of the K+ ions. Beyond these two laterally

and vertically ordered layers, the contributions to the density profile broadened rap-

idly indicating a more fluid-like behavior, with a partially ordered oxygen-containing

layer, followed by layers that were neither vertically nor laterally ordered. This fluid-

like water layer had a rather diffuse profile that decayed slowly away from the inter-

face (over �30 Å). These results were discussed in the context of ice-like layers and
the influence that such layers might have on crystal growth. In particular, if such lay-

ers were ice-like, the terrace areas would be expected to be unreactive, because any

reactants would need to penetrate through a solid film before reaching the KDP sur-

face and this process should be slow.

The systematic changes in the derived structures in Fig. 19b are an important fea-

ture of these measurements [308]. Comparison of the results show important system-

atic variations in the interfacial structure that are controlled by the sample

environment. Substantial changes were observed in the thickness of the continuous
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density profile associated with the fluid water layer above the interface, with negligi-

ble fluid water under ambient conditions and a �30-Å-thick film at 55 �C. At the

same time, two discrete peaks associated with the adsorbed water were observed un-

der all of these conditions, even at ambient conditions and 40% RH when the fluid

water film was largely absent. Perhaps the most interesting aspect of these data con-
cerns the variation of the adsorbed water heights. While substantial changes (�1/

2 Å) in the heights of these adsorbed water molecules are observed between ambient

conditions and at 25 �C and 45 �C in the environmental chamber, no substantial dif-

ferences were observed between 45 �C and 55 �C even though the water film thick-

ness changed by �20%. Furthermore, the high-temperature structure was found to

be equivalent to that found previously in measurements of the KDP–water interface

(i.e., as described in Section 2.4.1) [309]. The sensitivity of the adsorbed water layer

height, especially under the driest conditions, suggests that the coordination of water
to the substrate lattice is directly influenced by the availability of fluid water mole-

cules to complete the adsorbed water molecules coordination shell. In particular,

the overall reduction in adsorbed water height with decreasing RH is consistent with

the increased bonding strength for undercoordinated species as expected from the

bond valence model. These results also directly highlight the important structural

differences in mineral–water and mineral–water vapor environments, as well as dem-

onstrating the potential to bridge these differences under sufficiently wet conditions.

No theoretical studies have yet been performed to which these results can be com-
pared directly. The crystal structure of KDP has, however, been discussed in the con-

text of bond valence analysis, in which the lattice is stabilized through strong

hydrogen bonding between chemically equivalent phosphate units [143]. Although

normal hydrogen bonds are expected to provide �0.8 v.u. when directly bound to

an oxygen atom and �0.2 v.u. when associated with an oxygen atom through a

hydrogen bond, the donating and accepting hydrogen bonds in KDP provide

0.6 v.u. and 0.4 v.u., respectively. This difference, if extrapolated to the KDP surface,

might explain the high degree of order found in this system, as these stronger hydro-
gen bonds might lead to a larger adsorption energy of the adsorbed water species.

3.2.2. Brushite (010)

Brushite, CaHPO4 Æ 2(H2O), is a model biomineral with a structure and composi-

tion that are more complex than those of other biominerals (e.g., calcite, apatite)

since it incorporates water into the bulk crystal structure. Brushite is a major com-

ponent of kidney stones and may be involved in the mineralization of bone and teeth

[310,311]. Unlike apatite, brushite is a layered structure with alternating CaHPO4

bilayers separated by water bilayers. When grown in gels, brushite crystals form

platelets expressing the (010) surface that are parallel to the CaHPO4 layers. Because

water is a primary component of the lattice, one might expect the water structure at

brushite surfaces to be more extended and/or ordered than hydration structures

found at other minerals, for which an inherent lattice mismatch or strain might pre-

clude extended ordering. Consequently although a water termination of the lattice

might be expected, the nature of that termination is unknown. The brushite lattice

is monoclinic with surface lattice vectors ja1j = 6.239 Å, ja2j = 5.812 Å, and
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ja3j = 15.18 Å. Due to the A–B stacking of the brushite layers along [010], the dis-

tance between subsequent CaHPO4 bilayers is ja3j/2 = 7.59 Å.

The brushite lattice has four possible terminations because of its lattice structure

(single or double layers of either water or CaHPO4). Measurements of the brushite–

water vapor interface, including the specular (0,0) rod, plus the (2,0) and (2,�2)
non-specular rods, were made in an environmental sample chamber in which the

humidity in the vapor phase was fixed at 100% [312]. The vertical structure in brush-

ite is symmetrical about the unit cell center. The specular CTR intensity should ex-

hibit a pseudo-node near the (020) Bragg peak by termination interference, if the

outermost unit cell of brushite—as defined by the lattice termination—retains a cen-

ter of symmetry [217]. For brushite, the two terminations that satisfy this condition

correspond to lattice terminations of either a single water bilayer or a single CaHPO4

bilayer. A calculation of the specular reflectivity for the case of a single water bilayer
(Fig. 20a), shows a pseudo-node (i.e., a sharp dip in the reflectivity whose minimum

is nonetheless non-zero) just above the (020) Bragg peak. A similar result with a

pseudo-node just below (020) would be found for the single CaHPO4 termination

[217]. The experimental specular reflectivity data do not exhibit these pseudo-nodes

and therefore these terminations can be ruled out. The other two possible termina-

tions correspond to the double-water bilayer termination, or to the double-CaHPO4

bilayer termination (i.e., without vertically organized water layers). Such termi-

nations are not distinguished, however, by the specular reflectivity data for an
Fig. 20. (a) Specular and non-specular CTRs of the brushite (010)–water vapor interface. (b) Electron

density profiles and (c) structural schematic of the derived interfacial structure. As in Fig. 19, density

profiles are shown corresponding to the actual profile and the part of that profile that is laterally ordered.

