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1. The Opening resulted. Thousands of students have taken courses from him, and he

) o ] ) i has developed lectures for the general public on science. He is now Indiana
Ambient liquid water always finds itself confined by one  University Chancellor's Professor Emeritus and continues research on

or more boundaries. For the water droplet, the boundary is;hin film water and the propt_erties of ice. He split_s his_time between Bl_oom-
the interface with its vapor. Sometimes two interfaces are ington, IN, and East Machias, ME, where he is writing a book on ice.
involved, as in the case where the water is trapped in grain . o o .
boundaries of ice. There are countless other examples of We continue by considering why thin film water is worthy
water confined by two interfaces whose geometry or separa-Of study.

tions can be controlled. In the case we shall consider, thin )

film water, there are also two interfaces. One is with the 2. Overview

surface of its supporting substrate, the other is with its vapor.

The film thickness is determined by the nature of the iconduct d ; d bient conditidmel

substrate, the water vapor pressure (or air relative humidity),fﬁm}ﬁ%n ucnorr]s,van evrerf\ |c$u;m f?r a:m nletT1 cor;] ' Ii | and

and the temperature of the system. In general, we shall be € him can have a prolound €fiect o e physical a
chemical properties of the substrate it covers. There are many

talking about ambient conditions: near room temperature, fundamental questions on the nature of thin films of water
say 20+ 20 °C, and water vapor pressures corresponding How thick are they? What are their freezing points and

to relative humidities from arid conditions up to 100%. The g ; ,
substrate surface can be either hydrophobic or hydrophilic abilities to dissolve molecules and ions? Are water molecules
~making up the film random or ordered? How are thermo-

When, as is often the case, the film has a thickness on the 4 : - ;
order of 1 nm, both the liquidsubstrate and the liquid dynammfprr]opert(ljesl qffecteg by thf f"g‘ th'Cknt?SS a_gd [t)he
vapor interfaces matter to the properties of the confined nhatur:e do the ubn edr'ylng su st&atef 'h'W ath(.:arflll € sal ﬁ out
water. This makes the properties of thin film water both the hydrogen bonding network within a thin film on a hy-
drophobic (nonwetting) or hydrophilic (wetting) surface?

interesting and a challenge to understand. For the experi- . 0 o . :
mentalist, defining the substrate surface is difficult because, How does chemistry within & thin film differ from chemistry

even if it is carefully prepared in a dry environment, it is !n.bulk Watelr. Indtflns r?V'eW’ we shall consrl]der:[ byd%xam'
likely altered by the introduction of water vapor. Almost all INing Several model Systems, Some approaches 1o addressing

solids are soluble to a certain extent, and many substratethese questlor?s. ) o

surfaces can chemically react with water. Water is, after all, ~The properties of ambient thin film water are of great

not a passive liquid. The theorist is challenged by never being Practical importance. Salt particles, thrown up from the

able to work with “real” water or the “real” substrate, but _€arth’s oceans, make up one of the most abundant particulate

its representation as limited by a web of approximations. Masses in the atmosphérVater coating their surfaces,
sometimes called a quasi-liquid layer, affects chemical
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Thin film water is ubiquitous. It coats insulators, metals,
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atmosphere is a likely prelude to cloud formatfoSmall Irving Langmuirl” In 1918, he measured water adlayers on
particles of a variety of solids (e.g., NaCl, detergents, mica and glass. His procedure, elegant in its simplicity,
fertilizers) manufactured annually in millions of metric ton involved taking many sheets of mica or cover glass slides
quantitie§ cake together in clumps because of adhering water from the ambient laboratory environment and stacking them
films, complicating their handling, packaging, and transport. into a small vial. The adsorbed molecules (principalbOhi
Thin film water participates in transformation of solitls, on these surfaces were driven off by heating to 30Gnd
including mineral weathering and corrosion, and also affects captured in a trap cooled with liquid air. The number of water
the properties of soil%.Yet despite its relevance, the view molecules caught, together with the known geometric area
of thin film water at the molecular level is incomplete. of the substrate surfaces, allowed a calculation of thin water
Thin film water on ice deserves special consideration. The film coverages: two molecular layers on mica and over four
suggestion that a liquid-like water layer resides on the surfaceon glass. If we view these insulator substrates as typical,
of ice at temperatures near its melting point dates to the work then we come to expect any insulator surface to have some
of Michael Faraday.Interest in this thin water film, now  water molecules stuck to it under ambient conditions.
variously called the premelting layer, surface melting layer,  Work since Langmuir on water adlayers has followed two
or quasi-liquid layer, has expanded over the years. Originally distinct paths. With the development of ultrahigh vacuum
confined to understanding the properties of blocks of ice, (UHV) technology, thousands of studies of water on metal
snow, or glaciers, thin film water on ice is now implicated and nonmetal surfaces have been perforfié¥Typically
in the electrification of cloud8 and interpretation of ice  water molecules on well-defined surfaces, as studied in an
cored! and is involved in a vast array of environmental UHV environment, are locked into an ordered structure for
phenomena including frost heave, soil freezing, and perma-long times (hours). The stability and order are dictated by
frost}? Chemical transformation of ice crystals in polar the strength of the adlayer bond or the low temperature of
snowpack® and stratospheric cloutfsaffects atmospheric  the substrate. For example, a monolayer g©Hhas been
ozone concentrations and is an interfacial phenomenon likely prepared on a NaCl (100) surface under UHV conditi®ns.
to involve thin film water. Heterogeneous ice nucleation At —130°C and a water vapor pressure of #énbar, helium
begins at a solid interface with thin film water as intermedi- atom scattering (HAS) diffraction and accompanying theo-
ary? Finally surface melting is now known to be a general retical analysis has revealed an ordered adlayer with each
phenomenon observed in many solids of which ice is perhapsNa*Cl~ surface ion pair covered by a8 molecule at a
the most complicatet?.In short, the study of thin film water ~ specific orientation.
on ice continues to be a lively research area. The path less traveled for water adlayer studies is for
The subject of water interactions with surfaces is vast. A exploration of ambient thin films. With equilibrium pressures
1999 article inChemical Reiewsdealing with the aqueous in the millibar pressure range, the scores of surface inter-
influences on metal oxides alone required 13 autforhis rogation techniques, helium atom scattering and low-energy
special issue ofchemical Reiews contains over a dozen electron diffraction, X-ray photoelectron spectroscopy, etc.,
contributions. Our review is then meant to be complementary. that depend on the low background pressures of the UHV
It is moreover restricted to only five substrates that each servechambers fail for ambient water thin film studies. However
as model insulators to host thin film water. Three are ionic four particularly successful general approaches have been
crystals: NaCl, MgO, and BaFA fourth, muscovite mica,  directed toward the investigation of ambient thin film
is held together by both covalent and ionic bonds. The fifth water: intermolecular force measuremetits; optical inter-
substrate is corundunm-Al,Os, bound solely by covalent  rogations, both linear (e.g. ellipsome¥y?® and infrared
bonds. Two important classes of insulators have been spectroscopy 2% and nonlinear (second harmoftiand sum
ignored. One would be a hydrogen-bonded solid. Its repre- frequency generatidfi38), and molecular simulatiorf8:42
sentation by ice is covered in the discussion of its surface Infrared spectroscopy has been a particularly valuable
melting layer for this issue by Dash et al. The other insulator diagnostic for thin film water studies and provides two impor-
type ignored is van der Waals bonded as represented, fortant levels of information. The first is from the spectroscopic
example, by the organic polymer polyethylene. The surfacessignature, which can provide insight into the hydrogen bond-
of these hydrophobic polymers should support water adlayersing networks, particularly in the region of thrg andvs H,O
to a limited extent. stretching modes. If there is no hydrogen bonding, that is,
In the substrates we have selected, we have further decide@as-phase pD, these modes are around 3700 énin liquid
to consider only well-defined faces: NaCl(001), muscovite Water the absorption is near 3400 chand for ice about
mica (001), MgO(001), Baff111), andx-Al,03(0001). We 3200 cmt. There are also accompanying changes in band
have thus ignored the vast and important literature dealing Shapes and optical cross sections. The second level of infor-
with water adsorption on powders and crystallites covered mation is the determination of film thickness. For example,
by a number of texts. The important class of amorphous if the band shape indicates a liquid-like film, then the bulk
substrates, for example, glasses, has likewise been neglectediquid water optical cross section can be used to estimate
Our restrictive choices have been made, in part, because théhe film thickness. These methods have been reviewed
well-defined surfaces can be reproducibly prepared and haveelsewheré:3!
been explored by a variety of experimental investigations

and with detailed theoretical study as well. 4. Thin Film Water Properties
We begin with a survey of methods for the study of thin
film water. 4.1. Coverage and Thickness

