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INTRODUCTION

Role of fluids in earth systems with the focus on H,O

Geologic fluids (defined liberally as gases, liquids, and supercritical solutions) act as
reaction media, reactants, and carriers of energy and matter in the natural environment. Among
the many different types of geologic fluids, those containing volatile C-O-H-N-S species and
those enriched in chloride salts (brines) are of particular interest. They occur widely in varied
geochemical settings, commonly contain significant quantities of dissolved and suspended
compounds (complex hydrocarbons, organic macromolecules, colloids/nanoparticles), play
a crucial role as primary reaction media, and are important sources and sinks of greenhouse
gases. The consequences of coupled reactive-transport processes common to most geological
environments depend on the properties and reactivities of these fluids over broad ranges of
temperature, pressure and fluid composition. The relative strengths of complex molecular-
scale interactions in geologic fluids, and the changes in those interactions with temperature,
pressure, and fluid composition, are the fundamental basis for observed fluid properties.
Understanding these solvent-mediated interactions for broad classes of solutes and suspensions
in natural systems over the range of conditions typical of geologic fluids will greatly improve
our capability to model and predict fluid behavior, reactivity, and the partitioning of elements
and isotopes between coexisting species and phases.

Complex intermolecular interactions of C-O-H-N-S fluids (H,O, CO,, H, H,S, N,, CHy)
result in their unique thermophysical properties, including large deviations in the volumetric
properties from ideality, vapor-liquid equilibria, and critical phenomena. Water is one of the best
general solvents for inorganic materials due to its molecular structure and the distribution of
electric charge (Neilson et al. 2002). In aqueous fluids containing various solutes (electrolytes,
metals, organic/bio-molecules), numerous solute-solute and solute-solvent reactions lead to
specific interactions, including complexation, binding, local ordering, and clustering. Indeed,
a key goal in geochemistry is to develop a comprehensive understanding of the thermophysical
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properties, structures, dynamics, and reactivities of complex geologic fluids and molecules
(water and other C-O-H-N-S fluids, electrolytes, and organic-biological molecules) at
multiple length scales (molecular to macroscopic) over wide ranges of temperature, pressure,
and composition. This knowledge is foundational to advances in the understanding of other
geochemical processes involving mineral-fluid interfaces and reactions. It is also becoming
increasingly clear that organic molecules in aqueous and mixed-volatile fluids—ranging from
simple hydrocarbons and carboxylic acids to branched and cyclic compounds, to proteins
and humic substances—play major roles in controlling geochemical processes, not just at the
Earth’s surface, but also deep within the crust. The origin of life may be partly attributable to
the properties of such molecules in complex fluids under extreme conditions, as they appear to
play an important role in mineral reactivity and templating of mineral precipitates.

Fluid/fluid and fluid/solid interfaces are regions across which all elemental transfers take
place. The complex structural and dynamic changes that occur at interfaces can profoundly
affect hydrodynamics, reaction rates and reaction mechanisms. Recently, there has been
considerable effort devoted to behavior at ‘stable’ interfaces, involving the juxtaposition of
phases that largely retain their bulk characteristics at some distance from the interface. This
enables us to isolate the unique features of the interface, which are controlled in part by changes
in the compositions and state conditions of the bulk phases, whose structural and dynamic
properties are often better understood (e.g., Brown et al. 1999; Wesolowski et al. 2004).

Nanoscale porosity can be generated from structural modifications (Radlinski 2006, this
volume) in a reaction zone, and this process can be understood by correlating the extent and rate
of change of chemical and isotopic signatures with contemporaneous structural modifications.
Confinement of fluids in the porous reaction (leached) zones can impact fluid-phase behavior,
chemical transport across the zone, and reactivity. A molecular-level understanding of the
reactive interface between the product and parent phases is starting to yield a more predictive
view of time- and state-dependent reaction progress (e.g., Cole et al. 2004).

Finally, the importance of water in deep earth and planetary processes even at trace
levels, cannot be overstated (Williams and Hemley 2001). Water affects physical and chemical
processes such as melting, mantle convection and the chemistry of melts generated from the
earth’s mantle. How water is stored in the earth, what the water content of mineral phases is,
and how it is mobilized are key issues addressed by numerous methodologies, not the least of
which involves the use of neutron scattering and diffraction.

Why neutrons — hydrogen (and deuterium) is the key?

Given the complexity of natural geo-fluids and their role in mediating surface interactions
and reactivity with mineral phases, there can be no doubt that a quantitative understanding is
needed of molecular-level fluid properties and fluid interactions with solids. There is a wide
spectrum of analytical approaches that can be brought to bear, including, but certainly not
limited to dynamic light scattering, IR, microscopy (e.g., electron; force), NMR, synchrotron-
based X-rays, and neutron scattering and diffraction. When coupled with molecular simulation,
this wide array of methods provides the means by which we can interrogate the structure and
dynamics of fluids and their interactions with solids. Each of these provides a unique window
into the properties and behavior of fluids and their reactivity.

Neutron and X-ray scattering are two of the most important tools available to probe
the atomic structure of fluids, including aqueous solutions and complex liquids. Scattering
patterns obtained experimentally and the distribution function, g(r), are related through
Fourier transformation (e.g., Nielson et al. 2002). Interatomic distances, coordination numbers
and the extent of local order around a particular atom can be delineated through a quantitative
understanding of distribution functions, either individually, or as combinations (G,(r)) specific
to a particular atom (or ion; o or f3), or as total fluctuations (G(r)), of all species in the fluid.



Studies of Fluids & Fluid-Solid Interactions 315

The local structure can be divided into several parts such as the contact distance, next nearest
neighbor distance, etc., and eventually the end of short-range order (see Fig. 3 in Wilding
and Benmore 2006, this volume). Furthermore, from an examination of the shapes of the
correlation in g(r), one can obtain a qualitative guide to the degree of complexation (Nielson
and Adya 1997). Experimental structural information can be used to assess the interatomic
correlations in all types of fluids, and to test the robustness of simulations based on model
potentials for specific components.

There are a number of distinct advantages in using neutrons and X-rays to determine the
structure of fluids, glasses and other amorphous materials (see also Wilding and Benmore
2006). The principal advantage of neutron methods stems from the fact that neutrons interact
directly with the atomic nuclei within a molecule through the strong force and the interaction
is isotropic. Consequently, structural information in the form of g.p(r) is accessible directly
from the experimental diffraction data. The strength of this interaction varies irregularly with
atomic number, so that even isotopes of the same element do not have the same neutron
scattering cross-section or scattering length. For example, as shown in Table 1, the most
significant isotopic variation occurs for hydrogen, which has a coherent scattering length of
—3.74 barn, whereas for deuterium the scattering length is 6.67 barn. Therefore, two fluids
with the same composition of atoms but containing isotopically different nuclei (e.g., CH,
vs. CD,; H¥CI vs. H¥Cl, etc.) will yield different neutron scattering patterns. The fact that
neutrons are sensitive to hydrogen and differences between its isotopes permits observation
and measurement of the hydrogen structural correlations in water (and other hydrogeneous
phases) that are not easily obtainable by X-rays. In contrast to X-rays, neutrons are coherently
scattered equally strongly by light and heavy elements—i.e., hydrogen scatters coherently just
as effectively as manganese. Hence, neutrons can be used to probe the structure of molecules
containing lighter atoms. We will see later in this chapter that isotopic substitution will play a
pivotal role in determination of structural features of both simple fluids (e.g., H,O) as well as
more complex solutions such as electrolyte-bearing waters.

One final aspect of neutron interaction with fluids is worth discussing. The isotopic
compositions of molecular species can be tailored such that their scattering or diffraction
properties differ from one another and from solid matrices with which they may be interacting.

Table 1. Coherent scattering lengths (fm*) of important elements common
to fluids found on and within the Earth (from Enderby et al. 1987).

Element or Element or Element or
b b b
Isotope Isotope Isotope

H -3.74 4Ca 49 %Cu 11.1
D 6.67 #“Ca 1.8 Zn 5.686
oLi 1.87 Fe 9.51 %4Zn 5.5
TLi =22 3Fe 4.2 87n 6.7
N 9.36 3Fe 10.1 Ag 5.97
N 9.37 STFe 2.3 107Ag 7.64
BN 6.44 Ni 10.3 1A g 4.19
K 3.67 3N 14.4 1131 5.39
4K 2.58 ONi 2.82 115[n 4.00
Cl 9.58 O2Ni -8.7 Ba 5.07
3Cl 11.7 O4Ni -0.37 130Ba -3.6
¥1Cl1 3.1 Cu 7.718 137Ba 6.82
Ca 4.9 Cu 6.7

1 fm=10"m
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Hence, neutron scattering and diffraction permits interrogation of the structure and dynamics
of fluids at interfaces and within confined geometries. The behavior of fluids at interfaces or
in confinement commonly differs from their bulk behavior in interesting, and not necessarily
intuitive, ways. For example, how water (and other fluid species) orients and moves near and on
amineral (or biomolecular) surface or within a nanopore can be addressed by neutron techniques
which are non-invasive and nondestructive (e.g., Mamontov 2004, 2005). Indeed, a number of
neutron methods exist that allow the study of fluid structural properties involving translational
as well as orientational ordering of fluids on surfaces or within micro- or mesoporous materials
(Idziak and Li 1998). These topics will be discussed in detail later in this chapter.