Figures reprinted with permission from J. Arsic, D. Kaminski, P. Poodt, E. Vlieg, Liquid ordering at the

brushite-{010}–water interface, Physical Review B 69 (2004) 245406. Copyright 2004 by the American

Physical Society.
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ideally-terminated lattice [217]. This ambiguity is resolved by measuring non-specu-

lar reflectivity data. Intensity calculations for the (2,0) CTR show substantial dis-

agreement with the data when two laterally ordered water bilayers are included,

but they show agreement for a surface with only a single laterally ordered bilayer.

This result suggests that although two water bilayers are present, both vertically or-
dered, only the first bilayer is laterally ordered and consequently visible to the non-

specular CTRs. Refinement of this structure revealed that the first bilayer was dis-

placed from its bulk position by only �0.15 Å, while the second bilayer was out-

wardly displaced by a larger 0.3 Å. This outward displacement of the second

bilayer is consistent with a laterally disordered layer that is presumably only loosely

associated with the interface. Internal displacements within a given water bilayer

were not included in the analysis, because the Q range of the experimental data does

not resolve the two water molecules along the surface-normal direction, since they
are separated by �0.5 Å along this direction whereas the vertical spatial resolution

of the X-ray scattering data is p/Qmax � 1.2 Å.

No computational studies of the brushite–water interface have yet been done to

which these results can be compared. However, indirect insight into the properties

of interfacial water has been probed through the adsorption of a fibronectin, a pro-

tein associated with the adhesion of cells to extra-cellular materials [313]. In partic-

ular, fibronectin did not adsorb to the (010) surface of brushite, but it did adsorb to

{100} faces. Parallel studies showed that fibronectin also adsorbed to the calcite
(104) surface. Since the brushite (010) surface is the only one of these that expresses

water molecules as part of the crystal structure, it was assumed that these differences

in protein–mineral interactions reflected the role of ‘‘crystal-bound’’ water in the

brushite (010) surface lattice. These results for brushite, and those discussed above

for calcite (Section 2.2), suggest instead that these differences cannot be simply asso-

ciated with the presence or absence of a hydration layer, since a hydration layer is

observed for both systems. The brushite (010) hydration layer (in contact with water

vapor) is �4 Å thick and consists of two water bilayers, while for calcite a single
hydration layer is found having roughly half that thickness. This suggests that the

difference in protein–surface interactions may be derived primarily from the thick-

ness of the two mineral�s surface hydration layers.

3.3. Halides: sodium chloride (001)

The sodium chloride (NaCl) (001) surface (Fig. 21a) is perhaps one of the sim-

plest mineral–water interfaces in terms of both structure and chemistry. The (001)
surface has perfect cleavage and a square lattice with two interpenetrating face-cen-

tered cubic lattices occupied separately by Na+ and Cl�. Consequently each ion is

octahedrally coordinated by ions of the opposite charge and the two ions are ex-

pressed with equal density at the (001) surface. The crystal structure is cubic with

a conventional unit cell lattice spacing of a = 5.62 Å. This results in a surface unit

mesh with an area of 15.8 Å2 having two Na+ ions per unit mesh.

Early measurements of water adsorption to NaCl(001) surfaces performed by

FT-IR showed no evidence for an ordered water monolayer [314]. Subsequent



Fig. 21. (a) Top view of the NaCl(100) surface, indicating the derived location of the first adsorbed water

layer. (b) Specular and non-specular CTRs of the NaCl surface at various levels of hydration. (c) Derived

total and laterally ordered electron density profiles (dashed and solid lines, respectively) as a function of

hydration. Figures are reproduced from [322]. Reprinted with permission from J. Arsic, D.M. Kaminski,

N. Radenovic, P. Poodt, W.S. Graswinckel, H.M. Cuppen, E. Vlieg, Journal of Chemical Physics 120

(2004) 9720–9724. Copyright 2004 by the American Institute of Physics.
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UHV studies at cryogenic temperatures (�150 K) by LEED and photoelectron spec-

troscopies showed evidence for distinct gas, 2D, and 3D adsorption regimes [315]. In
the 2D adsorption regime, a well-defined monolayer phase having a C(4 · 2) struc-

ture [315] was interpreted in the context of a distorted ice bilayer structure. Helium

atom diffraction studies at cryogenic temperatures confirmed the presence of a water

monolayer adsorbed under UHV conditions but showed a (1 · 1) diffraction pattern

that was identical to that of the substrate, indicating no ordered superstructure and

implying that each water molecule was adsorbed to a single site. Theoretical models

performed in conjunction with the He atom scattering results revealed an adsorption

energy of �50 kJ/mol, explained solely in terms of electrostatic interactions. Atomic
force microscopy studies of NaCl(001) surfaces in contact with both aqueous solu-

tions [316] and as a function of relative humidity [317] clearly demonstrate that the

morphology of cleaved NaCl surfaces in contact with water is dynamic.