. - We can use two measures to define the extent of the thin

3. Methods for Studying Thin Film Water film on a surface. If we concentrate on the adsorption sites
The study of thin water films on insulators started, as did of the substrate surface, we can say that, on average, the

many of the pioneering investigations in surface science, with coverage is submonolayer, monolayer, or multilayer. This
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is the molecular view of the extent of the thin film. nm, an average from crystallographic d&and a mono-
Alternatively, the water film can be viewed as a continuum molecular slice of bulk liquid water from,,~%* = 0.31 nm.
with thickness measured between boundaries defined by the

substrate surface and the beginning of the vapor region. To4.2. Why Does a Thin Film Stick to a Surface?

cast these two views into more visual expressions, consider . . .
P Water is held near an insulator surface by energies that

Figure 1. can usually be partitioned among five typeslectrostatic
layer 3 dispersioninduction repulsion andhydrogen bonding®3°
[5) 640-960 pm Taken together, these energies account for the phenomenon
Vapor © of water physisorption. In the following qualitative discussion
of physisorption, we will concentrate on the example gbH
layer 2 on NaCl(001) with asides that will encompass other sub-
b Film e Qi: seo-edopm strates. . . . .
The electrical properties of the water molecule include its
dipole, quadrupole, and higher moments either located at a
single site or distributed among a variety of sites within the
Substrate 01?;‘2’;" molecule?” The dominant electrostatic interaction of®

with NaCl is by way of these electric moments and the
_ o _ electric field near the surface generated by the ions of the
Figure 1. Models of thin film water: on the left the continuum  gypstrate. To appreciate the magnitude of this type of energy,
model; on the right the molecular model. Reproduced with .,nqider first a HO molecule in the field of a single Na
permission from ref 30. Copyright 2000 American Institute of ion. The field strength. i | VA di
Physics. . gth, in volts per meter ( ), at distance
z from the center of the ion is given #y

A thin film in the continuum model is represented on the
left side of Figure 1. The film of thicknedsis sandwiched E=_4Y )
between its vapor above and substrate below. The film is 4716022
viewed as homogeneous and abruptly terminated at two
interfaces: film-vapor and film-substrate. Clearly this is  whereq = 1.6 x 10°%° C is the elementary charge of Na
an idealized view since it implies that the interface is ande,=8.85x 1072C V-t mtis the vacuum permittivity.
discontinuous. However, a physical interface separating Consider water and the ion at a separation defined by the
phases cannot be discontinuous since the atoms, moleculesoyching of their hard sphere radii. We take this distance to
or ions that define it are described by wave functions, which pe the sum of the Naradius (95 pr?) and the HO radius
are (in principle) infinite in extent. Moreover, the properties (140 pn#? and arrive az = 235 pm. Application of eq 2

of one phase influence those of an adjacent phase, blurringyields an electric field of 2.6< 101V m~. The energy of
the interface?® The transition from one to another becomes 3 dipole parallel to an electric field and favorably aligffed

not a step function but a gently changing profile, whose g
descriptions go back to the work of Gidhand Drude®

The molecular view of a thin film is taken from the work W(2) = —uE (3)
of Engkvist and Ston& A finding from their Monte Carlo
study of HO on NaCl(001) at 25C is presented on the and withy = 6.2 x 10-3° C m for H,0,*® we arrive atw =
right side of Figure 1. In this example, they have explored —96 kJ mot™. If we increase the distance of the molecule
a coverage 00 = 0.5. We can interpret this value to mean from the ion by the diameter of the water molecule, we arrive
that, on average, one-half of the Nsurface ions are covered at a separatiog = 515 pm to findW = —20 kJ mot?, still
by H,O molecules. But in this exploded view, some a considerable energy of attraction.
molecules are against the NaCl(001) and other molecules The electric field directly over an ion at the (001) surface

extend away from the surface. of the collection of ions that make up a cubic face-centered
In the discussion to follow, some researchers describe aionic crystal is given by the Lennard-Jones and Dent
film by coverage®, and others by thicknesk, It is useful expressioff
to connect these two quantities by
0s, E(2 = 8q > EXp(—7v'22/a) 4)
h=—=2 (1) 47'[60&
Pw

The separatioz is measured above an ion of chagend
where p, = 3.3 x 10?® molecules m?® is the density of the distance between nearest neighbor cation and an@n is

bulk water at 25°C*® and % is the surface site density. For = 282 pm for NaCF Comparison of eqs 3 and 4 shows
NaCl(001), this is 6.4« 10*®ions (Na or ClI") m~2.3% Using that, while the decay of electric field from a single ion is
® = 0.5 in Figure 1, we calculate = 0.1 nm. guadratic with displacement, the decay is exponential from

Neither® nor h make a satisfactory measure of thin film the surface of an ionic crystal. Using eq 4, we calculate
water. Since sites are only roughly covered in an ambient 0.8 x 10'°V m™! at z= 235 pm or roughly a factor of 3
film, ® makes only a crude quantitative description. And smaller than for the same displacement from a single ion.
for a very thin, for example, subnanometer, film its density The binding energy is comparably le¥8= —29 kJ motl™.
will not be homogeneous and will be much less thanin However, the big difference between interaction of the water
addition, the interface boundaries are blurred. with a single ion and a crystal surface comes about when

For future reference, it is convenient to note that the we displace the water molecule again by its molecular
effective packing diameter of a single water molecule is 0.28 diameter toz = 515 pm. This amounts to moving the
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molecule touching the surface, that is, in the first layer, to
the second layer. The exponential decay of the electric field
results in a binding energy 6f4 kJ mol?, a decrease by a Q‘JO
factor of 7 over that for the molecule touching the surface.
At a separation of 1 nm, the electrostatic binding is only
—0.4 kJ mof®. And while we have greatly simplified the ° ‘
electrical properties of water and ignored the details of its

orientation on the surface, this numerical exercise has
provided two lessons. The first is that the binding energy of
a water molecule at the surface of the ionic crystal is large
and, as we shall soon show, comparable to a hydrogen bond
energy. The second is that if the molecule resides in the 0 ‘ o
second or higher layer, its electrostatic binding to the ionic

substrate is negligible. Only the first layer is directly affected
by the electric field of the substrate.

An estimation of the dispersion energy between water and

the substrate is not so straightforward, but we can begin by 0 ?{Q 0

considering the van der Waals interaction between a single
water molecule and a single ion (or atom) within the
substrate. The dominant attractive term in the two-body
dispersion potential decays with displacement &s” If we o ‘ o
now consider a water molecule near a surface, we must

expand the number of participating ions (or atoms) by the
substrate volume proportional #4??> As a consequence, the
net attractive energy now decays onlyzg which might
appear less severe than the exponential dependence of thEigure 2. The structure of monomerA on NaCl(001): bottom
surface electric field. And indeed it is, though the diminution f::”g'vcti(r’ge‘ge‘&}"’ﬁh tgf S?ﬁgl CgcgeiZeoT/ig]vs 'igtécerm‘;éhsv "
of the dl_sper5|0n energy when water moves fro”? thg first pe?mission from reFf)p50. pCopy,right 1999 Americgn Institute of
layer = 235 pm) to the second layez £ 515 pm) is still Physics.

an order of magnitude smaller. So as in the consideration of

electrostatic interaction, the dispersion energy between awe can anticipate then that at least in the first adlayer of
water molecule and the substrate is only significant when it adsorbed water, hydrogen bonding within the film will be
resides in the first layer. as important as bonding of the film to the substrate. For the

Since both repulsion and induction energies also dependsecond (or higher layers), the water molecules will not be
on high powers of the displaceménthese two contributions  affecteddirectly by the substrate because the interactions
to physisorption, like dispersion and electrostatics, will only fall off so rapidly with distance. However, water in the
influence the energetics of molectisubstrate interaction  second layer will be affected by the water molecules in the
in the first layer. first layer that are bound to the surface.

To attach some quantitative numbers to the relative im-  When we come to consider the bonding of the first water
portance of the electrostatic, dispersion, induction, and repul-2dlayer to a covalently bonded substrate, for example,
sion energies, we refer to the calculations of Engkvist and &-Al20s, it will greatly depend on whether the surface has
Stone®® For a single water molecule atop the NaCl(001) been made hydrophilic by hydroxylation. The ability of a

surface, they find the electrostatic energy to+&7 kJ mot™, water molecule to participate in hydrogen bonding at thfa
repulsion energy at 43 kJ md| induction energy of-13 surface could compensate for the lack of electrostatic
kJ mol, and a dispersion energy ef13 kJ mof?, for a attrac_tions that it Would_ have with an _ioni(_: subs_trate. _

net binding energy of-40 kJ mot L. The optimum structure While hydrogen bonding, electrostatic, dispersion, and in-

they find, shown in Figure 2, has the water molecule duction add complexity to the structure of thin film water,

positioned nearly above Naand lying almost flat against repulsior_1 ann_e can account _for moIe(_:uIar layering. This is
the surface. This orientation, qualitatively different from the €ven evident in the distribution function for hard spheres
one we supposed in using eq 3, considers many electricadainst a hard surfaééNear liquid densities, the distribution
moments of the molecule and the intricate variation of the function achieves a maximum as the first layer of spheres
electric field over the surface to achieve a 2-fold increase in touch the surface. The second layer, in its turn, is restricted
electrostatic binding energy over our crude estimate. The netin its approach to the surface by the first layer and also exhib-
binding energy~40 kJ mot?, is a compromise among the its a distribution maximum. Third and higher layers exhibit

electrostatic term and the three other energy types, all with distinct, but decreasing, maxima as well. Layering of water
comparable values. against a hydrophobic surface has been demonstrated through

Before moving on to consider aggregations of water various calculatior’d and for water against NaCl(003).

molecules on the surface of other insulators, it is helpful to 4.3. Isotherms
consider the bonding within bulk liquid water. The enthalpy ™"

of condensation of water at & is —44 kJ mol*,*8 and Optical methods, such as ellipsometry and infrared spec-
the formation of a single hydrogen bond in the liquid is troscopy can provide the thickness or coverage of thin film
estimated to be about-25 kJ moll5 The numbers  water on surfaces. The shapes of isotherms have been sources
associated with hydrogen bonding energies are thereforeof information on adlayer or thin film structures since the
comparable to the binding of water to an ionic substrate. work of Langmuir®’
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Figure 3. Model adsorption isotherms. Reproduced with permission from ref 31. Copyright 2003 Springer-Verlag.