Important molecular-level behavior amenable to neutron scattering and diffraction

While it is clear that no one method can sufficiently resolve structure at the required level
around all species in bulk complex fluids or fluids interacting with an interface, neutrons do
provide a unique probe useful in approaching certain aspects of a number of key molecular
issues. One prime example involves the phenomenon of hydrogen bonding which plays a
fundamental role in the structure, function and properties of many fluids of geochemical and
biogeochemical importance. The interaction manifests itself as a pronounced, directional
correlation between specific sites on neighboring molecules (Bruni et al. 1996). It also
produces a highly characteristic vibrational density of states in hydrogen bonded molecules,
and dramatically affects the thermodynamic properties of a fluid compared to what they would
be if the molecules interacted simply by van der Waals interactions. In crystalline materials the
hydrogen-bond direction will relate to some aspect of the crystal symmetry, but in disordered
fluids and materials the ordering effect of the orientational correlations is influenced by the
inherent disorder of the molecular arrangement (Dore 1991). The complexity of hydrogen-
bonded networks poses many problems that have still not been resolved and arguments persist
over the true cause of the hydrogen bond interaction. In fact, the question of how many bonds
each H,O molecule makes with its nearest neighbor was identified as one of the top 125
fundamental science questions (Kennedy and Norman 2005).

Perturbation of hydrogen-bonding and associated molecular fluid structures may arise from
either the presence of dissolved constituents (e.g., solutes in aqueous solution) or interfacial
interactions between a fluid and a solid such as a colloid or nanoparticle, a 2D mineral
surface, or within a porous or highly fractured network. A molecular-level understanding of
the nature of speciation of solutes in aqueous solution is a critical question with direct impact
on the quantities such as solid solubilities and the alteration of geological materials. Neutron
diffraction with isotopic substitution (NDIS) permits the direct determination of radial
distribution functions g.p(r), providing the appropriate level of molecular-level structural
detail. Small-angle neutron scattering and diffraction can also be employed in real-time
studies of the nucleation and assembly of macromolecules (e.g., biopolymers, including
proteins) and low-dimensional building blocks that give rise to crystalline nanoparticles. In
situ, non-invasive neutron methods permit interrogation of poorly constrained mechanisms
of transformation of a mixture of solid and fluid components into a complex extended solid
(Walton et al. 1999, 2002). Neutron scattering techniques are ideally suited for the study of the
structure and dynamics of atoms and molecules physisorbed on surfaces (e.g., Larese 1997,
1999) including processes such as multi-layer development, melting and rotational tunneling
on unreactive stable surfaces. Furthermore, structural and dynamical features associated
with chemisorption involving the formation of surface hydroxyl groups that saturate the
coordination of surface cations and complete the interrupted bulk crystalline network can
be “imaged” by neutron methods. The dynamical behavior of fluids and gases contained
within porous solids is controlled by processes occurring at the interface as well as the rates
of supply and removal of mobile components. The richness and complexity of fluid behavior
(e.g., phase transitions, molecular orientation and relaxation, diffusion, adsorption, wetting,
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capillary condensation, etc.) in confined geometries has been, and continues to be, the focus of
numerous applications of neutron scattering.

Objectives

The focus of this chapter is the application of neutron scattering and diffraction methods
to the study of fluids and their interaction with solid matrices. By way of numerous examples,
emphasis is placed on what neutrons can tell us about the molecular-level properties and behavior
of geo-fluids and the processes attendant with their interaction with solid surfaces. Discussion
focuses on two main themes, homogeneous fluids with a major emphasis on both water and
aqueous solutions containing dissolved constituents, and the structure and dynamics of fluids
interacting with either solid surfaces or within confined geometries, again with an emphasis on
water. While we recognize the increased importance of inorganic-organic-biologic interactions,
particularly at surface and near-surface earth conditions, the review of the complex molecular
interplay of these chemical systems is unfortunately beyond the scope of this review.

HOMOGENEOUS FLUIDS
Background

The structure of pure liquids, such as water, and aqueous solutions is conveniently
interrogated using scattering techniques. The most common of these includes the use of either
X-rays or neutrons. Differences arise due to the variations in the scattering properties of single
atoms for each kind of radiation. In either case, radiation penetrates the liquid and is scattered
through an angle 6. Analytical information is obtained by assessing the intensity of the
scattered radiation as a function of this angle. The scattering of radiation by condensed matter
may be related to the distribution of atomic positions if the wavelength A of the radiation is
of the order of magnitude of the interatomic spacing r. The distribution of scattering intensity
contains information on the distribution of atoms, and the measured spectrum of energy
transfer contains information on single and collective particle motion. A major goal in the
study of fluids is to identify and test the relationship between intermolecular forces and the
microscopic structure and dynamics of the fluids. Understanding the structure and dynamics
of bulk fluids is a prerequisite to studying these for fluids interacting with surfaces or confined
to porous matrices. The following discussion of the basic principles of neutron scattering in
liquids is intended to complement the description provided in Loong (2006, this volume) and
Wilding and Benmore (2006, this volume) with emphasis placed here on a description of
structure and dynamics of water and aqueous solutions containing inorganic solutes.

The neutrons used in a neutron scattering experiment penetrate matter rather easily.
Unlike X-rays which are scattered by electromagnetic interaction with the atomic electron
distribution, the neutron is scattered by the nucleus which behaves as a point scatter since its
size (~107'* m) is much smaller than the wavelength of the incident neutron (~107'°m). The
essential features of the scattering pattern are related to a structure factor that characterizes the
basic arrangement of scattering centers for the fluid under investigation. In ordered materials,
such as crystals, the regular arrangement of the lattice leads to a series of well-defined peaks
governed by the Laue conditions. By contrast, scattering in partially disordered materials such
as fluids or amorphous solids produces patterns composed of broad oscillatory structures which
still contain structural information through the phase differences arising from interference of
the scattered waves. The formalism for describing the scattering of neutrons is much simpler
than that for X-rays because there is no need to introduce an atomic scattering factor to
represent the spatial distribution for each individual scattering unit. There are, however, other
characteristics arising from the mechanism of nuclear interaction that must be accounted for
and have a significant bearing on the design of experiments and interpretation of results.
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Scattering experiments fall into two categories (Winter 1993). The first involves
experiments where only the angular distribution of the scattering intensity is determined, and
the second considers both the angular distribution for the intensity and the energy transfer.
In the former, the intensity is related to the static structure factor S(Q), and in the latter the
intensity is related to the dynamic structure factor S(Q,E), where Q and E are the momentum
and energy transferred to the particle in the scattering process, respectively. The direction of a
wave vector is the direction of propagation of the plane wave and its magnitude is 27/A. The
incoming radiation in the experiment is characterized by its wavelength, A and by its intensity,
I,. The A is chosen so that it is commensurate with the average distance between atoms, but
much smaller than the sample dimensions.

Scattering theory

In the context of water, Wilding and Benmore (2006, this volume) provide a fairly
complete description of scattering theory, experimental methodologies and various corrections
attendant with neutron diffraction. Our intent here is only to amplify and where necessary,
expand a bit on some of the concepts that were introduced. Neutron diffraction concerns the
measurement of the coherent interference of scattered waves. The experimental method may be
monochromatic angle-dispersive (typically reactor based) or time-of-flight energy-dispersive
(typically based at a pulsed source). Diffraction experiments probe the differential cross (DC)
section of neutrons (Egelstaff 1992), do/dQ, defined as the ratio of the scattering cross (SC)
section do scattered into the solid angle dC2 about the scattering angle 0. For an assembly of
fixed nuclei (forming molecules or not) the DC is described by the static approximation:

do _ 1 l;al;ﬁ <67’Q‘r“ e_'Q'rB> @
dQ N3

where l;l is the coherent scattering length associated with the nucleus with position r;. The
operators r, and rg are assumed to both be evaluated at t = 0 according to the Heisenberg
convention inside the thermal expectation bracket. For a complete evaluation of Equation
(1) we assume that all relevant energy transfers have been integrated over the momentum
transfer for the elastic process for the given Q, and that N is the total number of scatterers in
the sample. A variety of corrections to experimental data are required accounting for effects
such as incoherent and multiple scattering, inelastic effects, container absorption, etc (Head-
Gordon and Hura 2002; Wilding and Benmore 2006, this volume). This cross section may be
split into a self (o = B) and distinct (coherent interference) part:

self distinct
do_(do\" (do .
dQ | dQ dQ

The advantage of this division of the SC is to isolate the unwanted effect of incoherent
scattering into the self term. The self part can be further split into self-coherent and an

incoherent part:
self self
E = d_c + d_c 3)
dQ dQ 'coh dQ incoh

In the case of water, the contribution of incoherent scattering comes from either hydrogen
or deuterium since the incoherent cross-section of oxygen is virtually zero. Using D,O in
scattering experiments avoids the large contribution of incoherent scattering from hydrogen to
the unwanted background of structural measurements. In the case of pure D,0O

self
do (12 2 Spincon
5] ‘(b‘)”l"’)”(T @
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where bg and bp, are the coherent scattering lengths BT 1T
for oxygen and deuterium atoms, respectively, bg ' —— 000 bar
= 5.85 barn, bp = 6.674 barn, and where Gp ;o = Fol —— 4650 bar A

—— 2600 bar

2.032 barn is the incoherent scattering cross section |
due to deuterium atoms D. The distinct part can be |
separated into an intra- and inter-molecular part
corresponding to correlations between atoms in
the same molecule or atoms belonging to different
molecules, respectively:

dc distinct dc intra dc inter
— =] e (5)
dQ dQ aQ)

Thus, the DC may now be expressed by the
relation:

dc dc self dc intra dc inter
— === +=| +[-=| ®
dQ dQ dQ dQ

The intensity of scattering for molecular systems
is converted to a normalized molecular structure
factor, Sy(Q) where Q is the elastic scattering
vector (Fig. 1). The S(Q) is directly related to the
distinct part of the DC which for D,0O is given as:

Su@)

SN

L

(dc/dg)distinct +(bé +2b12))
(bo +2by, )2

SM(Q) =

(N

For a molecular fluid like D,O or H,O, it is e
convenient to separate terms into those arising from QA"
correlations in the same molecule (intramolecular
terms) and those from correlations in different ;