Quantum-mechanical calculations show that although individual water molecules

adsorb with a dipole moment along the surface-normal direction [318], the water

molecules adsorb associatively at a height of �2.3–2.5 Å above the Na+ site with

the water dipole oriented parallel to the surface [318–320]. A more complex
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C(4 · 2) structure found at higher coverage is similar to the hexagonal ice structure

with water molecules in multiple local environments and two distinct heights of 2.5

and 3.5 Å [320]. Calculations that include surface displacements in the substrate lat-

tice find that the C(4 · 2) bilayer structure is disrupted at 150 K. Molecular dynamics

simulations of the NaCl(100)–water interface [59,321] show that the first three layers
of water molecules adjacent to the interface tend to form discrete layers at heights of

�2.2 Å, �3.5 Å and 6 Å and that the water dipole moment for the first layer is ori-

ented parallel to the surface. Simulations for monolayer and submonolayer cover-

ages show that water molecules are adsorbed to the Na+ sites, in agreement with

earlier quantum-mechanical calculations [59].

Measurements of specular and non-specular reflectivity by Arsic et al. (Fig. 21b)

directly probed the variation of the NaCl structure using the (0,0), (1,1) and (2,0)

CTRs at various hydration conditions: at UHV, in a dry N2 atmosphere, and finally
at 45% and 75% RH [322]. The data show clear trends as a function of water partial

pressure: although the non-specular (1,1) rod shows a substantial increase in the

scattering intensity between the substrate Bragg peaks as the water partial pressure

is increased, the specular rod shows a decrease in the measured scattering intensity at

the mid-zone position, L � 1, as well as a small but significant higher-frequency

modulation suggesting the formation of a multi-layer water film. Analysis of these

data revealed the structures in Fig. 21c. As in the KDP–water interfaces, the results

are presented to highlight the total electron densities as well as the effective density
profiles as seen in the non-specular CTRs which show only the laterally ordered

material.

Measurements of the NaCl(100) surface in vacuum (after cleavage in air and sub-

sequent annealing for 30 min at 60 �C in vacuum) show the presence of an adsorbate

layer interpreted as a water layer [322]. Indeed, analysis of this surface revealed that

the adsorbate is consistent with a complete water monolayer (1 water per surface

Na+ ion) located 1.55 Å above the surface Na+ ion. This water layer has a well-de-

fined height with a rms height distribution of 0.1 Å but a lateral rms width of 1.5 Å,
suggesting it is well-ordered in the vertical direction, but is poorly ordered in the lat-

eral direction. The lateral disorder does not appear to be consistent with the lateral

static structural displacement of 0.8 Å that was derived from theoretical work for an

ordered monolayer of water [320,323]. Measurements show that the surface Na+ and

Cl� ions have similar outward displacements of 0.22 and 0.16 Å, respectively, corre-

sponding to a fractional displacement of 6.7% with respect to the traditional unit cell

spacing of 5.62 Å (consisting of two NaCl layers).

Measurements in dry N2 show significant changes with respect to the surface in
UHV [322]. The first water layer observed in UHV was still present with similar cov-

erage, lateral position, and rms widths, but it had a height with respect to the surface

Na+ ion of only 1.06 Å. In addition to this first layer, a second water layer was ob-

served at a height of 3.93 Å having an occupancy of 0.7 Å but with no evidence for

lateral order. Consequently this second layer is not visible in the density profiles de-

rived from the non-specular rods. The structural displacements of the NaCl surface

become substantially smaller in dry N2 and have vertical surface displacements of

0.06 Å and �0.04 Å for Na+ and Cl�, respectively.
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When RH is increased to 45% and 75%, significant changes took place involving

the occupation, height, and rms widths of the subsequent water layers [322]. The first

water layer in direct contact with the NaCl surface had a significantly smaller lateral

rms width of �0.6 Å and was found at heights of 1.54 Å and 1.19 Å, at 45% and 75%

RH, respectively. The second water layer, which was not laterally ordered in dry N2,
became modestly more ordered at 45% and 75% RH, with a lateral rms width of

�1.6 Å. At the same time, its height decreased monotonically with increasing RH

with heights of 3.4 Å at 45% RH and 2.3 Å at 75% RH. A third and fourth water

layer are observed at 45% and 75% RH, respectively. These layers did not acquire

any lateral order, but the third layer had a height that was sensitive to RH (as

had been found for the second layer), with heights of 4.5 Å at 45% RH and 4.0 Å

at 75% RH. The fourth layer was found at a height of 4.6 Å at 75% RH.