The shapes of four model isotherms are given in Figure The collective properties for a particular system are quanti-
3. Herepy is the bulk, equilibrium vapor pressure of water, fied by the Hamaker constaAtthat may be calculated from
and p its pressure over the substrate. In the first three of the bulk optical/dielectric properties of the three-layer system
these presentations, we have arbitrarily taggp = 0.1 for or found listed in table® The analytical form of the Lifshitz
half monolayer coverage. model is remarkably simple, with film thickness given by

The simplest form, that from the Langmuir model,
follows from the view that adsorption occurs randomly to h _{ A }1/3
available surface sites. When all sites are filled, the sur- " Y670 kTN o/

; . Py KTTIN p/pg]
face is saturated by the monolayer and no further adsorption
can occur. Lateral interactions are ignored and multilayer . . . .
adsorption is denied. The cryogenic physisorption of CO on V\f/(le:_have glotrt]ed this fr?rm of Egrioigermlgztg‘? final lpanel
NacCl(001), for example, has been accurately represented bf Igure 3 where we have také gé »avaiue
the Langmuir isotherri® typical of water on a hydrophilic surface.

The quasichemical model treats nearest neighbor lateral Another revealing form of the measured isotherm is its
interactions through the parametewi/(kT).5 The form of ~ Pehavior ap/po — 1. As discussed by Dashif the film is
the resulting isotherm fonw/(kT) = —4 (i.e., an attractive partially wetting, the coverage or thickness will terminate
interaction) is also shown in Figure 3. 'Ilhis isotherm is &t some finite value as the water vapor reaches its equilibrium
concave for low coverages with an inflection point@t= pressure. For a completely wetting surface, the coverage or

0.5. Above half-coverage, it becomes convex as it approachedhickness increases without limit @#po — 1.
saturation a® = 1. The physical interpretation of the adlayer It is appropriate here to distinguish between adsorption
structure is that, at low coverages, molecules adsorb ran-and wetting. Wetting is a concept going back to the 19th
domly and can be treated as a two-dimensional lattice gas.century and the ideas of Young and Dupté**¢In their
For high coverages, lateral interactions are responsible forcontinuum view, wetting was quantified by a contact angle
two-dimensional crystalline island formations. A coexistence that measured how a somewhat spherical drop rested on a
region at® = 0.5 finds both lattice gas and crystal phases substrate. The contact angle in turn depends on three
in the adlayer. At cryogenic temperatures, several small (interfacial) surface tensions: liquicsubstrate, liquietvapor,
molecule®® including HO® are well represented by the and vapof-substrate. Adsorption, as we have presented the
quasichemical isotherm. For,8 on NaCl(001) near 100 K concept, is expressed in microscopic terms and involves the
with the molecules nearly centered over ¥& they are interaction of the first several molecular layers with the
separated too far for hydrogen bonds to form, so dipole substrate. On this level, specific interactions involve the
attraction is the major lateral interaction. For these cryogenic molecules with the substrate, molecules with each other, and
studies, half-coverage occurs faipy < 1. molecules at the interface with the vapor. The convoluted
An analyticalmodel that incorporates multilayer formation details that connect these intermolecular interactions with
but ignores lateral interactions (e.qw = 0) is that of  the three surface tensions of Young and Dupre beyond
Brunauer, Emmett, and Teller (BE¥)The model contains,  the scope of this review. Israelachvili has some lucid
within its parameters, the enthalpy of adsorption. An example discussions connecting macroscopic and microscopic con-
of a BET isotherm (type Ill) is shown in Figure 3. The nature Cepts in surface phenomefa.
of the model allows multilayer formation as revealed by the
asymptotic approach of multilayer formation ps— po. 4.4. Thermodynamic Quantities
Despite its denial of lateral interactions, many experimental
systems are well represented by the form of the BET Thermodynamic analyses of isotherms, taken over a range
isotherm. of temperatures, yield free energy, enthalpy, and entropy as
The Lifshitz moded? is based solely on van der Waals a function of coverage. From these values, the changes in
attractions. The details of pairwise or many-body dispersion intermolecular bonding among the water molecules (the
interactions are encompassed in the frequency-dependenhydrogen bonding network) and bonding of water to the
dielectric constants of the media. Figure 1 represents thissubstrate can be assessed. In addition, it will be possible to
continuum three-layer model of the water thin film wedged gauge the ordering of water molecules on the substrate as a
between its vapor and the substrate to which it is bound. function of film thickness.

(5)
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Extraction of thermodynamic quantities makes use of the
expressioff

Po _AHW_AHQ S~ S
'n(p_g) ~ T RT R 6)

where AH,, is the enthalpy of adsorption of liquid water
(—44 kJ mot?! at 25 °C)*® and AHg is the enthalpy of
adsorption of the thin film at coverag®. The entropy of
liquid water isS, (70 J mott K1 at 25°C),* andSs is the
entropy of adsorbed water at a coveragedofin applying
eq 6, we plot Infu/pe) against IT using the appropriate value
of the equilibrium bulk liquid water vapor pressups, When
expressing the thin film in terms of its thicknesg™
replaces I in the above expression.

Absorbance

5. Some Systems

5.1. H,0/NaCI(001)

NaCl(001) faces can be easily produced by cleaving a Figure 4. Infrared spectra of a monolayer of water on NaCl(001)
single crystal with a hammer and chisel. The surface structureat 25°C together with calculated profiles of neat water and brine.
exposed has Naand CI ions arranged in a square array. Reproduced with permission from ref 30. Copyright 2000 American

These surfaces have been examined by a variety of tech.nStitute of Physics.

niques”° that show them to be atomically flat with Figure 4; other coverage values at a range of pressures
OgcaSKzDa' steps allowing smooth terraces for molecular liowed construction of the isotherm in Figure 5. To provide
absorption.

Water on NaCl(001) has been widely studied. For example,
monolayer HO on NaCl(001) has been investigated near
100 K by helium atom scattering (HAB)and low-energy
electron diffraction (LEED}? At these cryogenic tempera- o
tures, each water molecule is locked into an energy minimum °
configuration for times on the order of hours. The resulting l .
structures are monolayer crystalline arrays. By contrast, under °
ambient conditions (e.g.,80 °C and pressures of tens of 37 L
millibars of water vapor), the lifetime of an adsorbed water
molecule is easily calculated to be microsecotfdmd the
mobile adlayer structure is an ensemble of many irregular
configurations, as we can see in Figure 1. Water adsorption
has also been studied on the surfaces of NaCl crystailités.
However, since these defect-rich surfaces are poorly defined,
the properties of adsorbed water layers are difficult to °
describe. 19

The infrared transmission approach to this model system,
initiated in 1997 by Peters and EwidYy,has provided
considerable insight into thin films on well-defined surfaces.
In these experiments, a closely spaced stack of NaCl crystals 04
with (001) faces exposed was placed in a temperature- 0 3 6 9 12 15 18 21 24
controlled optical cell, which was set into the sample
compartment of a Fourier transform infrared (FTIR) spec-

trometer that was then evacuated. The small spaces betweeggg;eoi éi%?fémgogﬁ'éncﬂ?cgf&eﬁﬂr'iggd(rgglirit gi‘\l/:ér?atyaclose J

tmhienir%)z/ztdal ths(l,ati)r?teﬁ‘g?intheabgroers?igftlg n tgfe r\r):n())lr f:gss and open circles, respectively. Reproduced with permission from
mi: _ g9 p y p ref 30. Copyright 2000 American Institute of Physics.

maximized absorption by adsorbed water.