. tained at three constant temperatures and
molecules (1ntermolecu1a.r. terms). Thus the pressures. (2) 53 °C, (b) 27 °C, (c) 5 °C.
structure factor may be split into two parts as: [Used by permission of American Physical

_ Society, from Bellissent-Funel and Bosio
Sm(@) = £(Q) + Dm(Q) ®) (1995), J Chem Phys, Vol. 102, Fig. 4,

where fi(Q) is the molecular form factor and the p.3721]

Dy(Q) function contains all of the intermolecular

correlations. The fi(Q) function is equivalent to the

diffraction pattern that would be observed for individual molecules in the low-density regime
and it is solely dependent on the molecular conformation and coherent scattering lengths of the
constituents. For D,O molecules this becomes (Dore 1985):

Figure 1. Examples of S(Q) for D,O ob-

D,0 1
[£(0)] = —2[173, +2Db% +4bybpF(Quryp ) + 2b§)F(Q,rDD)] (92)
(bo +2by)
where rop is the bond length and rpp = 2ropsin®/2 for an intramolecular bend angle, 6, and:
sinQr,
F(Qry)= ; B exp(-Q’uzy /2) (9b)
aff

is the interference term; u,p” is the square amplitude of vibration for the distance r,p. The
exponential term is an effective Debye-Waller factor that allows for variation of the time-
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averaged bond distance arising from thermal vibrations. The resulting r-parameter is an
ensemble average over the thermally excited states of the molecule. The values of ryp and rpp
may be used to define the mean bond-angle D---O---D for the water molecule in the liquid state
(Dore et al. 2004).

In principle, at lower Q-values the difference term, Dy(Q) contributes to the overall
diffraction pattern and may be formally expressed as:

m<0§5exp(Q-nuﬁ )2; Pu by eXp(iQ'(fc,,Au e ))> (10)

where n labels the nucleus within the molecule; o and P refer to different molecules in
which the molecular center is situated; r., is the intramolecular distance of nucleus n from
the molecular center and r..p is the intermolecular distance between centers of molecules
designated o and 3. This function contains the required information on the spatial arrangement
of the molecules in the fluid or glassy assembly as distinct from that of the molecule. The term
“structure” corresponds to the ensemble average for all molecules in the system at a specific
time. Since the fluid is composed of a large number of molecules in constant motion it is
more convenient to think of this as a long-time average of the various changing configurations
around a single molecule. The structure factor as defined in Equation (7) (and in Wilding and
Benmore 2006, this volume) arises from an ensemble of snap shot images with a “shutter-
speed” that is short compared to the characteristic motion of the scattering centers.

Dy (@)=

The most useful quantity for expressing the static structural characteristics of fluid order
is the total pair correlation function, g(r) (Proffen 2006, this volume). This is related to the
Fourier transform of S(Q) by the relation:

47Dy, (8)=1) = 2 [ 05, Q) 8, (=)sinQrd0 (1
0

where Sy(0) = (bo* + 2bp2)/ (b + 2bp)? is the asymptotic value of £,(Q) at large Q and py
is the molecular density. The function g(r) is a combination of different partial (weighted)
correlation functions and includes both inter- and intramolecular distances. In the case of
water it is possible to remove the intramolecular terms by subtracting the molecular form
factor from Sy;(Q) to obtain Dy(Q), which may be Fourier transformed in order to obtain the
pair correlation function g (r) for the intermolecular term only:

2% .
dy(r)=4mrp,, (g.(N-1)= EJQDM(Q)SIH(Qr)dQ 12)
0

Composite functions of this form will in general contain contributions from all the partial
correlation functions weighted according to the b-values and relative concentrations, i.e.,

8L =Y Cobag oo () +2Y uCbobpop(r) (13)
ozp

For neutron scattering by D,O with two components we need to account for n(n + 1)/2
correlations, so the composite function is weighted with the following proportions:

81.(r) = 0.489 gpp(r) + 0.421g0p (r) + 0.090g00(r) (14)

This result indicates that the signal is dominated by D-D and O-D correlations where D atoms
make a significant contribution to the total scattering pattern in contrast to X-ray diffraction
studies where it is the O atoms the predominate (Bellissent-Funel and Bosio 1995).

The measurement of the total coherent scattering intensity by means of a two- or three-
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axis diffractometer (reactor source) or a time-of-flight spectrometer (pulsed source) enables
the diffraction pattern to be obtained but careful data reduction incorporating experimental and
analytical corrections is needed to normalize Sy(Q) and Dy(Q). Even for this simplest of cases,
D,0 neutron diffraction, there is a need to account for a number of corrections. The major
errors arise from inelasticity (Placzek correction), sample attenuation, multiple scattering, and
absorption resonance (Wilding and Benmore 2006, this volume).

Difference methods

The structural information obtained from a single measurement does not necessarily
provide much quantitative insight into the properties of the fluid although it can prove useful
in checking the validity of simulation predictions from molecular dynamics or Monte Carlo
methods. A more detailed study of a sample type such as H,O can be achieved by isotopic sub-
stitution. In Wilding and Benmore (2006, this volume) the use of isotopic substitution to achieve
either a first-order or second-order difference function from neutron diffraction was discussed.
We will address these in more detail below as they apply to the interrogation of the structure of
aqueous solutions containing dissolved ions. However, let us consider neutron diffraction iso-
tope substitution (NDIS) in the context of our discussion of water. For H,O, a similar expression
to Equation (9a) can be used for the f;(Q) function with by instead of bp,. For isotopic mixtures,
the effective coherent scattering is represented by the average value, (byp) = 0pbp + 0yby Where
op is the mole fraction of deuterium [ap + oy = 1), provided it is assumed that the H and D at-
oms are in equivalent positions. The efficacy of the iso-structural assumption between light and
heavy water has been documented extensively—e.g., Hart et al. (2005) and references therein.

From Table 2 we see that since bp = 6.67 fm and by = —3.74 fm it is possible to change
(bup) over a wide range and even to choose the special case of ap = 0.359 for which (byp) =
0. The coherent and incoherent contributions for various mixtures of H,O and D,O are also
given in Table 2. Soper and Egelstaff (1981) and Soper and Silver (1982) demonstrated that
the technique of H-D substitution could be used to extract information on water structure. By
performing three measurements on pure H,O, pure D,0, and a mixture (or more, as described
by Dore et al. 2004) of H,O and D,O, one can exploit the scattering contrast of hydrogen

Table 2. Neutron parameters for various isotopes of hydrogen and oxygen, and the coherent and
incoherent contributions for various H,O/D,O mixtures (Dore et al. 2004).

Neutron parameters for various isotopes of hydrogen and oxygen.

blfm Gon/barns Gincon/barns  ©.0;
H -3.74 1.76 79.9 0.022
D 6.67 6.00 2.0 3.0
160 5.80 4.24 0 -
70 5.78 4.2 0.2 -
180 5.84 43 0 -

Coherent and incoherent contributions for various H,0/D,0 mixtures.

o 0 0.05 0.10 0.20 0.50 0.641 1.00
(bup)/fm 6.67 6.15 5.63 459 1.47 0 -3.74
Geon 153 13.7 122 9.5 48 42 7.6
GuenH/D] 4.0 11.8 19.6 35.2 82 104 160
Gincon[mix] 0 13 2.4 42 6.6 7.6 0
SGpe/mol 4.0 13.1 22,0 39.4 88.6 112 160

0.0; 3.8 1.05 0.47 0.24 0.054 0.037 0.048
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and deuterium to isolate the three site-site
correlation functions directly. If a 50:50 H/D
mixture is used the inelastic contribution
practically cancels in the data reduction
process. This constitutes a second-order
difference method which yields a total pair
correlation function for each species as
given by Wilding and Benmore (2006, this
volume). These functions form the basis
for calculating the partial pair distribution
functions  guu(r), gou(r), and  goo(r)
examples of which are provided in Figure
2 for ambient conditions (Head-Gordon and
Hura 2002). Modeling is required to provide
amore complete 3D structural reconstruction
of the pair correlation function which is a
1D representation. For fluids like water, the
Empirical Potential Structural Refinement
(EPSR) method summarized most recently
by Soper (2005) provides one possible path
to accomplish this.

Structure of water at ambient and high
temperature-pressure conditions

Ambient water. Despite the difficulties
with the NDIS approach arising from the
large uncertainty in the inelastic correction,
numerous studies have been reported
describing the use of this method to study
water structure at ambient (e.g., Thiessen
and Narten 1982; Soper and Philips 1986;
Bruni et al. 1996; Soper et al. 1997; Ricci and
Soper 2002) and elevated temperature and/
or pressure conditions (e.g., Neilson et al.
1979; Gaballa and Neilson 1983; Ichikawa
et al. 1991; Postorino et al. 1993; Tromp et
al. 1994; Tassaing et al. 1998; Yamaguchi
1998; Soper 2000; Bellissent-Funel 2001).
There are also numerous papers dealing with
the subject of supercooled water which we
have elected not to discuss in this section
(e.g., Dore 1984, 1994; Bellissent-Funel et
al. 1989; Bellissent-Funel 1998; Dore et al.
2000).