Comparison of these results to the previous experimental and computational re-
sults is difficult because of the differences in experimental conditions (e.g., cryogenic

temperatures in vacuum vs. ambient conditions with controlled humidity). However,

with those differences in mind, comparisons can still be made. The observation that

the NaCl surface in vacuum retains a single hydration layer (after cleavage in air) is

consistent with previous measurements showing differences for air- and vacuum-

cleaved samples [324]. The surface structural displacements for the air-cleaved sam-

ple in vacuum, however, were substantially larger (�6%) than those observed for

samples cleaved in vacuum [315,324], and those at ambient conditions for RH of
0%, 45%, and 75%. The most surprising result of these measurements is the observa-

tion that the first water layer was found at heights ranging from 1.1 Å to 1.6 Å. This

height is substantially smaller than the values of �2.3–2.5 Å derived from theoretical

studies and the expected Na–O bondlength of �2.4 Å based upon the crystallo-

graphic radii of Na+ and O2�.
3.4. Chromates: potassium dichromate (001)

Potassium dichromate (KBC, K2Cr2O7), has been studied for many years primar-

ily from the context of crystal growth [325–327] but also in the context of the mor-

phology of cleaved surfaces [328,329]. The KBC crystal structure consists of

alternating A–B–A–B layers along [001], where the A- and B-layers each contain

of two K2Cr2O7 molecules. An interesting aspect of the KBC system is that it exhibits

the phenomenon of hypomorphism, in which the macroscopically observed growth

structure shows a lower symmetry than that determined by X-ray crystallography.

This is reflected by observations that the growth morphology of the (001) and
(00�1) surfaces are different: the (001) surface is a smooth face with larger spirals

while the (00�1) surface is rougher [330]. Another key feature of the KBC structure

is that the A- and B-layers, while structurally similar are not related by symmetry and

the A-terminated face is found to be thermodynamically favored. Consequently, the

cleavage of KBC results in two non-identical twin (001) cleavage faces having distinct

A- and B-terminated surfaces. While the (001) surface is stable in contact with the

growth solution, KBC is known to develop an ‘‘etch-resistant layer’’ when placed
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in contact with air [330]. This layer can be removed by etching the surface in de-ion-

ized water but passivates the surface with respect to weaker etching solutions.

X-ray scattering measurements provided direct insight into many of these com-

plex interfacial phenomena, but especially the formation of the etch-resistant layer

[215]. Measurements of the (001) surface as a function of time in air showed that
the specular CTR exhibited strong changes (particularly at small Q) indicating the

formation of an etch-resistant layer. At the same time, there were no significant

changes to the non-specular (1,0) CTR. This indicates that the etch-resistant layer

is not laterally coherent with the substrate lattice. After etching this surface with

water, specular reflectivity measurements showed that the etch-resistant layer was

removed.

Measurements of the non-specular (1,0) and (2,1) CTRs were obtained at 40%

and 100% humidity, making use of the insensitivity of the non-specular CTRs to
the etch-resistant layer to obtain insight into the interface between the undisturbed

KBC crystal and the etch-resistant layer [215]. These results showed surprising sen-

sitivity to RH, with substantially weaker scattering and increased background at

100% RH with respect to the data at 40% RH that was similar to that found in

air. Analysis of these data by comparing to structural models leads to the conclusion

that KBC crystal retains the A-termination for both humidities with K+ at the sur-

face, but with different surface structural relaxations. The ability of the KBC surface

to restructure when changing from 40% to 100% RH suggests that the etch-resistant
layer is permeable to water.

Beyond the specific interest in KBC and crystal growth, an important aspect of

this work is that it demonstrates the potentially high sensitivity of a mineral surface

to its environment, especially as it is changed from a mineral–water interface to a

mineral–water vapor interface, and when the RH is changed. In particular, these

data suggest that while KBC in contract with its growth solution at thermodynamic

equilibrium is stable and morphologically smooth, when transferred to air and/or

environments with controlled humidity, significant changes were observed in the sur-
face structure and termination which were directly sensitive to changes in RH. These

structural changes include the development of an etch-resistant layer and a structur-

ally distorted interfacial structure. Separate AFM measurements suggest that an

additional water layer may be found on top of the etch-resistant layer, although this

was not observed in the X-ray results [331]. These results reveal a much more com-

plex surface termination than is found for any of the other mineral interfaces de-

scribed above.
4. Discussion and conclusions

4.1. Mineral surface termination

Mineral surfaces in contact with water (either as bulk water films or water vapor)

were found to have well-defined terminations and only minor structural displace-

ments with respect to the bulk lattice locations in most studies measured by X-ray
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reflectivity. In systems where comparable studies have been performed in UHV,

mineral terminations are clearly sensitive to their environment. For example,

Al2O3(0001) has an Al-terminated structure in vacuum [273], but an oxygen-termi-

nated structure in contact with water vapor (and after washing in water) [147], pre-

sumably because of the removal of the surface Al atom. Similarly, rutile (110) is
terminated by BOs and 5-fold coordinated Ti atoms in vacuum [129], but upon expo-

sure to water, the coordination of water to the bare Ti atoms results in complete pas-

sivation of the exposed Ti atoms leading to an oxygen-terminated surface [223].