The spectra reveal a diffuse absorption associated witha context with an ambient environment, the water pressure
the vibrational stretching region of water molecules within needed to produce a monolayer on NaCl(001) corresponds
the films on the NaCl(100) surfaces. For example, the infra- to 40% relative humidity (RH), a rather arid condition.
red absorption spectrum of thin film water on NaCl(001) at  The isotherm for water on NaCl(100) in Figure 5 is rich
24 °C and 12 mbar taken from later wéPkis shown in in detail, its interpretation aided by the Monte Carlo
Figure 4 and compared with the calculated spectroscopic sig-calculations of Engkvist and Stone. At a coveragedof=
natures 65 M brine®® and bulk watef® The close similarity 0.5, two-dimensional islands form with ;8 molecules
of the neat water or brine profiles with monolayé@ & 1) hydrogen bonded both to each other within the island and
water is good evidence that the thin film is liquid-like. Use also to the surface. The panel on the right of Figure 1 has
of the optical constants of liquid water and the Beleambert given the results of this calculation as a “snapshot” of a
relation enabled th® = 1 coverage value for 12 mbar in  typical configuration.

T T T T T T
3900 3600 3300 3000
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aousdsanbijeg
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°
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More quantitative expressions of the molecular nature of  An example of their study of H,O/NaCl(001) is shown

the thin film are in the pair distribution functiong(2), shown in Figure 7. The upper panel shows a SPFM topographical
in Figure 6 for® = 0.5 and® = 3.0. Some details of these 8
1.0
8 =30
g@ '
05 | g4
=
24
0.0
0 0.5 1.0 1.5 : h ' '
Z/nm
Figure 6. Distribution functiong(z) of water molecules at distance - - : - : T
z from the NaCl(001) surface at coverages@®f= 0.5 and® = 80+ ; i : i i » 30%
3.0. Reproduced with permission from ref 39. Copyright 2000 : . . ’ :
American Institute of Physics.) 60+
distribution functions are revealing. For the submonolayer 40
coverage® = 0.5, not all the molecules are stuck to the
surface but spill out away from it. This was evident in the % 20-
Figure 1 presentation. For multilayer coverage,= 3.0, 1
there is distinct layering with three (nearly) regularly spaced 04 ) 4 .
maxima shown forg(z). But in addition water molecules 'n.a.xma“.v\;\fj«\-‘u‘«@‘»—*;,.«.cw,
populate the region beyond the third maximum fading out sl i i it . 72
only slowly beyond 1.1 nm or about four molecular diam- 40 i ’ . : il ;
eters. What appears to be a phase transition occurs between 0 1 2 3
® = 1 and® = 3 where the hydrogen bonding network um

now extends between layers of molecules as the film thick- Figure 7. Scanning polarization force microscopy of theCA
ens. The transition then is from a two-dimensional film to a NaCl(001) surface at 23C: top, topographic profile showing

three-dimensional film. The onset of deliquescence, the spon-Multiple step 8.5 nm high and monatomic step (marked by the
taneous dissolution of NaCl at 23 mbar, is signaled in the arrow) at 30% RH; bottom, contact potential of the same area for

h . : different relative humidity values. Reproduced with permission from
isotherm by the abrupt increase in coverage ab®ve 4. ref 73. Copyright 2005 American Institute of Physics.)

Foster and Ewint§ have measured a family of isotherms.
From the changing coverage values with pressure and tem-rofile of a region of the NaCl surface at 30% RH. The arrow
perature, they have been able to extract thermodynamic quanindicates a monatomic step (0.26 nm) with a uniformly
tities (AF, AH, A9 that characterize thin film water for smooth terrace on the right then dropping through a multiple
on NaCl(100). For example, the enthalpy of vapor condensa-step of 6.5 nm to another smooth terrace. The smooth terrace
tion to form the monolayer film is\H = —50 kJ mot?* or on NaCl(001) in this region is on the order ofuin wide.
more exothermic than that for the condensation to liquid The lower panel of Figure 7 shows the electrostatic contact
water, which is—44 kJ mot®. The monolayer film entropy ~ potential of the same area for different humidity values. At
at 55 J K moltis 15 J Kt mol™* lower than that for 30% RH, the electrostatic potential was5 mV over the
liquid water. In summary, water molecules are more strongly terraces. The monatomic step potential (60 mV) and multistep
bound to the NaClI(100) surface than in the liquid and are potential 10 mV) were more negative than the terraces.
more ordered. On increase of the humidity, the electrostatic potential

The infrared study of KD/NaCl(001) we have just Smooths out and appears to approach a uniform value of
reviewed and the calculations by Engkvist and Stone haveabout—20 mV. In the terrace regions, the authors suggest
conveniently side-stepped the issue of the dissolution of thethat the initial negative values of the steps at low humidity
substrate even before deliquescence. However, the early worlkare due to Ci solvation in the region of the steps. Increasing
by Hucher et af’ and later atomic force microscopic humidity causes the Clsolvation to spread out over the
studie§® 73 clearly point to water-induced surface changes terraces. It is important to note that there is not step
at low relative humidities. Shindo et ®have measured step movement in these images. The single and multiple step
migrations at relative humidities just above 40% RH, which positions do not change from 30% to 38% RH in Figure 7.
coincide with a rise in surface electrical conductivity and The authors report that the solvation is reversible for
step pattern changes recorded by transmission electrorhumidities less than 40% but for high values step movement
microscopy by Hucher et al. Impressive evidence for thin sets in and the surface is irreversibly changed.
film water induced surface changes is a consequence of We leave this exceedingly complicated system with many
scanning polarization force microscopy (SPFM) measured questions unanswered.
by the group of Salmerof.- 72 In this technique, the micro- . .
scope tip is charged relative to the surface it is interrogating. 2-2- H20/Muscovite Mica (001)
The resulting changes in force respond to polarization of the  Muscovite mica has been a popular substrate for the
surface including its thin film of water. investigations of thin film water. Its structure is that of
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stacked layers held together by electrostatic forces. Thetropy effects. In other words, a water molecule adsorbs inde-
details of the complicated architecture are clearly described pendent of whether a neighboring site is occupied. This view
by Pauling’ The atomic assay is Al »(SizAl)O 1o(OH),] ™~ is tantamount to denying the importance of lateral interactions
with the negative layer a tetrahedral network of alumino- such as hydrogen bonding. The linear regions of both the
silicates. Pairs of negative layers are held together by K Langmuir and BET isotherms for low coverages as shown
ions. Muscovite mica is easy to cleave into atomically smooth in Figure 3 are also a consequence of ignoring lateral inter-
sheets. The aluminosilicate portion remains intact and the actions. The finite thickness at saturation, about 2.5 nm from
K* ions become divided onto the newly formed (001) faces. Figure 8, is consistent with the authors’ finding that the con-
The positive ion partitioning is never quite even, and each tact angle is~6° to 7° rather than 0for complete wetting.
sheet initially is electrostatically chargédThese charges The lack of evidence for layering in the observed smooth
soon dissipate as bits and pieces from the ambient laboratoryisotherm of Figure 8 and the suggestion that the water
surroundings settle on the surfaces and neutralize them.nteractions are nonspecific suggests the possibility that the
While easy to prepare, the muscovite mica (001) faces areLfshitz theory could account for the observations. But alas
difficult to keep clean. So the experimentalist has the the form of the Lifshitz isotherm, based on van der Waals
challenge of preparing and maintaining pristine and defect- forces alone, does not fit the observed isotherm behavior.
free surfaces. On their side, the theorists can never work 5 thermodynamic description of thin film water on mica
with ree}l mica or pure water.but only their representation 55 peen provided by Cantrell and Ewdhgsing infrared
by the intermolecular potentials they select, the quantum gpeciroscopy to yield coverage information using the same
mechanics approximations, and the system size. procedures that generated Figure 4. Their room-temperature
Mica has an affinity for water, and its study since the 1918 igstherm resembles that in Figure 8. But extending their study
work of Langmuit’ remains the su’bject of some ambiguity. yer g range of temperatures from 0.6 to 251 they could
Following Turnbull and Vonnegut's conjecture that a close gyract thermodynamic quantities making use of eq 6. Figure
match between lattice constants of ice and a substrate mighly ghows the enthalpy of adsorption and absolute entropy of
facilitate the liquid water-ice phase transitioff, Jaffray et 6 agsorbed water as a function of coverage. The dashed
al’” and Bryant et al® investigated mica as a possible |ihg jn hoth panels of the figure delineates the values for
candidate as an effective ice nucleating agent. Wateryp | water. The error bars in coverage are derived from the
molecules adhering to mica should already be in a config- ncertainty in absorbance determinations. The error bars in
uration close to the crystalline structure of ice, reducing the enthalpy and entropy arise principally from uncertainties in

degree of supercooling necessary to induce nucleation.ihe pressure as a function of the coverage
However, mica does not initiate nucleation until the water The condensation of water onto mica is exothermic at all

is supercooled te-10 °C.* coverages with an extremum at approximat@€y= 1 as
The thickness of water film as a function of relative shown ?n Figure 9. In the model that%%scribesin)t,;rmolecular
humidity near room temperature has been measured bybonding of water in the liquid phas$é8* each molecule is

ellipsometry. Beaglehole et &8 determined that water wets . :
mica incompletely. They inferred a coverage of one statistical na rqughly tetrahedral hydrogen bonded arrangement with
its neighbors. At submonolayer coverages, most molecules

0, i 1,
tmhg? c;laxg;g}; Sefvljgis' Ifgﬁgggf‘rt]’l Mé??ﬁ: ?;i?\? ; l#sggdit bonded to the surface are not fully tetrahedrally coordinated.
approached 9%% Though it cloudys the picture even furthe)i Cantrell and Ewing visualized this situation as islands of
it should be noted that Elbaum and Lip§bneported that water molecules scattered across the mica. Water molecules
on the periphery of these islands will lack neighbors with

water wets mica completely. which to form intermolecular bonds, that is, they will have

Consider now the 18C isotherm of thin film on mica .
constructed by Beaglehole et’@lshown in Figure 8. The dangling bonds' As more water a}dso_rbs, n_@ar: L th?
clusters begin to coalesce resulting in an increase in the

:iittg%rtsvci?ﬁetﬁga;LZZZZE?L2ﬁ2?\23;§:;g\gncgvg:§/geis£ %C;E enthalpy of condensation becal_Jse water mplecules can bond
not only to the surface of the mica but to neighbors laterally

——— ] as well.