It is worth devoting some space to a
discussion of the structure of bulk water
to set the stage for perturbations produced

T 3F ]
—ALS
—— Soper2000

o+

9oo("

2 ‘ ‘ ‘ .
—— Soper2000 -
— — Soper97

o]

2 . : . !
—— Soper2000 -
—— Soper97

9un

0 ! !
1.75 3.75 5.75
r(A)

Figure 2. Comparison of neutron data (as g(r)) on
pure water at 25 °C and 1 atm. (a) Comparison of
ALS X-ray experimental goo(r) from Hura et al.
(2000), Sorenson et al. (2000) — solid line with
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[Used by permission of the American Chemical
Society, from Head-Gordon and Hura (2002), Chem
Reyv, Vol. 102, Fig. 4a,b,c, p. 2661]

by dissolved ions and the interactions with various types of solid interfaces to be described
in later sections. Let us first consider the scattering amplitude for oxygen, which is smaller
than that for hydrogen. Because the goo(r) distribution is the most difficult to determine it is
common for structural data from X-ray scattering to be used for comparison and incorporated
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into simulation studies. Indeed, Soper (1996, 2000) reported new neutron analysis results
based on previously obtained neutron diffraction data using the EPSR method where the
goo(r) is in very good agreement with X-ray scattering data reported by Hura et al. (2000)
and Sorenson et al. (2000) as shown in Figure 2a. Head-Gordon and Hura (2002) point out
that the use of the SPC/E water model for the reference potential by Soper probably helped
improve this agreement. As Figure 2a shows the first peak gives us the first neighbor oxygen-
oxygen distance which occurs at about 2.8 A. Of special interest, however, is the estimate
of the oxygen-oxygen coordination number which requires consideration of the distribution
density over the whole region of the maximum in goo(r). To do this, one can integrate the
distribution function up to the first minimum, considering spherical shells of volume 4nr’dr.
The coordination number, n¢ can then be described by:

n=47po | 8o0(r)rdr (1s)
where p is the density of oxygen atoms in the fluid and r,,,;, is the location of the first minimum
in goo(r), which is roughly 3.5 A. Depending on the NDIS data set, the nc values can range
from 4 to very close to 5. This coordination number depends critically upon the upper cut-off
distance used in performing the interrogation under the peak (Finney and Soper 1994). Beyond
the first minimum, goo(7) oscillates with a second maximum at about 4.5 A which corresponds
to an O-O-0 angle of about 110°. This is close to the tetrahedral angle, implying that the local
water molecule geometry is on average tetrahedral, though the broad nature of the second
nearest neighbor peak shows there is considerable variation around this average. Head-Gordon
and Hura (2002) note the strict adherence to hydrogen-bonded hexagons of ice water give
way to greater translational and rotational motion of waters and a broader distribution of
hydrogen-bonded configurations, including a variety of polygons of varying sizes and degrees
of puckering, or distortion, all of which result in a more compact arrangement of water
molecules. Recent work by Wernet et al. (2004) based on X-ray scattering suggest that water
exists in mixed form—two-hydrogen bonded (60-75%) and tetrahedral (25-40%) species.

A much different diffraction pattern is observed for the oxygen-hydrogen distribution
function (Fig. 2b) where a very strong peak occurs at about 1 A. This peak corresponds to
the intramolecular O-H distance, and is a diagnostic indicator that the experiment is reporting
correct results because it is located at the known OH distance with an area predicting two
hydrogen atoms (Finney and Soper 1994). The second maximum is centered on about 1.85 A
and is associated with the hydrogen atoms in surrounding molecules that are hydrogen bonded
to the oxygen atom in a central molecule—i.e., the intermolecular O-H. Integration out to
the first minimum gives a coordination number of about 1.7 whereas this number becomes
approximately 3.3 for the second peak integrated out to the second minimum. The third peak
centered on about 3.25 A occurs at the first minimum of the goo(r) distribution curve and refers
to non-hydrogen-bonded oxygen-hydrogen distances on neighboring molecules. At this point,
the total number of hydrogen atoms around the central oxygen is close to eight which is two
times the number of oxygens in the same volume of solution.

Finally, the distribution of hydrogen atoms with respect to a central hydrogen atom, the
hydrogen-hydrogen gyy(r) correlation, is shown in Figure 2c. This function is the easiest to
determine experimentally because of the large difference in scattering length for hydrogen
and deuterium. The first peak (not shown) is at the intramolecular H-H distance of 1.55 A
and again confirms the molecular geometry of the water molecule. The second peak is just
above 2.4 A and represents the closest H-H distances between hydrogen-bonded neighbors.
The coordination number calculated by integration out to the second minimum at 3.1 Ais
roughly 5.8. The third broad, asymmetric peak occurs around 3.7-3.8 A and refers to the
distant H-H distances on neighboring water molecules. Comparing gou(7) and goo(r), we see
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that the maxima on the H-H distribution function are located further from the central atom by
0.6 A with respect to those on the O-H distribution (Fawcett 2004). This is entirely reasonable
because of the O-H distance in water.

High temperature and/or high pressure water. We can assess the extent by which
temperature and/or pressure influences the structure of water through examination of how the
correlation functions vary as these two state variables are either raised or lowered. Qualitatively
one can expect that as we lower temperature, structural order will increase as exemplified by
results obtained on supercooled water (e.g., Dore et al. 2000; Botti et al. 2002). Conversely as
we raise temperature we can anticipate a loss in ordering which will be reflected in a broadening
of the various correlation peaks as well as some shift in peak positions. The changes in the
structure of the three-dimensional hydrogen-bonded network of water are interrogated relative
to the reference ambient temperature liquid using NDIS as described above.

At normal pressure, the structure of liquid water is fragile as manifested by its unusually
large temperature dependence. Numerous neutron and X-ray scattering studies indicate that
when water is isothermally compressed, the number of hydrogen bonds per water molecule
is not altered by any appreciable amount relative to what is observed at ambient conditions
(e.g., Bellissent-Funel and Bosio 1995; Yamanaka et al. 1994; Gorbaty and Demianets 1983;
Gorbaty and Okhulkov 1994). However, the hydrogen bonds do become bent out of their ideal
orientation and are correspondingly weaker energetically (Head-Gordon and Hura 2002). The
most significant effects occur in the change of O-O separation with increasing pressure (into
the 100’s of MPa range) where the second peak in the goo(7), indicative of local tetrahedral
structure, is diminished with increasing pressure. With increasing pressure, the effect of
temperature on liquid structure becomes smaller until the pressure dependency is nearly
independent of temperature variation.

This is not the case when water is heated above ambient conditions up to and beyond the
supercritical state points. By way of example we show the results of Soper et al. (1997) who
provided a reassessment of both old and new diffraction data leading to improved site-site pair
correlation functions of water from 25 to 400 °C and pressures up to 280 MPa (Fig. 3a-c).
This composite plot (with the intramolecular portions removed) shows the changes in ggu(r),
gou(r), and goo(r) as a function of increasing temperature and decreasing density. Despite
some difficulties with small residual oscillations in these functions arising from non-trivial
truncation and statistical uncertainties, qualitative trends are apparent. In the case of the O-H
correlations (Fig. 3a) the first peak becomes significantly broader as the critical conditions
are approached and appears to shift to larger radius values—i.e., from 1.85 A at ambient
conditions to about 2.15 A at 573 K on the coexistence curve. The number of hydrogen
bonds tends to decrease from 3.3 at ambient conditions to values more on the order of 2.2-
2.4 at 573 K based on integration under the first O-H peak. In the supercritical state, at 673
K, this O-H peak no longer appears as a distinct peak and has been washed out into a broad
shoulder. Based on these results it can be concluded that above the critical point, the hydrogen
bonding in water has been significantly modified to the point where no distinct O-H site-site
correlation peak is preserved. From an examination of the O-O correlation functions (Fig. 3b),
we observe a similar trend wherein there is a gradual shift of the first peak to larger radius
values with increasing temperature to a value of about 3.1 A (X-ray diffraction data show
this peak position to be closer to 3.5 A). As temperature is increased to the critical point, the
H-H pair correlations (Fig. 3c) exhibit a decided degradation of the pattern with considerable
shoulder development even at 423 K to such an extent that it is difficult to tell how much the
first ambient peak at 2.4 A shifts with increasing temperature.

There can be no doubt that based on both neutron and X-ray diffraction, the molecular
arrangement of water molecules is greatly perturbed at elevated temperatures compared to
ambient water. The question that has been hotly debated in the past is whether or not there is
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Figure 3. Radial distribution functions for HyO: (a) gon(r), (b) goo(r) and (c) guu(r) as a function of
temperature and density from NDIS experiments. Temperature-pressure-density conditions: 1: 298 K, 0.1
MPa, 0.0334 molecules//gv; 2: 423 K, 190 MPa; 0.0334; 3: 423 K, 100 MPa, 0.0308; 4: 573 K, 280 MPa,
0.308; 5: 573 K, 197 MPa, 0.0296; 6: 573 K, 110 MPa, 0.0278; 7: 573 K, 5.0 MPa, 0.0260, 8: 573, 10 MPa,
0.0240; 9: 573 K, 9.5 MPa, 0.0240; 10: 673 K, 80 MPa, 0.0211. [Used by permission of the American
Physical Society, from Soper et al. (1997), J] Chem Phys, Vol. 106, Figs. 2, 3, 4, p. 251]

a temperature at or above which there is total breakdown of hydrogen bonding. According to
the work of Soper et al. (1997) highlighted above, calculated bond angle distributions tend to
suggest that the degree of true hydrogen bonding is greatly reduced in the supercritical state
compared to ambient conditions. Complementary experimental studies using Raman (Walrafen
et al. 1999), X-ray scattering (Gorbaty and Kalinichev 1995) and IR (Bondarenko and Gorbaty
1973) suggest that tetrahedral hydrogen bonding persists to at least 650 K and perhaps even
up to 700 K at 100 MPa (Head-Gordon and Hura 2002). Bolstered by simulation studies using
improved water models in concert with various scattering data, a consensus has been established
that local hydrogen bonding is still present near the critical temperature and density, but that the
space-filled percolating hydrogen-bonded network dominant at ambient conditions collapses.