A general conclusion of these studies is that structural displacements in the near-

surface region are generally small (in absolute displacements) and do not extend dee-

ply into the crystal. Even for systems such as Al2O3(0001), where the fractional

changes in interlayer spacing are large (�50%), the absolute displacements are mod-

est in size (<0.3 Å) and comparable, if somewhat larger than, surface displacements
found for other mineral–water interfaces. For nearly all of these systems, RH does

not influence the mineral termination but instead affects only the behavior of ad-

sorbed water layers and fluid water films. One important exception is the KBC

(001) surface which develops a larger-scale etch-resistant layer when the surface is

in contact with air, and the KBC–etch-resistant layer interface structure is shown

to be sensitive to RH.

4.2. Surface hydration layers

A common feature of mineral–water interfaces is the nearly universal observation

of ‘‘hydration layers’’ immediately adjacent to the mineral surface, as summarized in

Table 1. Beyond this first hydration layer, the degree to which these layers are influ-

enced by the mineral surface varies greatly. At one extreme, the interfacial water

structure at the muscovite–water interface includes a surface hydration layer, plus

what appears to be a weakly modulated fluid layer extending �10 Å from the sur-

face. This profile is qualitatively similar to the O–O pair correlation function in
liquid water. In some cases, including the orthoclase and fluorapatite surfaces, a

less-extended interfacial water structure is observed with a weak but significant mod-

ulation of the fluid water beyond the surface hydration layer. In other cases, includ-

ing calcite, rutile, RuO2, quartz, and barite surfaces, the only significant ordering

observed was the formation of the hydration layer itself. Measurements at the

KDP– and ADP–water interfaces did not identify any interfacial water structure,

but only non-specular CTRs were included in these measurements, and therefore fea-

tures of the interfacial structure that are not laterally ordered would not be observed.
These observations indicate that the nature and extent of any interfacial water layer

is quite sensitive to the details of the mineral surface. That is, both steric and chem-

ical effects play direct roles in the ordering of interfacial water. This is not surprising

from a fundamental perspective, because the structure and stability of an adsorbate

layer are normally intimately associated with molecular-scale features such as bond-

ing, steric effects, and lattice strain.

The primary surface hydration layer at these mineral–water interfaces was later-

ally ordered in all cases where such layers are known to exist and where the lateral
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structures were measured (rutile, calcite, RuO2). In each case, the order could be

identified either as due to the completion of surface cation coordination shells

(i.e., calcite, barite) or due to an interaction between the water molecules in the

hydration layer and the surface lattice oxygens. In the case of RuO2, both the surface

hydration layer and the surface oxygen lattice could be substantially changed with
the electrochemical potential: a surface hydration layer above the surface BO and

TO sites is formed at sufficiently positive potentials and is comparable to that ob-

served at the rutile–water interface. This shows that such layers may not be general

for all surfaces. Additional changes to the surface oxygen lattice are also observed,

but are probably outside the realm of control expected solely due to changes in solu-

tion chemistry (pH, ionic strength, etc.). Nevertheless, these results demonstrate that

there is thermodynamic control over the hydration layer. Therefore, we might expect

significant changes to the nature or degree of order in the surface hydration layer as a
function of solution chemistry, at least for systems where the surface layers are

weakly bound. Even where lateral structures were not probed, the derived water mol-

ecule coverage corresponded to a crystallographically dictated coverage associated

with a particular surface site (e.g., the surface metal cation at barite, the BO site

for quartz, the ditrigonal site in muscovite). In each case, these crystallographically

dictated coverages are substantially smaller than that of a dense water monolayer,

suggesting that epitaxy with the substrate is a dominant factor and implying (but

not proving) that such species are laterally ordered. Studies that probe only the ver-
tical structure (i.e., with specular reflectivity) are likely to miss aspects of the struc-

ture that are only weakly ordered. For example, non-specular reflectivity data were

needed to see the complete surface hydration layer for calcite, whereas only the most

ordered part of that layer could be seen with specular reflectivity. The observation of

2D ordered water structures in these hydration layers confirms the critical surface-

specific control of the ordering of interfacial water.

Studies of mineral–water vapor interfaces show similar richness in behavior, as

summarized in Table 2. Surface hydration layers were observed in nearly all cases
and were vertically ordered with respect to the substrate lattice. A continuous elec-

tron density profile associated with a water film was also observed for KDP. In most

cases, the hydration layer in direct contact with the substrate was laterally ordered.

An exception to this trend is the Al2O3(0001) surface, where the surface hydration

layer was only weakly ordered vertically, with no evidence for lateral order. Simi-

larly, measurements of Al2O3(1�102) in vacuum showed no evidence for adsorption

of water at vapor pressures as high as �2 Torr. Although all of these studies were

performed in contact with water vapor, studies at the NaCl surface made full use
of this extra degree of freedom to observe changes in the surface hydration layers

as a function of RH. In these studies, an interesting result concerned the develop-

ment of order in the hydration layer. A primary surface hydration layer was found

even under UHV conditions (after cleavage of the surface in air) but this layer was

only weakly ordered in the lateral direction. The same layer was found to acquire

more lateral order in dry N2 and an even higher degree of lateral order with respect

to the substrate lattice at 45% and 75% RH. In the case of KDP, a primary hydration

layer was observed under all conditions studied, but the precise position of the
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adsorbed water molecules depended upon the environmental conditions. Consis-

tency of this primary hydration layer structure with results at the KDP–water inter-

face was observed only when the laterally disordered fluid-like water layer exceeded

�25 Å.