25 . The entropy of adsorption mirrors the change in enthalpy.

At the very lowest coverages, the water molecules are even

less ordered than those in bulk water. This is demonstrated

2.0 - 7] in the lower panel of Figure 9 where the entropy of the thin
L . film near ® = 0.2 actually exceeds that of the liquid. This
15 L _ may be a consequence of configurational enttbpgcause

the islands containing small numbers of water molecules are
randomly dispersed across the surface of the mica. As more
1.0 - / . water molecules are added to the surface, they are “locked”

f (nm)

. into position by their neighbors. The entropy decreases to a
05 L minimum near® = 1 implying the most ordered adlayer
' ‘..,o" arrangement.
I The extrema in the enthalpy and entropy@t= 1 are
0.0 MM’. P SEe— possibly a consequence of the thin film structure described
0.0 02 04 06 08 1.0 h b1 >
PR by M|randa_e_t aP! as an ice-like layer. Measurements of
Figure 8. Isotherm of thin film water on muscovite mica (001) at the conductivity of water adsorbed Fo mdica .ha\_/(.a also sug-
18°C. Reproduced with permission from ref 79 (http://link.aps.org/ 9€sted the presence of a structured first I&y&ignificantly,

abstract/PRL/v66/p2084). Copyright 1991 American Physical the decrease in entropy between bulk water and the entropy
Society. for ® = 1is 23+ 7 J K mol™%. The change in entropy for
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Figure 9. Enthalpy and entropy of thin film water on muscovite mica (001). The dashed line in the upper panel marks the value of the
enthalpy of condensation of liquid water from the vapor af@5The dashed line in the lower panel marks the absolute entropy of liquid
water at 25°C. Reproduced with permission from ref 33. Copyright 2001 American Chemical Society.

the liquid to crystalline phase transition for bulk water at 0 mica surface in a humid environment, images such as those
°Cis 22 J K mol™1.#8 The absolute entropy of the adsorbed shown in Figure 11 are observe&dinitially water islands
monolayer is therefore comparable to that of bulk ice. (the white patches in the SPFM images) form. And as

Odelius et aP® have explored thin film water on mica evaporation proceeds, moving from upper left to lower right
through a molecular dynamics (MD) calculation using an in Figure 11, the islands disappear leaving a water monolayer.
ab initio density functional framework. They arrive at a two- Analysis of the boundaries of these islands found a prepon-
dimensional hydrogen bond network in registry with the derance of angles of 120suggesting ice-like structures.
underlying (001) mica surface as shown in Figure 10. This An extensive MD calculation by Wang et ®lusing a
solid-like phase resembling a slice of thede structure is relatively large system (eight crystallographic surface unit
stable at room temperature and is consistent with the cells and up to 319 adsorbed water molecules) was able to
thermodynamic analysis. explore films up to 3 nm. In agreement with the work of

As the coverage increase® > 2, the enthalpy and  Odelius et al®¢ they find a stable surface structure for a full
entropy approach those of bulk water, indicating that the monolayer coverage but not two-dimensional or ice-like.
thickness of the film is increasing beyond the range of the There was orientational order of the lower water layer with
substrate forces. As the influence of the mica is reduced, their molecular dipoles directed toward the surface in
the water molecules behave more like molecules in the bulk. agreement with the calculations of Odelius. For molecules

The dynamic behavior of water films on mica has been near the film-vapor boundary, the dipoles tended to be
investigated by Elbaum and Lips8y using an interference  aligned along the interfacial plane allowing some non-
microscopic technique. A wetting layer of waterufn or hydrogen-bonded structures. This dipolar behavior is con-
more thick, is first formed on the mica surface. When the sistent with the findings of sum frequency generation (SFG)
temperature is raised, water evaporates and the film thins.studies’® which show dangling (non-hydrogen-bonding)
In the region of a few tens of nanometers, the film becomes hydrogens at the filmvapor interface but not for water

unstable and “dry” patches form on the mica. molecules next to the surface.
Salmeron and his group have extended these studies of The atom density profiles measuring the oxygen and
dynamic water films on mica using SPEW’ The nonequilib- hydrogen atoms of water as a function of its distance from

rium conditions are set not by evaporation as in the approachthe surface calculated by Wang ef&are shown in Figure
by Elbaum and Lipson but by capillary condensation on the 12. Of note is the distinct layering, up to five maxima@at
SPFM probe tip. On removal of the tip from a freshly cleaved = 3.38. But unlike the distribution for water on NaCl(001)
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Figure 10. Optimized structure of monolayer water on muscovite
mica (001) from molecular dynamics simulations. Reproduced with
permission from ref 86 (http://link.aps.org/abstract/PRL/v78/p2855).
Copyright 1997 American Physical Society.

5umx5um
Figure 11. Evolution of scanning probe force microscopy images
of water structures on muscovite mica (001) during drying.
Reproduced with permission from ref 87. Copyright 1998 American
Chemical Society.
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Figure 12. Atomic density profiles of water on muscovite mica

(001). Reproducedwith permission from ref 88. Copyright 2005
American Chemical Society.
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water were surveyed in recent reviet®8°Magnesium oxide

has received special attention for a variety of reasons. To
begin, MgO has an aesthetic appeal of being, like NaCl, a
face-centered cubic crystal and revealing on cleavage a (001)
face with a square lattice. The interaction of MgO(001) with
water has inspired a number of theoretical studies that suggest
that HO physisorbs to terraces and dissociatively reacts at
defect site§1% Some experiments have demonstrated
molecular adsorptioff,°° while others provide evidence for
dissociation-2%-105

Before looking in detail at any experimental approach or
theoretical calculation for the fate of water on MgO, we
can anticipate some results. The electric fields near the
MgO(001) surface should be much larger than those near
NaCl(001) for two reasons. The Lennard-Jones and Dent
relationship, eq 4, shows the importance of two substrate
parameters: the lattice constaat,and the ionic charge.

The lattice constant is much smaller for MgO than for NaCl,
and the ionic charges for MgO a#e2%® and those for NaCl
+1.59 These two parameters operate in directions that favor
a larger electric field over the anions (or cations) of MgO
than NaCl. The electrostatic contribution would therefore
favor strong electrostatic binding of,8 to MgO. Other
factors come into play as well, and the final theoretical result
using the approach by Engkvist and Stone gives the bonding
of monomer HO onto MgO(001) as-65.4 kJ mot?, sig-
nificantly greater thar-40 kJ mot? for H,O on NaCl(001f°

The arrangement of # on MgO(001) is qualitatively
similar to that of HO on NaCl(001) that we have shown in

at a similar coverage, see Figure 6, the oxygen spacings ard-igure 2. Monolayer structures on both substrates are

irregular. At® = 6.65, a slight increase (3%) in atomic

density at 25 A is interpreted as a response to the hydro-

phobic nature of the vapor interfag®.
5.3. H,0/MgO(001)

The surface science of metal oxides is well investigated,

the subject of at least one bo¥kand their interactions with

likewise similar in arrangement. But of course what we care
about in this review are not adlayers at essentiall0 K
calculation but those under ambient conditions.

The approach adopted by Foster and her group reveals
many of the properties of thin film water MgO(00®}. 108
The infrared spectra in the OH stretching region over a
range of pressures at @ are shown in Figure 13. The
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closely resembles that of the BET form in Figure 3. This

e=1.1 0.0005 | behavior suggested to Foster et al. that the film grows by
0.46 Torr way of three-dimensional island formati#t§Using a family
©-0.9 0=1.0 of isotherms over a temperature rangé0 to 40°C the
0.27 Torr 0.36 Torr enthalpy of adsorption was determined to be abe60 kJ
' mol~ for ® = 1, approaching that of neat water44 kJ
©=0.8 mol~%, above® = 3.
0.17 Torr It remains to discuss the deflection near 3700 tin the

©=0.6
H,0O/MgO(001) spectra. The assignment to the absorption

of OH™ bound to the surface seems likely. To begin, the
reaction of MgO with water vapor to produce Mg(QH3
thermodynamically favored withGy = —35.5 kJ mot™.