Structure of aqueous solutions of geochemical relevance

Understanding the speciation of solutes (e.g., cations, anions, non-polar species, etc.) in
aqueous solutions is a critical issue with direct impact on important geochemical processes such
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mineral solubilities, metal mobilization and transport, and precipitation of potential contaminant
phases. Of particular importance is the nature of ion hydration, rates of exchange of coordinated
ions with water, and interaction energies between ions and water molecules. Given the current
state of molecular-based experimental and modeling techniques, many of these aspects of
complex aqueous solutions have been largely speculative and commonly model-dependent.
The effect of dissolved ions on the average structure of water may range from negligible in
very dilute solution to significant in concentrated solutions. The structure of water in aqueous
solutions has commonly been described relative to the structure of pure water and terms such
as “structure maker and “structure breaker” are intended to indicate deviations from the pure
liquid (Soper and Turner 1993). These terms originated from the comparison of the correlation
times of water molecules in aqueous solution with those in pure water (Ohtaki and Radnai
1993). Early on it was recognized that rather than focusing on single parameters such as the
hydration number, the bond length, or the diffusion coefficient, that what really mattered were
correlation functions which reflected the disordered and dynamic nature of aqueous solutions
(e.g., Enderby 1983, 1995; Neilson and Enderby 1989).

In the context of an aqueous solution, let’s revisit the concept of the radial distribution
function, g.p(r) related to the static structure. The function measures the probability of finding
a B-particle at a distance r from an a-type particle placed at the origin. The average number of
B-type particles that occupy a spherical shell of radius r and thickness dr at the same instance
of time is given by:

dngg = 4nppgop(Hridr (16)

where pg= Nyg/V and N is the number of B species contained in the sample of volume, V
(Neilson and Enderby 1996). The integrated form of this expression was given in Equation
(15). A multicomponent solution in the form of a salt (MX,,) in H,O can be described by 10 pair
radial distribution functions grouped into three sub-systems: three representing the solvent
structure, gun(r), gou(r), and goo(r); three characterizing the solute structure, gu/(7), gax(r),
and gyx(r); and four which describe the solute-solvent structure (hydration phenomena),
guo(N), gum(r), gxo(r), and gxu(r). The difficulty is that a single diffraction pattern contains a
weighted average of all 10 partial structure factors, and to disentangle them is far from trivial.
To fully appreciate this complexity, refer to Equation (10) in Wilding and Benmore (2006, this
volume) which describes the formalism for the total pair distribution function, Gg(r).

In Figure 4a we show examples of two typical g(r)s which represent (a) gyo(r) and (b)
gum(r) for an aqueous solution. The ratio A/A" gives a measure of the stability of the aqua-ion
hydration complex. From measurements of r),o and ryo and knowledge of the interatomic
distances of the H,O molecule, it is possible to determine the ion-water conformation and to
calculate an average tilt, as depicted in Figure 4c. In principle by comparison of nyq and nyy
one can evaluate the extent to which an aqua ion is acidic, since the dissociation given as:

[M(H,0),]"* = [MH,0),_;(OH)]*~V* + H* a7
will lead to nyy < 2ny0. In practice, however, only strong acid behavior (e.g., Fe**) has been
detected because of the errors in determination of n (Neilson et al. 1993).

The difference methods of NDIS referred to above (and in Wilding and Benmore 2006, this
volume) are ideally suited to the determination of structure in terms of the individual g,p(r) or
as their linear combinations of the form G,(r), which is specific to the isotopically substituted
species a. The first-order difference method applied to cations or anions by isotopic exchange
M* for M or X* for X can be used to obtain information concerning aqua-ion structure in terms
of the function Gy(r) or Gx(r). For G,/(r) we can show (from Enderby et al. 1987):

Gu(r) = Alguo(r) = 11 + Blgum(r) — 11 + Clgux(r) — 11 + Dlgym(r) — 1] (18)
where A = 2CMCObOAbMa B = 2CMCHbHAbM, C= ZCMCXbebM 5 D= CZM(bZM - (b*M)Z), AbM =
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Figure 4. Two typical g(r)’s which
4r 7 represent (a) guo(r) and (b) gum(r)
for a solution MX,, in H,O. A/A’ gives
= B an estimate of the stability of the
aqua-ion hydration complex. r. is the
2 4 nearest distance of approach of the
two particles, 10 and ry are the most
probable nearest-neighbor separations
between particles, ry is the probable
end of the first coordination shell. (c)
0 2 4 6 Possible ion-water conformation and

YA tilt angle, 0. [Used by permission of
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O <%)H
M > ] 0
H

The Royal Society of Chemistry, from
Neilson et al. (1993), J Chem Soc Far-
aday Trans, Vol. 89, Fig. 1, p. 2928]
by — by« and ¢ is the atomic concentration of either M, X, O, or H (D), whose neutron coherent
scattering length is b;. In practice only the first two terms matter because ¢y and cx << cy
and cq such that the Gy, (r) reflects almost totally the structure of the coordination complex.
The strength of the interactions dictate to a large extent the range of concentrations used in
scattering experiments and in many cases molal quantities are required to achieve satisfactory
results. Of course the key prerequisite here is having M cations (e.g., Li*, K*, Mg?*, Ca’,
Ni%*, Zn?, Sr**, etc.) and X anions (CI-, I, NOj~, etc.) with isotopes exhibiting sufficient
differences in their coherent scattering length (refer to Table 1 for a partial list). From our
discussion of NDIS in water we know that H-D exchange occurs in all aqueous solutions
such that by measuring the G, (r) for both heavy and light water, the g0(r) and g,m(7) can be
determined separately. This assumes that H and D can be treated as isomorphic—i.e., gym(r) =
gup(r). In an analogous manner, the hydration of anions can be studied, the derived quantities
being, Gx(r), gxu(r) [= gxp(r)], and gxo(r). D,O was used in the early applications of NDIS
to salt solutions to avoid problems that could arise from the large incoherent scattering of
H,0. However, improvements in scattering technology made it possible to also work with salt
solutions in H,O.

g(m/b srl

The second-order difference experiments involving isotopic exchanges of M* for M, X*
for X, and deuterium (D) for hydrogen (H) can be used to obtain individual pair functions
for the solute [gu(r), gux(r), gxx(r)] and the solvent [gyy(r), g*ou(r)]. Here the asterisk on
gon(r) denotes that it is only an approximation to the true goy(r), except in the limit of greatly
increased dilution where it will approach the exact function, as in pure H,O. This approach
makes it possible to improve resolution of ionic hydration structure especially with regard
to the second hydration shell. It is worth repeating that because the scattering length of the
oxygen isotopes, %0, 170, and '30, are almost identical, determination of goo(r) in pure water
is subject to large uncertainties, and is not readily accessible in solution. For a determination
of either G,(r) or Gx(r), it is preferential to work with solutions of heavy water, D,0, because
of the large incoherent scattering of the proton (H) spins and the large inelastic scattering of
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the proton nuclei in H,O. For the most part it is sufficient to only describe the total distribution,
G(r) or Gy(r) unless one really needs to resolve the hydration at the pair distribution function
level (Neilson et al., 2001). The hydration number, n; for an ion, M or X, in solution can
be defined from Equation 15 where the g(r)’s can be gy0(r), guu(r), gxo(r), or gxu(r), and
concentration of O as c¢g or H as ¢y appear outside the integral.

Rather complete reviews on complex solutions including aqueous electrolytes of interest
to geochemists studied by neutron and/or X-ray scattering have been provided by Enderby
(1995), Neilson and Adya (1997) and Neilson et al. (2002) so we will only highlight some
relevant results to illustrate the power of neutron scattering.

Solvent structure. How the radial distribution functions of water change with an added
salt are of considerable interest to geochemists. Manifestations of changes in water structure
on the dissolution of ions are evident in many macroscopic experiments, e.g., changes in
compressibility, solvation enthalpies and entropies, etc. H/D isotopic substitution of the water
molecules in concentrated aqueous solutions (e.g., common chloride salts of LiCl, KCI, NaCl,
etc.) is used to calculate gyy(r) and goy(r), and estimate goo(7), whose accuracy is appreciably
less than the other two functions. For example, the increase in concentration of LiCl on gyy(7)
is shown in Figure 5 for two solutions, 1 and 10 molal (mol/’kg H,0O), compared against pure
H,0 (Tromp et al. 1992). They concluded that both the intermolecular and intramolecular
structure of water are relatively unaffected by the presence of salt at the 1 molal level. Clearly,
at higher concentrations, a significant effect takes place, and in this case, at 10 molal, the
number of hydrogen bonds decreases by about 30% from that characteristically of pure H,O.
This type of work was extended by Leberman and Soper (1995) to include other salts, NaCl,
Na,S0O,, and NH,SO,, and also more recently by Bruni et al. (2001), who examined effects
of high concentrations (to 10 molar) of hydroxide, as NaOH, on water structure. Leberman
and Soper (1995) concluded that ions effectively produce a change in water structure that is
equivalent to an increase in pressure—i.e., ionic concentrations of a few molal have equivalent
pressures that exceed 100 MPa. This is not entirely correct since pressure on a solution is
isotropic whereas this effect is “localized” and solvent-mediated due to electrostriction about
the ions. Interestingly, cations commonly found in nature, such as Na* and K*, as chlorides,
will also not significantly alter the structural properties of water solvent at concentrations less
than about the 1 molal range (Horita and Cole 2004).
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Figure 5. Partial pair radial distribution function ggy(r) multiplied by py; pure water — open symbols; 1
molal LiCl — dots; 10 molal LiCl — solid curve. [Used by permission of the American Physical Society,
Tromp et al. (1992), J Chem Phys, Vol. 96, Fig. 7, p. 8467]
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Ion-water structure. A tremendous amount of effort has gone into studies of ion-water
interactions in aqueous solution. As noted above, recent reviews by Neilson and Adya (1997),
Neilson et al. (2002), and most recently by Danielewicz-Ferchmin and Ferchmin (2004)
provide very nice overviews on behavior of a wide range of cation and anion hydration
behavior as interrogated by neutron, X-ray and computational methods. The NDIS method
has contributed to the several key questions that are central to understanding this behavior
including; (i) what are the length scales over which the primary hydration shell, secondary
shell, intermediate zone and transition to bulk water range?; (ii) how sharply differentiated are
these zones?; and (iii) how stable is the inner most hydration shell to changes in temperature,
pressure, ion concentration and counter ion? We will only touch upon a few examples here to
highlight how neutron scattering has contributed to answering these questions.