Another interesting aspect of these data is the vertical extent of the hydration
layer formed mineral–water vapor interfaces. For Al2O3(0001) and brushite

(010), only a primary hydration layer was observed, even when measurements were

performed at 100% RH [147,312] with no evidence for any fluid-like layers. Similarly,

no adsorbed water layers were observed for Al2O3(1�102) surfaces in UHV, even

after exposures to �1.6 Torr of water vapor [287]. However, measurements of the

KDP (101) surface at 100% RH showed both a discrete hydration layer and a

�20 Å thick fluid-like water layer whose thickness varied from 10 Å to 30 Å when

controlled by temperature [308]. These observations show that the properties of
the thin-water films are strongly governed by the substrate surface, presumably de-

scribed by the wetting characteristics of water on these surfaces.

An important technical issue related to the mineral–water vapor studies concerns

the composition of the apparent hydration layers. Adventitious carbon can readily

adsorb to mineral surfaces in contact with ambient atmospheres. In nearly every case

described above, sample processing or transport through the ambient environment

means that such layers can be present. Interaction with fluid water might be expected

to displace adventitious carbon layers at the mineral–water interface because these
interfaces are close to equilibrium and are in contact with an effectively infinite res-

ervoir. Such layers are difficult to avoid at mineral–vapor interfaces; their formation

is likely to be thermodynamically driven because they can reduce the surface energy

of mineral surfaces, especially at low RH. At the same time, these layers tend to have

high X-ray contrast for mineral–water vapor measurements since their electron den-

sities can be roughly one-half of the substrate electron density. In the case of

Al2O3(0001), XPS studies showed that a fraction of the nominal hydration layer

could be attributed to adventitious carbon [147]. Such layers might account for some
of the unexpected variability observed in precise hydration layer heights as a func-

tion of RH [322]. Completely eliminating the sources of such adventitious carbon

(e.g., as impurities in the water vapor carrier gas) is exceedingly difficult except

through the use of UHV techniques. The UHV approach is often not appropriate

for these studies as the ambient atmosphere is an intrinsic part of the system. How-

ever, it should be possible to address the role that adventitious carbon might play in

these systems by measuring the reversibility of the X-ray scattering data directly as a

function of RH. To our knowledge, such studies have not been reported. Measure-
ments of the KDP– and NaCl–water vapor interfaces at multiple conditions, how-

ever, showed systematic variations of water film thickness, which is an important

first step in this direction [308,322].

4.2.1. ‘‘Ice-like’’ vs. ‘‘water-like’’ hydration layers

Much discussion in the literature has suggested the presence of ice-like behavior of

interfacial water, not only at mineral–water [93] and mineral–vapor interfaces

[109,272,307], but also at metal–aqueous interfaces [91,92,94] and at free water sur-
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faces [108,110,332]. These ideas derive from both spectroscopic measurements (pri-

marily non-linear optical studies) and structural measurements (e.g., X-ray scattering

and AFM measurements). Surface-specific spectroscopic measurements (using opti-

cal sum frequency generation, SFG) typically see both ice-like and �water-like�
behavior at solid–liquid interfaces, where this identification of behavior derives from
comparison of O–H vibrational stretch frequency shifts with respect to those found

in different phases of water. A more detailed analysis of the non-linear optical spec-

tra for water vapor interfaces suggests a more liquid-like interfacial structure

[123,333]. This behavior has been observed over a range of solid–liquid and solid–

vapor interfaces, suggesting that the results are general. In particular, two systems

in which SFG measurements have been reported that are most closely related to re-

sults derived from X-ray scattering measurements are the quartz–water interface (for

both fused quartz and crystalline quartz) [109,112] and the muscovite–water vapor
interface [272]. The correspondence between these measurements and the structural

results discussed above suggests that the ice-like water layer identified in SFG studies

corresponds to the primary hydration layer observed in X-ray diffraction studies, as

was first suggested by Reedijk et al. for the KDP–water vapor system [307]. In this

respect, the water-like peak in the SFG spectra may correspond to either the more

weakly vertically ordered water layers near the interface or to water molecules that

are orientationally aligned by the static electric field derived from the mineral surface

charge.
To what extent do these spectroscopically-identified ice-like surface layers have

properties associated with ice? Should this layer simply be viewed as a hydration

layer or adsorbed water layer? If the hydration layer is truly ice-like, its tendency

to form would be strongly controlled by the substrate lattice spacings, symmetry,

and interactions (covalent vs. ionic interactions). In addition, such layers should

have a structure corresponding to that of one of the many bulk ice structures. These

layers form on substrates of widely varying lattice spacings and are also laterally or-

dered. If these layers were truly ice-like, the epitaxial relationships between the water
and the substrate lattice should have a very strong influence upon the ability to form

such ice-like layers, much as the epitaxy of inorganic materials is strongly dependent

on lattice matching and strain. The generality of ordered surface hydration layers

suggests that it is unlikely that such layers can be characterized structurally as ice-

like.