The otherwise smooth MgO(001) surface exposed to water
vapor at 25 mbar for 100 h at room temperature reveals the
growth of micrometer-size patches up to @ high when
interrogated with AFM7 suggesting some surface reactions.
The infrared spectrum of MgO powder exposed to an
L atmosphere with 100% RH shows a sharp feature at 3700
3900 3600 3300 3000 2700 cm ! attributed to absorption by hydroxyls on the crystallite
faces!%® The odd shape of the infrared signature near 3700
_ cm ! has a precedent. In their infrared study of Ofidrmed
Figure 13. Infrared spectra of water on MgO(001) at 2@. ot defect sites on NaCl crystallites, Dai et al. detected an
Reproduced with permission from ref 108. Copyright 2005 Elsevier. absorption centered near 3667 ¢m® When the OH

techniques used in obtaining these spectra were essentiallfontaining surface was covered by an adlayer of hydrogen

the same as those we have described for infrared studies offolecules, a slight shift in frequency occurred. The ratio of
H,O on NaCl(001). For both substrates, the thin film band the adlayer shifted absorption with the original absorption

centers and bandwidths are close to those of liquid water. 92ve & sigmoid feature: a negative going absorbance near
However a unique characteristic of the infrared signature of 3670 cni* and a positive going absorbance near 3664‘cm
water on MgO(001) is the sharp absorbance deflection near!n Figure 13, the negative going feature at 3720 tand
3700 cm. Nevertheless, assuming that the liquid water the shoulder (positive going feature) near 3680 treveal
optical constants can be used to determine coverages for thé Signature resembling that found for Oldn NaCl. Thus

thin films, they are noted in Figure 13, and the resulting there is evidence for OHon MgO(001) as well.

isotherm is presented in Figure 14. A S||ght hysteresis is What is not settled in the discussion of thin film water on
MgO(001) is to what extent the oxide surface has been

Water Pressure (Torr) hydroxylated. Thermodynamics ensures us of complete
6 1.2 3 4 5 6 7 8 9 hydroxylation; it is a question of kinetics of how long this
PR ISR SNNNrEN ST T NI T I R E—— W|II take
The presence of OHions at the surface of MgO are a
6 * type of substitutional defect. This defect will have associated
1 with it, among other things, a characteristic electric field that
5 will alter water adsorption. Other defects, adatoms, vacancies,
° steps, etc., will likewise alter the nature of water adsorption
and thin film formation.

5.4. H,0/BaF,(111)

1 ) * Barium fluoride, like NaCl and MgO, has a face-centered

l o cubic structure, but unlike these ionic crystals, its low-energy
2- 6 surface is (111)1° This surface exposes a hexagonal array
* of barium and fluoride ions whose lattice constant matches
that of the basal face of ordinary ice to within a few
percent!! This structural coincidence has motivated explora-
tion of the efficacy of Bak surfaces as an ice nucleation
agentt? The logic can be traced to the work of Bernard
——— Vonnegut who searched the crystallographic literature for
20 40 60 80 100 morphological matches of inorganic solids with ice. One of
% Relative Humidity these matches, silver iodide in the form of a smoke of
crystallites, was found to be particularly successful in cloud
seedindt!® However a variety of other substances including
testosteronél” certain bacteria!® and pulverized leaved®
evident with the closed circles for coverages obtained at whose morphological connection with ice is not apparent,
increasing pressures and the open circles for decreasingare also effective in ice nucleation. Nevertheless it has been
pressures. demonstrated repeatedly that surfaces that have lattice

This isotherm, as distinct from the ones we have examined constants close to that of ice facilitate growth in the form of
for H,O/NaCl(001) and kD/mica (001), is of a shape that hexagonal platelets’

Absorbance

Wavenumber (cm™)

© (H,0 / surface ion)

® 0

[ Jo) OgoCrb
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Figure 14. Isotherm for water on MgO(001) at €. Reproduced
with permission from ref 108. Copyright 2005 Elsevier.
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Many of the investigations of water on B#E11) have defined shoulder near 3200 ctDisregarding the shoulder,
employed UHV techniques. An X-ray photoelectric spectro- the band center and high frequency side of this profile closely
scopic study found evidence that water adsorbs dissociativelyresembles that of liquid water, see Figure 4.
on the surface, with the replacement of lfy OH". Defect Consider first the doublet profiles of the 2& lower
sites were proposed as reaction centérddelium atom  qyerage spectra represented in Figure 15. To begin, these
scattering (HAS) found a (k 1) monolayer HO structure  gpectra do not resemble the diffuse singlet spectroscopic
formed at 130 K, which disappeared on warming to room gjgnature of liquid water. Nor do they resemble the spectra
temperaturé!® A theoretical study by Nutt and Stoieusing of monolayer water on NaCl(001) represented by a broad
methods we have already described determined effeCtiveasymmetric band located near 3420 énfFigure 4) and
charges oft1.6 for B&" and —0.8 for F. They found a  aqgociated with a disordered two-dimensional hydrogen-
single water molecule positioned with its oxygen near the ponged network (Figure 1). Since there are two distinct
barium ion and its hydrogens toward nearby fluoride ions. teatres in the infrared spectrum of submonolayer water on

We move now to consider ambient temperature experi- Bar,(111), it was argued that, unlike the thin films on NaCl-
ments and calculations. Second harmonic generation (SHG)01), this adlayer is consistent with an ice-like bilayer even
measurements suggested pseudomorphous epitaxial growtlyy ampjient temperature. This interpretation is favored by the
of water on Baf{111):*' A molecular dynamics calculation  molecular dynamics (MD) calculations of Wassermann et
using a simple potential found evidence for the growthof I 51122 5t 27 °C. who find an ice-like bilayer bound to
ice?2 Atomic force microscopy (AFM) measurements on BaF»(111). The bilayer may be viewed as a lattice of buckled
thin film water on Bak(111)*® were reminiscent of the iy membered rings of ¥ molecules interconnected by
observations of water on mica (001). For the generation of hydrogen bonds. (The oxygen framework of the buckled six-
thin film isotherms and thermodynamic properties, we turn nembered rings of 4O is of the same symmetry as the
to an infrared study by Sadtchenko etl. _ carbon framework in the chair form of cyclohexane.) Devlin

The technique is identical to that already described for gng Buch have calculated the spectrum of the bilayer at the
water adsorption on NaCl(001), mica (001), and MgO(001). gyrface of an ice clusté?s The infrared profile of a bilayer
Absorption spectra of 0 adlayers on Baf111) at 25°C of water molecules on a structurally matched substrate, that
for various pressures are shown in Figure 15. At the lowest is, BaR(111), is likely to resemble the top bilayer on the
basal face of an ice crystal. The principle difference for BaF
(111) is that the lone pair in the lower layer is directed to a
B&* ion below, while in the ice case it is directed toward a
proton to which it hydrogen bonds. The calculation of Devlin
and Buch is for the infrared spectrum of aMice bilayer
at the surface of a 450 molecule cluster. To compare these
calculations to the kD bilayer, each vibrational frequency
was scaled by a factor to correct for the H and D mass
difference. A comparison of the calculated ice-likeCH
bilayer with the® = 0.8 spectrum of Figure 15 showed
reasonable agreement. An ice-like adlayer at temperatures
above the bulk-ice melting point can be rationalized since
the interactions of KD molecules with the substrate are
strong. As a consequence, the order is preserved in the
adlayer at temperatures above the ice melting point because
H,O molecules are immobilized at the adsorption sites.

Having argued that an ordered, ice-like bilayer ofCH
molecules forms on the Baf11) surface at submonolayer
and monolayer coverages, Sadtchenko et al. found it easy
to explain the spectral variation @& = 2. The spectrum of
such a liquid-like, disordered adlayer must be similar to
spectra of bulk liquid water. The two-band structure that is
present in the spectra at lows® coverages disappears, and
I a broad asymmetric peak centered at 3400‘dmobserved.

4000 3500 3000 2500 As _already mentioned, the profile at higher coverages is
similar to the spectra of neat water with one exception. An
Wavenumber / cm ™ ill-defined shoulder near 3200 crhcontributes significantly
Figure 15. Infrared spectra of thin film water on Ba@11). to the overall bandwidth. Some contrast between spectra of
Reproduced with permission from ref 124. Copyright 2002 Ameri- neat water and the spectra of high-coverag® lddlayers,
can Institute of Physics. however, is expected. It is possible that unlike water, the
multilayer HO films may not be completely disordered.
pressure, 2 mbar, the spectrum reveals a diffuse doublet. AWater molecules that are close to the surface of,Bl&R)
pressure increase to 12 mbar produces a nearly 3-foldmust be influenced by the substrate in such a way that their
increase in absorbance but only a subtle change in the doubleentropy is slightly lower than the entropy of the molecules
profile. Finally, in the upper spectrum, a pressure increase further from the substrate. The shoulder at 3200%¢mwhose
by 10 mbar has produced an increase in absorbance by mordrequency is the signature for ié& may be a manifestation
than a factor of 2. The resulting diffuse profile at 22 mbar, of the residual ordering of the surface boungOHadlayer
no longer a doublet, is centered at 3400 ¢mwith an ill- in the case of high coverages.