The alkali and alkaline earth metal ions (Li*, Na* [isomorphic with Ag*], K*, Rb*, Mg?,
Ca’*, Sr**) have probably been the most extensively studied of all the cations (e.g., Howell et al.
1991; de Jong and Neilson 1996, 1997). Example diffraction patterns, as Gy,(r) vs. r are shown
in Figure 6. In general, as the ion size increases and the charge density is reduced there is a
progressive weakening in the ion-water structure—i.e., the hydration shell becomes less well
resolved. For example, the ionic hydration of Li* and Mg?* (which is isomorphic with Ni>*)
is more clearly defined compare to that for K* or Sr?*, respectively, and Na* and Ca®** occupy
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Figure 6. Examples of cation radial distribution functions Gy,(r) at 25 °C for (a) Li* in 3.6 M D,0 solution
(Newsome et al. 1980); (b) K* in 4 M KCI D,0 solution (Neilson and Skipper 1985); (c) Ni** ina 2 M
NiCl, D,0 solution (Powell et al. 1989), which is isomorphic with MgCl, in aqueous solution (Skipper et
al. 1989); (d) Ca** in a 2.8 M CaCl, D,0 solution (Hewish et al. 1982); and (e) Sr** in a 3 M Sr(ClO,), D,0
solution (Neilson and Broadbent 1990). [Used by permission of Elsevier Ltd, Howell et al. (1991), ] Molec
Struct, Vol. 250, Figs. 2, 3, p. 286]
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intermediate ion-water conformational structures. In particular, Sr>* has a relatively weak
hydration shell and no longer-range structure. Interestingly, it appears that the coordination
number for the +1 valence alkali cations does not change appreciably from a value of between 5
and 7. As studies have shown that with the exception of Li*, the extent of the perturbation to the
structure of water is limited primarily to the range of the first hydration shell for alkali ions.

Other ions of interest to geochemists that have received considerable attention include
transition metals (e.g., Cr3*, Fe?*, Fe**, Ni** and Cu?*) and the lanthanides (Nd**, Dy?**, Yb*).
Characteristically, the transition metals have a first hydration shell usually containing 6 water
molecules, a distinguishing second hydration shell, and considerable short-range ordering of
water around them (Neilson et al. 2001). Of the transition metals, the most extensive work
on aqua ion structure has been carried out on Ni** using NDIS, and is commonly used as a
reference system to test the accuracy of other methods. This is particularly true when exploring
the effects of increased concentration, temperature and pressure. NDIS experiments on aqueous
solutions have been conducted at temperatures and pressures up to and beyond their critical
points. It has been documented that the hydration structures of Li*, Ni** and CI- are highly
susceptible to changes in temperature, and there is a general reduction in hydration number
with temperature presumably accompanied by an increase in anion-cation contact (Neilson and
Adya 1997). Recently, Badyal and Simonson (2003) interrogated the effects of temperature (90,
175, 230 °C) on the hydration structure around Ni?* in concentrated chloride solutions. They
observed a gradual weakening of the hydration structure and a steady reduction in the average
water coordination number with increasing temperature. Structural properties of the lanthanides
have been less well investigated, but NDIS—based studies have suggested that the hydration
number decreases approximately one unit across this series, from 9 to about 8 (e.g., Hahn et al.
1986; Helm et al. 1994; David et al. 2001).

The NDIS method has been used to interrogate the hydration behavior of important anions
(CI, Br~, NO;~, ClOy4, etc.) but is particularly well suited to the study of chloride because of
its favorable isotopes, ¥*Cl and 3’Cl. It is considered as an ideal probe of structural perturbations
which are induced when aqueous electrolyte solutions contain large polyions (Wilson et al. 1997;
Tromp and Neilson 1996). In general, anion hydration is weaker than that for cations particularly
for complex anions where the low charge density inhibits the formation of long-lived aqua-ion
species (Herdman and Neilson 1990). Figure 7 shows example results (Botti et al. 2004) based
on the second-order difference method for gcio(7), gam(r) and geici(r) for HCI (1:9 solution of
HCl in H,O at 298 K). The pronounced first peak in gcjow(r) and gemy(r), along with a low first
minimum indicate a well-defined first solvation shell and suggests that the Cl~ ions are likely
substituting a water molecule in the H-bond network. There are 4.4+1.4 water molecules around
each CI- ion with a radius of 3.5 A from a central negative ion. Its structure is remarkably inde-
pendent of counterion, concentration changes to ~1 molal, and moderate changes in temperature
and pressure (Powell et al. 1993). At elevated concentrations above 1 molal, and in the presence
of counterions such as Zn>* or Cu?*, there is an appreciable decrease in the coordination num-
ber from 6 to about 4. However, the general conformation of the Cl — H,O interaction does not
change with concentration. The absence of a conformational change with concentration in nickel
chloride solutions is probably the result of effective self-screening by the relatively strong Ni**
cation (e.g., Tromp and Neilson 1996). The effect of temperature on C1~ hydration appears to be
more pronounced for relatively weaker counterions such as in LiCl solutions where the hydration
shell is more strongly affected when compared to a solution such as NiCl,.

Solute structure. Neilson et al. (2002) point out that determination of the pair radial
correlation functions among ions in solution (e.g., Ni-Ni, CI-Cl, Ni-Cl) represents one
of the most challenging experimental aspects of the molecular-level characterization of
aqueous solutions. Second-order difference experiments have been conducted at very high
concentrations of LiCl (Ansell and Neilson 2000), copper chloride (Ansell et al. 1995), and
nickel chloride and nickel sulfate (Howell and Neilson 1997). However, results from these
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Figure 7. Radial distribution functions

for gomw(r), goow(r) and gee(r) for 2
HCl,q at 298 K conditions (from Botti .

et al. 2004) around a central chlorine %)
ion. The gciow(r) and geici(r) have been

shifted vertically for clarity. [Used by 1

permission of the American Physical
Society, Botti et al. (2004), J Chem
Phys, Vol. 121, Figs. 3, p. 7843]
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studies are not conclusive due to the difficulties inherent with this type of NDIS experiment.
Enhancements in neutron intensity and instrument stability at facilities such as SNS offer the
potential for more definitive second-order difference experiments on solute structure.

Dynamics in water and electrolyte solutions

Thus far we have restricted our discussion on bulk solutions to the structural aspects
and have not addressed molecular dynamics behavior. Of particular interest are microscopic
dynamical properties such as translation and rotation, diffusion, and the lifetime of hydrogen
bonding in both pure water as well as aqueous solutions. At the microscopic level, liquid water
may be viewed as a “transient gel” or a network of hydrogen bonds with a local tetrahedral
symmetry. This picture was originally developed from the percolation model of Stanley
and Teixeira (1980) and the connectivity properties have since been predicted by molecular
dynamics (MD) simulations (e.g., Kalinichev 2001). It appears that the hydrogen bonded
network includes small spatially-correlated “clusters” of four-bonded molecules and that the
local density near a “cluster” is lower than the global density. The dimensions of the clusters
have been evaluated by estimating their radius of gyration. The value of the mean characteristic
length is approximately 20 A whereas the correlation length of the density fluctuation has been
measured by both X-ray (Michielsen et al. 1988) and neutron scattering (Bosio et al. 1989).
It turns out that because of the differences between scattering cross sections of H,O and D,0,
inelastic neutron scattering is a useful tool to probe the individual and collective motions
of liquid water and water containing dissolved ions. Specifically, the diffusive motions
(translation and rotation) can be interrogated by quasi-elastic neutron scattering (QENS),
whereas the vibrational density of states, including both the inter- and intra-molecular parts,
are accessible through the use of inelastic neutron scattering (INS). Many of these properties
are strongly dependent on both temperature and pressure. The theoretical background for these
two approaches is presented later in this chapter in the sections of fluid confinement and fluid-
surface interactions, and to a limited extent in Loong (2006, this volume).