In the case of muscovite, where the substrate lattice spacing and symmetry ap-

proaches that of hexagonal ice most closely (i.e., with a vertical spacing between

water molecules of �1.2 Å in the hydration layer, similar to the spacing of 0.9 Å
within a bilayer of hexagonal ice, and with a 14% difference in 2D lattice spacing be-

tween muscovite and ice structures), the most extended interfacial water structure is

found, having a complete hydration layer and weak modulation of the fluid water

structure �1 nm from the interface. Results of MD simulations, which show overall

agreement with the density profile derived from X-ray scattering results for the

muscovite–water interface, show that only the first adsorbed water layer is laterally

ordered, corresponding to the substitution of water (and/or H3O
+) into the ditrigo-

nal sites on the muscovite surface lattice. The lack of any lateral order in subsequent
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layers suggests that this hydration layer should be interpreted in the context of a

modulated fluid. However, the SFG studies for muscovite were performed in contact

with water vapor, and substantial differences in structure and dynamics for mineral–

water and mineral–water vapor interfaces cannot be excluded.

Perhaps the closest comparison can be made for quartz surfaces. SFG studies
show the ice-like and water-like spectroscopic features, both for the surface of fused

quartz (which is amorphous) and for the quartz (0001) surface [109,110,112]. The

X-ray scattering results for the quartz (101) and (100) surfaces in water clearly

show the presence of a hydration layer with little or no modulation of the fluid

water structure farther from the interface [221]. Analysis of the hydration layer

height and occupancy shows that the hydration layer is likely due to water hydro-

gen bonding to the bridging oxygens exposed at these surfaces. The overall similar-

ity of the SFG data for fused and (0001) quartz surfaces (with, however, subtle
spectroscopic differences in the ice-like layer for the two systems), plus the absence

of any ice-like structures in the X-ray reflectivity results, suggests again that the

ice-like layers seen in SFG studies correspond to the hydration layer identified

by X-ray reflectivity.

A separate indication of the nature of these hydration layers derives from their

properties. In particular, the formation of an ice-like layer might be expected to lead

to low reactivity of flat terraces on mineral surfaces by physical passivation (e.g., by

forming a solid surface coating that prevents the exchange of ions to and from the
solution). This has been proposed as an explanation for the observation that mineral

growth often occurs primarily at steps, as opposed to through homogeneous nucle-

ation at terraces [307]. This idea can be probed directly through measurements of ion

adsorption sites at mineral–water interfaces. Recent measurements at the rutile (110)

surface [223,334] clearly show that mono-, di- and trivalent ions are adsorbed as in-

ner-sphere adsorbates and can readily penetrate the hydration layer when they are

adsorbed at the interface. Similar observations have been made for muscovite sur-

faces [214,335], where ice-like layers have been spectroscopically identified [272].
Within the expected distribution of behavior and properties, especially given the

various structures and interactions of these diverse systems, we can reasonably infer

that the hydration layers observed in X-ray scattering measurements correspond to

the spectroscopically-identified ice-like features. The ice-like character of these layers

presumably derive from the restricted geometry of these adsorbed water molecules,

perhaps resulting in a hydrogen bonding environment that is locally similar to that

found in ice. This assignment suggests that the relative inertness of terraces at the

mineral–water interface is not a result of a physical passivation of the surface by a
solid ice-like layer, but instead by a chemical passivation of the terraces by the

adsorption of water molecules (e.g., by either completion of lattice cation coordina-

tion shells, or by hydrogen bonding to surface oxygens). The ability of ions to pen-

etrate this layer suggests that the hydration layer is dynamic and not static, and is

consistent with NMR data showing that exchange rates of oxygen in hydration lay-

ers varies by many orders of magnitude [336–338]. Definitive tests concerning the

nature of the spectroscopically-identified ice-like layers could be performed by

observing the effect of adsorbed ions on the SFG spectra in systems where inner-
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sphere ion adsorption is known to displace water molecules from the surface hydra-

tion layer.

4.2.2. Spatial extent of surface hydration layers

A number of interrelated formalisms and concepts can be used to consider the ex-
tent of ordering in surface hydration layers. As seen from the perspective of the bond

valence model, the net bonding strength available to a water molecule is fixed. Con-

sequently, a water molecule with one strong hydrogen bond will have correspond-

ingly weakened hydrogen bonding strength in its other interactions. This suggests

that water molecules in strongly bound hydration layers tend to have weakened

interactions with other water molecules, leading to compact hydration layers that

interact only weakly with fluid water. The ability to form an extended hydrogen-

bonded network in a surface hydration layer then necessarily requires an interaction
between water and the mineral surface that is relatively weak and comparable to

water–water hydrogen bonding interactions. This conclusion is consistent with the

observation that mineral–water interfaces having exposed metal cations (e.g., calcite,

barite) with strong substrate–water interactions show very compact hydration layers.

In contrast, the most extended hydration layers are found for silicates, in which bro-

ken bonds are saturated through formation of NBOs, and in which much of the

water interaction can be thought of as due to hydrogen bonding to the lattice oxy-

gens. The limitation of this simple picture can be seen by noting that quartz surfaces
do not show extended ordering, even though its surface is similar to the orthoclase

surface which shows a greater extent of ordering.