Absorbance
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contact angles. However the droplets eventually disappeared
resulting in a multilayer film. This observation is in accord
with the conclusion about the nature of variations in the
25°C adlayer structure during multilayer adsorption attributed to
the spectrum changes in the range from 12 to 22 mbar.
Indeed, a phase separation must occur initially after adsorp-

' tion of H,O molecules on the top of the ice-like adlayer that
2+ may manifest itself as liquid drops. The uniform liquid-like
film is observed when the disordering of the ice-like layer
is complete.

@ Enthalpy and entropy of 0 adsorption on the Bafd11)
surface have been derived from the isotherms spanning the
1 temperatures-1 to 25°C. The condensation of water onto
BaF,(111) is exothermic at all coverages. At the lowest
submonolayer coverages, the adsorption enthalpy becomes
the least exothermic. Indeed@t= 0.2 the enthalpy is-38

kJ mol?, which is a significant departure from the value
for liquid water. As suggested, the adsorption afOHon

oS : : : . BaF,(111) initially proceeds with formation of small islands
0 3 10 15 20 25 with a large number of incompletely coordinatechQH
p/mbar molecules on the periphery. At the island edges, the lack of

Figure 16. Isotherms of water on Bafl11). Adsorption is nelghb_or molecules with which to form hy_drogen bonds must
indicated by up arrow, desorption by down arrow. Reproduced with esult in a low value of adsorption bonding. As more water
permission from ref 124. Copyright 2002 American Institute of molecules adsorb to approach monolayer coverage, the
Physics. islands begin to coalesce. The resulting adlayer is character-
ized by an extended network of lateral hydrogen bonds and
therefore, the adsorption enthalpy is more exothermic.
Indeed, the adsorption enthalpy is most exothermi® at

The isotherms in Figure 16 further reveal the nature of
water adlayers on Bafl11)!}?* Recalling the statistical
nature of adsorption for systems under ambient conditions, 5 g The exothermic extremum 658 kJ mot? is signifi-

for the coverage stated to i = 1, the bilayer actually  canqy jower than the enthalpy of condensation of either ice
will not be complete but consist of islands with their upper (—48 kJ molY) or liquid water (44 kJ mot?). This value

layers partially covered by adsorbed molecules. Now con- ;¢ suggests that the interactions ofoHmolecules with

sider the interpretation of the low-coverage regi@n,<.0.5, the Baky(111) surface are strong. The enthalpy of adsorption
of the isotherm below 5 mbar. The spectroscopic signatures aasured at coverages close ® = 1 supports the

suggest small islands._ _Pr_esumably these low coverages,qnclusion that KD adsorption on Bafl11) leads to the
correspond to an equilibrium at the B@Fll) surface  formation of an ordered layer “nailed” to the substrate.

between a two-dimensional gas of®molecules and two- _ .
dimensional ice-like islands. The absorptions of isolated A\t H20 coverages abov® = 1, the enthalpy of adsorption
adsorbed KO molecules (the two-dimensional gas) are decreases S'gn'f'c.a”F'V and approaches 'the enthalpy of
presumably too weak to be detected because of both their2dSOrption of bulk liquid water. The change in the adsorption
enthalpy from—58 to — 44 kJ mof* is in agreement with

low concentration and low optical cross sections, the proposed transition from ordered to disordered, liquid
Th rption an rption isotherms are irreversible ;. ' .
e adsorption and desorption isotherms are ireversib eIlke structure of the KO adlayer on Bajf111) surface at

at coverages abov® = 1 as shown in Figure 16. Having ;
interpreted the variations in the spectra in Figure 15 as multllayer.cgver.ages. ) . )
evidence for disordering of the ice-like adlayer by adsorption ~ The variation in entropy of adsorption with coverage mir-
of water molecules on top of it, Sadtchenko using a kinetic rors the change in enthalpy. At low coverage, the entropy
argument showed that the hysteresis in the isotherm at 250f the HO adlayer on Bafis actually higher than the en-
°C further supports this conclusion. tropy .of bulk water. This may arise because many |s!ands
Hysteresis in the isotherm demonstrates that, dependingtontaining small numbers of water moleculeg contribute
on their history, two HO films of identical thickness may configuration entropy. Furthermore, the desorption of water
have different vapor pressures above their surfaces. Theremolecules is likely to occur via a two-step mechanism result-
fore, the observed isotherm hysteresis suggests that signifiind in alarge number of mobile desorption precursors, essen-
cant variations occur in the structure of the adlayer when tially H2O monomers, on the substrate surfé€és the cov-
the film thickness exceeds some critical value between one€rage increases, the entropy of the adlayer decreases rapidly,
and two monolayers. As they proposed, the variations in the achieving a minimum value of about 40 JKmol™* near
structure of the kD adlayer may consist in transition from ~ © = 1, which is significantly lower than the entropy of liquid
highly ordered hexagonal to liquid-like disordered structure Water. Note that the correspondi@y= 1 entropy value for
as the coverage increases ab@e= 1. The disordering of ~ Water on mica (001) is somewhat higher (Figure 9), suggest-
the thin ice-like adlayer covered by a liquid-like film must ing again that this substrate does not favor an ice-like adlayer.
be a kinetic process that is probably complete on the time At H,O coverages abow® = 1, the entropy of the adlayer
scale of their experimental measurement{20 min). Miura approaches 68 J K mol™%, near the value for water of 70
et al. have studied the kinetics of water adsorption on a J K- mol~1.#8 The increase in entropy from 40 to 68 JK
BaR,(111) surface at room temperature by AFM near 22 mol™! at multilayer coverages is in agreement with the
mbar!?® According to these results, the adsorption dPa proposed transition from ice-like to liquid-like structure of
= 1 film was followed by formation of droplets with small the HO adlayer on Baj111) surface.
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Another important conclusion follows directly from these 8
adsorption measurements. Since the enthalpy of adsorption
at ® = 3 coverage is equal to the adsorption enthalpy of o
H.O on the surface of liquid water, it is unlikely that the { 1 }
interactions of HO molecules with ions of BaFsubstrate | '
propagate through a distance greater than a fex® H '
molecular diameters. This conclusion is consistent with the |
findings®®-33for thick films of water on NaCl(001) and mica !

(001). 1

In their interpretations of low coverage thin film water | . % {
on Bak(111) as ice-like, Sadtchenko et'&t.later would 1 . *ﬁ
make a distinction between “ice” and “ice-like”. The ! t
molecular simulation by Nutt and Sto¥&showed that the !
six-molecular buckled hexagonal ring ob® molecules, a X

building block for ordinary | ice, was not a stable structure p’l
on Bak(111). A disordered bilayer structure was found to S Al T Y T 0
be a stable low coverage form of water. The experiments 0 20 40 60 80 100

and theoretical interpretations of Sadtchenko étactually ) % RH )
showed that an ice film was unstable on BdB1). Conrad Figure 17. Isotherms of water on-Al,03(0001) at 23’C. Circles

112 A - . are for water adsorption on calcined sapphire. Diamonds are for
et al**found that thin film water required supercooling 10 qornion on sapphire previously exposed to water and stored at

—30°C before freezing occurred. 413 K for 24 h. Filled symbols are for increasing pressure and open
symbols for decreasing pressure. Reproduced with permission from
5.5. H,0/a-Al,05(0001) ref 34. Copyright 2003 American Chemical Society.

Crystallinea-Al,05(0001) of high purity is commercially
available and can be cut and polished to expose (0001)
faces!?® Scratches or pits left from the polishing can be
annealed away by high-temperature treatment to produce a
atomically flat (ultrasmooth) surfadé? The (0001) face is
strained since the tetrahedral bonding of the aluminum atoms
to their oxygen partners in the interior of the crystal has been
broken in preparing the surface. These dangling bonds are; ordering of low-coverage adsorbed water molecules
available to reaction, and exposure to water causes the surface '
to be hydroxylated and be transformed irt®H groupst3!

The surface region is chemically better described by Al($H) 6. The End Game

rather than AlOs. There are a variety of recipes for preparing  How should the study of thin film water approach its
the surface ofr-Al;Os crystals, and the researcher needs to conclusion? We begin by trying to identify some patterns in
be careful which procedure to follow. the five systems reviewed.