QENS is generally applied to the study of nonpropagating relaxation modes in liquids
(e.g., Chen and Teixearia 1986). When applied to molecules containing hydrogen atoms, it mea-
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sures the dominant incoherent scattering from them. In this case, the spectra are dominated by
the Fourier transform of the van Hove self-correlation function of the H atoms. In liquid H,O,
the principle contributions to the quasi-elastic line are from the self-diffusion of the two equiva-
lent H atoms and from the short-time reorientation of the molecule. QENS studies have been
conducted on water (as either H,O or D,0) at ambient to supercooled conditions (e.g., Chen et
al. 1982, 1999; Teixeira et al. 1985; Bellissent-Funel and Teixeira 1991; Petrillo et al. 2000), in
the supercritical range (e.g., Tassaing and Bellissent-Funel 2000; Uffindell et al. 2000; Beta et
al. 2003), and at high pressure (Cunsolo et al. 2006). Parameters obtained from QENS include
the residence time, 1, (in ps) which has the strongest temperature dependence, a reorientational
(hindered rotation) time, t, (in ps), which exhibits Arrhenius behavior (E4 = 1.85 kcal mol™"),
and the characteristic mean jump diffusion length, L in A. As seenin Figure 11 below (Confine-
ment section), both 1 values increase with decreasing temperature, with t, displaying a relative
steep non-linear slope (1.25 ps at 20 °C to >10 ps at —20 °C). We know that water molecules are
instantaneously connected with most of their neighbors through hydrogen bonds. The breaking
of hydrogen bonds is due to the libration motions which have large amplitudes and occur when
the vibrational angle exceeds the critical value of 28°. When at least three bonds are broken
simultaneously diffusion is possible where the proton jumps to the nearest site which is at an av-
erage distance L of about 1.6 A. The value 1, is a direct measure of the average duration which is
required for a water molecule to break loose from its hydrogen bondage by rotational excitation.
The 1, is a time constant that no other technique except neutron scattering can access. The time
associated with hindered rotations defined by t, is interpreted as the typical hydrogen-bond
lifetime. Because the number of hydrogen bonds increases with decreasing temperature, the
diffusion process is strongly temperature dependent. At supercritical conditions for water (400-
450 °C), 1, remains relatively constant at 0.29-0.3 ps. The self-diffusion coefficient increases
significantly with increasing temperature and decreasing density with values of 3.71-5.21 x
10 cm? s7! for the T interval of 400-450 °C (Beta et al. 2003). Based on QENS results, it ap-
pears that even at supercritical conditions, motion in water is still constrained by the presence
of a non-trivial degree of hydrogen bonding.

QENS has also provided the means by which ions (cations in particular) can be character-
ized according to the lifetimes of water molecules in cationic hydration structures on time scales
of the order of 10~° sec—i.e., smaller than those accessible by nuclear magnetic relaxation tech-
niques where the lowest limit is ~1077 s (e.g., Herdman and Neilson 1990). The QENS method
allows one to differentiate between those cations which hydrate water molecules on timescales,
7, much longer than 5 x 10~ s or much shorter than 10719 s; it is also possible to identify cations
such as Cu?* and Zn?* with hydration shells which exchange water molecules with the bulk on
a timescale of 5 x 107 = 1, /s = 107!, Figure 8 summarizes the residence times of water mol-
ecules in the neighborhood of aqua ions and ranges of experimental techniques that be used to
interrogate specific timescales (Neilson and Enderby 1989). For a more complete, although not
very recent summary of the translational self-diffusion coefficients for ions, residence times of
water in the first hydration shell, reorientational time of hydrated water molecules, and rates of
water substitution reactions involving ions, refer to the nice compendium provided by Ohtaki
and Radnai (1993). Inspection of Figure 8 indicates that ions (usually strong cations such as
Ni%* or Cr?*) which can coordinate with protons for a time >5 x 107 s are said to possess hy-
drated water molecules that exchange slowly with the bulk water. Conversely, water molecules
coordinated to weak cations (e.g., Na*, Li*, Cs*) and all anions (e.g., Cl-, I, F7) exchange with
bulk water on a timescale <107'° s which is classified as fast exchange. There are also several
cations with hydrated water molecules which exchange with bulk water in an intermediate time
domain of ~107 s such as some of the lanthanide cations.

Role of molecular-based simulations in neutron diffraction studies

A comparison between experimental scattering data and simulations lies at the heart
of the validation of any molecular-based modeling effort. In recent years there has been a
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Figure 8. Residence times of water molecules in the neighborhood of aqua ions, and ranges of experimental
techniques available to interrogate these time scales. [Used by permission of Elsevier Ltd., from Neilson
and Enderby (1989), Adv Inorg Chem, Vol. 34, Fig. 2, p. 197]

constructive interplay between various types of simulation methodologies (e.g., reverse
Monte Carlo, EPSR, classical and ab initio MD, density functional theory, etc.) and neutron
scattering experiments over the full range of temperature and pressure, but particularly so
on supercritical water (e.g., Soper 1996, 2005; Chialvo et al. 1998). A full discussion of this
important component of neutron scattering studies is beyond the scope of this review, but a
few comments are worth making that emphasize the importance of making the synergistic
link between theory, modeling and simulation (TMS) and experimental results. For recent
examples of these links, the reader is encouraged to examine the very nice summary provided
by Kalinichev (2001) who described the molecular simulations of liquid and supercritical
water, and Soper (2005) who presented in more detail the utility of the EPSR method. An
interesting new result (Chialvo and Simonson 2006) demonstrates that MD simulation in
concert with first-order difference experiments involving null and heavy water can be used to
assess the magnitude of MY*-X"~ ion-pair formation for a salt M"*X,'~ in aqueous solution.

It was recognized in the mid 1990’s that existing potential models for water did not
adequately predict the features of the partial pair distribution functions, g(r) for water
measured by neutron scattering (e.g., Chialvo and Cummings 1998). It was unclear whether
the disagreement between predicted and measured correlation functions was a reflection
of unrealistic intermolecular models, inadequate processing of the raw NDIS data, or a
combination of both. Suspicion focused on the inadequacies in the proper accounting of
the inelasticity (Placzek errors) corrections associated with the NDIS experiments. These
corrections become a large source of uncertainty at high temperature and remarkably difficult
to estimate for the light isotopes. Molecular models pinpointed the inaccuracies in the
scattering data, while at the same time revealing that improvements in how to constrain the
hard-core diameters used in models helped avoid unphysical behavior over short length scales
(Chialvo et al. 1998). Several conclusions were reached that are important for future work on
the molecular features of water: (a) There is incentive to build new neutron instruments that
use 0.1 A wavelengths to help minimize problems associated with the inelastic correction; (b)
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There is a need for an independent method to verify NDIS data because of its experimental
complexity and the likelihood of undesirable numerical artifacts in the raw data; (c) It would
be desirable to develop alternative experimental methods to determine microstructure, to
avoid use of isotopic substitution and its troublesome inelasticity correction; and (d) We need
alternative or complementary molecular-based methods to efficiently check the reliability of
experimental structural results, before they are used in model parameterization.

FLUIDS CONFINED IN NANOPOROUS REGIMES

Confining matrices of interest to earth sciences

The behavior of liquids in confinement typically differs from their bulk behavior in many
ways. Some important factors influencing the structure and dynamics of confined liquids include
the average pore size and pore size distribution, the degree of pore interconnection, and the char-
acter of the liquid-surface interaction (e.g., hydrophilic vs. hydrophobic pore surfaces). While
confinement of liquids in hydrophobic matrices, such as carbon nanotubes, or near the surfaces
of mixed character, such as many proteins, had been the area of rapidly growing interest, the
confining matrices of interest to earth sciences usually contain oxide structural units and thus are
characterized by hydrophilic pore surfaces. This is because, unless dehydroxylation procedures
are applied, there is always chemisorbed water on an oxide surface in the form of hydroxyl
groups. The pore size distribution and the degree of interconnection vary greatly amongst porous
matrices. At one end of the spectrum there are materials with irregular porous structure, such as
porous glasses (e.g., Vycor), xerogels, aerogels, and rocks. At the other end, there are materials
characterized by regular porous structure, such as mesoporous silicas (e.g., SBA-15, MCM-41,
MCM-48), zeolites, and layered systems, for instance, clays. In many matrices, the pore size may
be tailored by means of adjusting the synthesis regimen. In clays, the interlayer distance may de-
pend on the level of hydration. Although studied less frequently, matrices such as artificial opals
and chrysotile asbestos represent other interesting examples of ordered porous structures. In
this section, we provide a brief review of research performed on liquids confined in materials of
interest to the earth sciences (silicas, aluminas, zeolites, clays, rocks, etc.) using various neutron
scattering techniques with special emphasis on dynamical behavior.

Neutron scattering as a probe of confinement processes

The properties of neutrons make them an advantageous probe for studying liquids in
confinement compared to X-rays. Neutrons can be scattered either coherently or incoherently,
thus providing opportunity for various kinds of analysis of both structural and dynamic
properties of confined liquids. Such analysis is possible due to the fact that wavelengths of
thermal and cold neutrons are comparable with intermolecular distances in condensed phases,
while the neutron energy can be tailored to probe both high- (collective and single-particle
vibrational) and low-frequency (single-particle diffusive) motions in the system. Importantly,
the large incoherent scattering cross-section of hydrogen compared to other elements allows
acquisition of spectra dominated by the scattering from H-containing species (see recent review
article by Neumann 2006), whereas the X-ray scattering from such systems, which is virtually
insensitive to hydrogen, would be dominated by the signal from the confining matrix. Last but
not least, the large difference in the coherent and incoherent neutron scattering cross-sections of
hydrogen and deuterium allows preferential selection of atoms to dominate the scattering signal
by means of selective deuteration of the fragments of liquid molecules or the confining matrix.

Application of various techniques: neutron diffraction, small-angle scattering, inelastic
spectroscopy

The structural properties of confined liquids can be assessed using coherent scattering
techniques, neutron diffraction and small-angle neutron scattering (SANS). The former allows
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one to measure the static structure factor, S(Q), which can be then Fourier-transformed to obtain
the radial pair-distribution function, g(r), that describes the distribution of the distances between
the coherently scattering nuclei in the liquid. For hydrogen containing species, deuteration is
required in order to obtain diffraction patterns from coherently scattering D nuclei.

Perhaps the most important application of neutron diffraction from confined liquids is
detection of freezing-melting transitions. These transitions are known to be depressed to
lower temperatures compared to the corresponding bulk liquids and to exhibit a substantial
hysteresis. Unlike, for example, calorimetric measurements, a neutron diffraction experiment
can not only detect a freezing transition in the confined liquid, but also determine the crystal
structure of the resultant solid phase. This phase may be either crystalline but different from
that of the bulk solid phase, or amorphous. Information on the average size of the crystalline
particles in confinement can be obtained from broadening of the Bragg peaks.