The observation of lateral order in hydration layers that is commensurate with the

substrate lattice, both at mineral–water and mineral–water vapor interfaces, means

that adsorbed water molecules generally adopt the substrate lattice spacings. In this

respect these hydration layers might be considered in the context of strained layer

epitaxy with hexagonal ice as the reference phase for the hydration layer. From

the large literature of inorganic epitaxy, it is clear that the vertical extent of any such
ordering is limited when there is significant strain. In particular, beyond a critical

thickness determined by the degree of film lattice strain, the film energy will be de-

creased either by changes in film morphology (e.g., islands vs. uniform film) or by

the introduction of dislocations. A typical critical thickness of �10 Å is found for

lattice strain of �4% [339]. Because the system with the best lattice match to hexag-

onal ice was found in muscovite, albeit with a �14% lattice mismatch, we can expect

that any coherent ice-like lattice would be extremely thin, probably only one molec-

ular water layer thick. This observation is consistent with experimental observations
by X-ray scattering for muscovite and other systems discussed above, in which order-

ing of water is limited.

The literature of the wetting of fluids on solid substrates provides some additional

insight. Here the ability of a fluid to form a continuous film depends on both the

interface energies and the long-range van der Waals interactions of the water film

with the substrate lattice [340–342]. Wetting behavior can be probed by contact an-

gles between the fluid and substrate lattices, or by measuring the thickness of the

wetting film as a function of vapor pressure. In this respect, wetting behavior is
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separated into regimes: non-wetting (large contact angles, no adsorption), incom-

plete wetting (formation of a thin film that is otherwise non-wetting to further

adsorption), and wetting (zero contact angle and diverging film thickness). The ready

formation of hydration layers in the mineral–vapor studies discussed above suggests

that formation of the initial ordered layer is due to relatively strong water–mineral
interaction, while the subsequent system-specific development of additional, often

laterally disordered layers are associated with the specific interactions of these

systems.

Finally, we compare to the ordering found at liquid–vapor interfaces by X-ray

scattering techniques. No evidence for layering of water at the water–vapor interface

is observed [343,344]. In contrast, similar measurements of liquid metal and binary-

metal alloy surfaces show layering that is qualitatively comparable to that found for

water at the mineral–water interface [204,345–349]. In particular, the correlation
length of the modulated surface layer was typically comparable to that in the bulk

liquid metal [343]. Because the correlation length of water is comparable to the water

molecule size, the perturbations of the fluid–water structure at mineral–water inter-

faces should be limited to a narrow region near the interface. The lack of observable

ordering of water at water–vapor interfaces highlights the central role of the mineral

surface in inducing order in the hydration layer, consistent with the expected strong

mineral–water interactions.

4.3. Summary

The work described here gives a snapshot of an area that is young but growing

rapidly, with the earliest work reviewed here appearing only in 2000. These data pro-

vide the first ‘‘structural’’ views of mineral–water interface structures and the prop-

erties of interfacial water that were previously accessible only through spectroscopic

and theoretical approaches. In particular, these results demonstrate that surface

hydration layers (that are vertically, and often laterally, ordered) appear to be a gen-
eral characteristic of mineral–water and mineral–water vapor interfaces. Given the

relatively recent appearance of work in this area, further developments in many

other mineral–water systems can be expected, as well as the fine-tuning of these ini-

tial results as more complete data are obtained and more systematic studies are

performed.

There are many areas where extensions of this work can be expected. Certainly

experimental results will be obtained for additional minerals and more detailed re-

sults for systems that have already been studied. These initial results show very
clearly that direct comparison of structural results derived from X-ray scattering

measurements with spectroscopic and computational studies has led to a deeper,

more complete understanding of these systems and has allowed potential gaps in

our understanding (either theoretical or experimental) to be identified. Additional ef-

forts to combine experimentally measured structures with computational results are

likely to yield substantial new insights. Such comparisons will certainly lead to a bet-

ter understanding of protonation at mineral–water interfaces, because protons are

essentially invisible to X-ray scattering. This may be addressed by neutron scattering,
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by making use of the strong contrast between protons and deuterons [105]. Measure-

ments of changes to the interfacial water structure as a function of pH are likely

to provide a new understanding of charged interfaces that is highly complementary

to earlier spectroscopic results [107,109–111]. The application of these techniques to

probe the properties of interfacial water at elevated temperatures, and especially un-
der hydrothermal conditions, is another important opportunity.

A major direction of future study concerns the extension of this work to probe ion

adsorption at mineral–water interfaces. Such studies can lead to a more complete

understanding of the electrical double layer structure. In these systems we can antic-

ipate additional complexity of phenomena, as competition between mineral and ion

hydration and long-ranged electrostatic attraction/repulsion to introduce an addi-

tional balance into the interfacial energetics, and direct competition for available sur-

face sites between adsorbing ions and the interfacial water. Although such behavior
has been extensively studied with X-ray absorption spectroscopy [38], only recently

has X-ray scattering been applied to such systems [223]. Use of other complementary

techniques such as X-ray standing waves [223,334] is likely to provide a powerful

complement to these X-ray scattering techniques.

Recent studies have shown the feasibility of probing the structure of fluids con-

fined between two solid walls [88,89]. Such studies, especially when applied with

higher resolution to understand the structure of confined water films, will bring these

techniques full circle back to some of the original phenomena that were a significant
motivation for much of the work described here.
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