Early studies of water adsorption arAl,O; used powders Since the topic is ambient thin film water, let us consider
(ground up crystalsy?But in these experiments, the variety the film thickness at room temperature and a relative
of crystallite surfaces exposed, the presence of defects, anchumidity of 50%. We use data available from the various
the complex nature of adsorption and desorption kinetics in studies and calculate the thicknessfrom coverage values,

a porous mediufii®have made analysis difficult. Eng et'&l. O, using eq 1. We find 0.5 nm for NaCI(00390.4 nm for
have examined the structure of hydrateeAl,O5(0001) mica (001)? 1 nm for MgO(001),°0.4 nm for Bak(111)124
surface using a synchrotron X-ray source. A highly polished and 1 nm foro-Al ,05(0001)3* Using p,,~*® = 0.31 nm for
single-crystal wafer ofo-Al;05(0001) was treated under a monolayer slice of bulk water, we find then coverages
stringent conditions. On exposure of the wafer to water vapor ranging from one to three for ambient thin film water on
at 27 °C, their analysis showed a structure intermediate these insulator surfaces.

betweerni-Al ;03 and the fully hydroxylateg-Al(OH)s form The thermodynamic measurements are available for all but
of alumina. the a-Al,03(0001) surface. If we make the comparisons for

Al-Abadieh and Grassidhhave recently studied thin film  monolayer coverage® = 1, we find the most exothermic
water on single-crystai-Al,O3 using infrared absorption  value for MgO(001) at-60 kJ moi? 1 and the least for
spectroscopy. The single wafers they used were heated inNaCl(001) at—50 kJ mot?,3° all values significantly more
air to 500°C but were not otherwise treated. Presumably exothermic than the enthalpy of condensation of neat water
some (complete) hydroxylation at the crystal surfaces took of —44 kJ mof*. The most ordered monolayer of those
place. Adapting the technique developed by Ewing’s gfF8up, measured corresponds to an entropy of 40-3 ol for
they measured the infrared absorption on these crystalthe film on Bak(111)!* This value is even lower than that
surfaces as a function of relative humidity to produce the of ice. The convergence of the thermodynamic values of the
isotherm shown in Figure 17. Notice that the coverage, which film to that of neat water corresponds to ab@uit= 3 for
is approaching® = 8 near 100% RH, is much higher than NaCI(001)3° mica (001)%¥ and Bak(111)24
any of the previous systems we have reviewed. The S-shape There is no obvious pattern in the shapes of the isotherms.
of the isotherm resembles that of the BET form (see Figure The form of the BET isotherm roughly coincides with the
3), as they point out. MgO(001), Bak(111), anda-Al,03(0001) isotherms. No

The infrared signatures of adsorbed water on their crystal successful interpretation of the mica (001) isotherm has been
surfaces contain a number of features in common with made. The complex behavior of the®NaCl(001) isotherm

spectra we have discussed. A negative going absorbance near
3700 cn* resembles an analogous feature observed & H

on MgO(001) tentatively assigned to chemically bonded
N_oH groups. A diffuse doublet near 3300 and 3400 tm
observed near monolayer coverage is suggestive of a similar
doublet in the HO on the Bak{111) system shown in Figure

15. Al-Abadieh and Grassian use this structure to suggest
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has been interpreted as a 2-D to 3-D phase transition, which (9) Faraday, M. Royal Institution Discourse, June 7, 1&(perimental

then converges to its deliquescence behavior.
The qualitative distinction in the infrared absorption
profiles in the —OH stretching region for ice and liquid

Researches in Chemistry and Physi@aylor and Francis: New
York, 1991.

(10) Dash, J. G.; Mason, B. L.; Wettlaufer, J.J5GeophysRes 2001,
106, 20395.

watep384 allow some inferences to be made about the (11) Rempel, A. W.; Waddington, E. D.; Wettlaufer, J. S.; Worster, M.

hydrogen bonding networks in thin film water. “Ice-like”

structures have been proposed for monolayer water on mica

G. Nature2001, 411, 568.
(12) Dash, J. G.; Fu, H.-Y.; Wettlaufer, J. Bep Prog. Phys 1995 58,
115.

(001) and BaK{111). In all cases, the band profile approaches (13) Conklin, M. H.; Bales, R. CJ. Geophys. Res993 98, 16851.

that of neat water at coverages of several molecular layers.

14) Peter, TAnnu Rev. Phys Chem 1997, 48, 785.
(15) Dash, J. GRev. Mod. Phys 1999 71, 1737.

What can be said about the evacuated substrate after the(16) Brown, G. E.; Henrich, V. E.; Casey, W. H.; Clar, D. L.: Eggleston,

introduction of water vapor? In all cases where data is avail-
able, there is a change. There is step migration on NaClf001),

patches form on MgO(00Zy/ the anion on mica (001)
becomes solvated, ardtAl,05(0001) undergoes hydroxy-
lation13! It is likely that the surface of Bafl11) becomes

C.; Felmy, A.; Goodman, D. W.; Gratzel, M.; Maciel, G.; McCarthy,
M. I.; Nealson, K. H.; Sverjensky, D. A.; Toney, M. F.; Zachara, J.
M. Chem. Re. 1999 99, 77.

(17) Langmuir, I.J. Am Chem Soc 1918 40, 1361.

(18) Thiel, P. A.; Madey, T. ESurf Sci Rep 1987, 7 (6—8), 211.

(19) Henderson, M. ASurf Sci Rep 2002 46 (1-8), 1.

(20) Bruch, L. W.; Glebov, A.; Toennies, J. P.; Weiss, JHChem Phys
1995 1103 5109.

(21) Derjaguin, B. V.; Churaev, N. V.; Muller, V. M. I8urface Forces
(Translation from Russian)Kisin, V. I., Kitchener, J. A., Eds.;
Consultants Bureau: New York, 1987.

(22) Israelachvili, J. NIntermolecular and Surface Forceécademic
Press: London, 1985.

(23) Shindo, H.; Ohashi, M.; Tateishi, O.; Seo,JAChem Soc, Faraday
Trans 1992 93, 1169.

(24) Hu, J.; Xias, X.-D.; Ogletree, D. F.; Salmeron, Bciencel995
268 267.

(25) Elbaum, M.; Lipson, S. G.; Dash, J. &.Cryst Growth 1993 129,
491.

(26) Beaglehole, D.; Nason, [Burf Sci 198Q 96, 363.

pitted 112

The nature of the water/vapor interface is being explored
by nonlinear optical spectroscopies and molecular simula-
tions13* But the influence of a nearby substrate on the thin
film/vapor interface needs investigation.

For the optical interrogation of the entire film, as opposed
to only the interfaces that nonlinear spectroscopies can
explore, the method developed by Zhang and E¥fshows
promise. With use of a prism of the substrate to be
investigated, attenuated partial reflection that penetrates the
entire film can dete_rmine water molecular orientation. Other (27) Furukawa, Y. Yamamoto, M.. Kuroda, $. Cryst Growth 1987,
substrate geometries can also be uséd. 82, 665.

Other systems need study. Investigations of the properties (28) Eeggmge, 'ID_-;ttRiggnS‘é% \2/\(/)-8%; Ninham, B. W.; Christenson, H.
of silica in its crystalline (e.g., quartz) or amorphous forms ) pererd s 3. Ewing, G%E.P’hys Chem B 1997, 101, 10880. Peters,
(e.g., various glasses) as supporters of thin film water have

] . J ) S. J.; Ewing, G. ELangmuir1997 13, 6345.
only just begurt®*-14° Organic polymer insulators are ripe  (30) Foster, M.; Ewing, G. EJ. Chem Phys 200Q 112, 6817.
for study.

(31) Ewing, G. E.; Foster, M.; Cantrell, W.; Sadtchenko, V. Thin Film
Water on Insulator Surfaces. Water in Confining GeometrieBuch,
We are only at the early stage of the end game. V., Devlin, J. P., Eds.; Springer-Verlag: Berlin, 2003; p 179.
(32) Sadtchenko, V.; Conrad, P.; Ewing, G.JEChem Phys 2002 116,
4293.
(33) Cantrell, W.; Ewing, G. EJ. Phys Chem B 2001, 105, 5434.
(34) Al-Abadleh, H. A.; Grassian, V. H.angmuir2003 19, 341.
(35) Shang, X.; Benderskii, A. V.; Eisenthal, K. 8.Phys Chem B 2001,
105 11578.
(36) Shen, Y. RSolid State Commuri998 108 399.
(37) Shultz, M. J.; Schnitzer, C.; Simonelli, D.; Baldelli,I8t. Rev. Phys
Chem 200Q 19, 123.
(38) Becraft, K. A.; Richmond, G. LLangmuir2001 17, 7721.
(39) Engkvist, O.; Stone, A. J. Chem Phys 200Q 112 6827.
(40) Dgppenschmidt, A.; Butt, H.-l.angmuir200Q 16, 6709.
(41) Wassermann, B.; Reif, J.; MatthuiasHhys Rev. B 1994 50, 2593.
(42) Furukawa, Y.; Nada, Hl. Phys Chem B 1997 101, 6167.
(43) Kroes, G.-JSurf Sci 1992 275, 365.
(44) Gibbs, J. WThe Collected Works of J. Willard Gibpbsongmans,
Green and Co.: New York, 1928.
(45) Drude, P.The Theory of OpticsLongmans, Green and Co.: New
York, 1902.
(46) National Research Council (US) International Critical Tables
McGraw-Hill: New York, 1926.
(47) Stone, A. JThe Theory of Intermolecular Force€larendon Press:
Oxford, U.K., 1997.
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