Most of the neutron diffraction studies of freezing of the supercooled confined liquids
involved water-ice transition in mesoporous silicas, silica sol-gels, or Vycor glass (e.g.,
Steytler et al. 1983; Bellissent-Funel et al. 1992; Takamuku et al. 1997; Baker et al. 1997;
Dore et al. 2002; Venuti et al. 2004). A review by Dore covers a number of structural studies
of supercooled confined water (Dore 2000). It was found by several researchers that in
sufficiently small pores formation of a metastable cubic ice phase takes place instead of a
bulk hexagonal ice phase. In even smaller pores, where the development of hydrogen-bonded
network is strongly suppressed, formation of amorphous ice was observed. Even though the
temperatures in experiments with supercooled confined water are outside the range which is
typically of interest to earth sciences, such experiments are important because they elucidate
the effect of confinement on hydrogen-bonded network. The structure of liquid water confined
in Vycor glass at ambient temperature was also addressed (e.g., Bruni et al. 1998).

In general, studies involving porous silicas as confining matrices typically emphasize the
nature of the hydrogen-bonded network of confined water molecules, whereas water-matrix
interactions receive less attention. These interactions, however, are of central importance in
another active area of structural studies that concerns liquid-like interlayer water in clays (e.g.,
Skipper et al. 1990, 1994, 1995; Williams et al. 1997, 1998; Powell et al. 1998; de Siqueira
et al. 1999; Pitteloud et al. 2000, 2001, 2003). In these studies, H/D isotopic substitution was
typically employed in order to separate the diffuse diffraction pattern due to interlayer water
from the Bragg diffraction due to the crystalline structure of the clay. The emphasis in the clay
experiments is usually on the interaction of water molecules with the inter-layer counterions
and the hydration structure of these counterions. These experiments are typically carried out at
room temperatures. We note in passing that the neutron diffraction technique in combination
with standard methods of crystallographic analysis such as Rietveld structural refinement is
well suited to address the structural position of D,O or deuterated organic molecules adsorbed
in structurally complex crystalline materials such as zeolites (e.g., Goyal et al. 2000; Floquet
et al. 2004).

While diffraction measurements of liquids in confinement probe structural correlations
not exceeding a few molecular diameters, SANS measurements provide coverage over much
broader range in the real space (Radlinski 2006, this volume). This is because SANS involves
measuring neutron intensities at very low values of the scattering vector, Q (i.e., at small
angles). For a two-phase system, the SANS intensity is proportional to the scattering contrast,
i.e., the square of the difference in the scattering length densities between the two phases.
Therefore, information on both the magnitude and the spatial distribution of the scattering
density variations can be obtained from SANS data. The molecular-level structure of the
constituencies is unimportant because it is averaged out over large distances. This is exploited
to a good advantage in contrast variation methods (e.g., deuteration of hydrogenous phases),
when the pores are filled, or partially filled with an adsorbate to bring the difference in the
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scattering length densities (and, concurrently, the SANS intensity) to zero. For instance,
in a contrast variation experiment open and closed pores could be distinguished since the
latter would be inaccessible to the adsorbate. The contrast technique can be used to study the
structures of both the empty pores and the adsorbate. In general, these structures do not have to
be the same, especially in matrices with fractal pores, since an adsorbate may condense in the
most strongly curved pore regions rather than cover the surface with a wetting film of uniform
thickness (e.g., capillary condensation, Broseta et al. 2001).

SANS provides considerable flexibility in the choice of an adsorbate because the
scattering length density can be tuned through partial deuteration of the adsorbate molecules.
For a reader interested in a brief introduction to the SANS technique as well as a survey of
the experimental results the review paper by Ramsay (1998) can be recommended. Fluids in
various confining environments have been studied by SANS. Examples include water in Vycor
glass and other porous silicas (Li et al. 1994; Agamalian et al. 1997), water in a synthetic
clay and a natural rock (Broseta et al. 2001; Knudsen et al. 2003), and binary mixtures in
various porous matrices (Dierker and Wiltzius 1991; Lin et al. 1994; Frisken et al. 1995), to
name a few. Investigation of the liquid-gas critical phenomena in single-component fluids
in confinement is another interesting area of SANS research (e.g., studies of cyclohexane in
porous silica by Webber et al. (1996) and of carbon dioxide in a silica aerogel by Melnichenko
et al. (2004, 2005, 2006)). Typically, SANS experiments are carried out at ambient or elevated
temperatures (usually a few tens of degrees).

Dynamics of confined liquids is investigated by neutron spectroscopy that relies mainly
on the incoherent scattering of neutrons from hydrogen nuclei. Even though the actual
motions of nuclei in the molecules of a condensed phase are very complex, they usually can
be separated into fast vibrational and librational and slow rotational and translational motions.
The more energetic vibrational and librational modes are probed using dedicated neutron
spectrometers with moderate energy resolution and reasonably high incident neutron energies.
On the time scale of such spectrometers, rotational and translational motions are very slow and
can be neglected. This type of measurement is known as inelastic neutron spectroscopy (INS).
Compared to infrared spectroscopy, INS benefits from the absence of optical selection rules
and the large incoherent scattering cross-section of hydrogen.

As in the structural studies, water is the medium whose dynamics in confinement has
been studied most extensively. Traditionally, the field was dominated by studies of water (or
hydroxyl groups) dynamics in zeolites (e.g., Jobic et al. 1992, 1996; Mitchell et al. 1993;
Beta et al. 2004; Corsaro et al. 2005). More recently, INS was used to probe dynamics of
hydroxyl groups in mesoporous silica (Geidel et al. 2003). In such studies, the fundamental
vibrational modes of water molecules and hydroxyl groups adsorbed at well defined sites
of the host framework are usually probed at low (helium) temperatures with neutron energy
loss in order to sharpen the inelastic peaks, which suffer loss in quality due to multiphonon
scattering in ambient temperature measurements with neutron energy gain. It should be noted
that measuring the high-frequency stretching modes of OH and H,O species (with an energy
is excess of 400 meV or 3200 cm™") with neutron energy loss requires an inelastic neutron
spectrometer built either at a spallation neutron source or a hot reactor neutron source in order
to have access to sufficiently high incident neutron energies. Another recent development in
the area of INS studies of confined liquids concerned measuring low-frequency (at about
100 meV and below) dynamics in supercooled water confined in Gelsil and Vycor glasses
(Venturini et al. 2001; Crupi et al. 2002a,d). The emphasis in this area of research is on the
properties of confined water, as opposed to studies of zeolites, where measured vibrational
frequencies are typically used to characterize the adsorption sites.

There have been numerous INS studies of molecules other than water adsorbed in zeolites;
e.g., alcohols (Schenkel et al. 2004a,b), chloroform (Mellot et al. 1998; Davidson et al. 2000),
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ethane and ethene (Henson et al. 2000), furan (Beta et al. 2001), ferrocene (Kemner et al. 2002),
also see Jobic (1992, 2000b) for surveys of earlier and more recent zeolite studies. A study by
Rosi et al. (2003) that has attracted much interest involved investigation of hydrogen adsorbed
in metal organic framework MOF-5. The INS spectra indicated the presence of two well-
defined binding sites in this material, which is characterized by significant hydrogen uptake.
As in the case of confined water, INS studies of organic molecules in confining matrices with a
well-defined structure are mainly aimed at characterization of the adsorption sites. A study of
propylene glycol confined in a porous glass by Melnichenko et al. (1995) represents an example
of research where the properties of the confined medium were of the main interest.

Basics of quasielastic neutron scattering (QENS)

Quasielastic neutron scattering (QENS) can be used to assess the mobility of confined
liquids, which is the property affected the most by a confinement: a change by one to two
orders of magnitude in the mobility of a confined liquid is common. Here we provide the most
basic description of the technique; for a detailed discussion see Bée (1988), Roe (2000), and
Hempelmann (2000).

The incoherent scattering function S;,.(Q,E) measured in an experiment is the space and
time Fourier-transform of the self-correlation function G (7;), which is the probability that a
particle that was at » =0 at t = 0 is at position r at time #:
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where the intermediate scattering function, /;,.(Q,1), is the space Fourier transform of G(7;1).
For the simplest case of Fickian diffusion with a diffusion coefficient D:
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That is, the signal measured by a spectrometer as a function of neutron energy transfer, E,
is a Lorentzian with a half width at half maximum (HWHM) ' = #DQ?. In general, QENS
probes rotational and translational diffusive motions of molecules that result in the broadening
of the elastic peak. In QENS measurements, the effects of faster vibrational and librational
motions manifest themselves in the overall reduction of scattering intensities (Debye-Waller
factor). It should be noted that knowledge of the resolution function and an extremely good
energy resolution is of paramount importance in QENS. For this reason, time-of-flight and
backscattering spectrometers built at cold neutron sources are frequently employed in this
type of experiment. Though conceptually different from QENS, neutron spin-echo technique,
which has very high energy resolution and yields the intermediate scattering function in the
time space, 1(Q,?), can be also used for studying slow diffusive motions.

Diffusion in confined and bulk liquids cannot be completely described by Equations (20-
22). A simple model that captures the essential features of the diffusion process is called the
“jump diffusion” model. It assumes that the diffusing particles rest for a time tr between jumps
at a distance r. In this model, the scattering function in the energy space is still a Lorentzian for
a translational diffusion process, but the O-dependence of its broadening becomes:
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(Bée 1988). The residence time between jumps and the jump length are related through
the diffusion coefficient D = r?/6t. A fixed jump-length jump diffusion model describes
translational diffusion of interstitial species in some solids. In liquids, which are characterized
by a distribution of jump lengths, P(r), the HWHM averaged over the jump lengths becomes:
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The choice of P(r), which is not unique, defines the Q-dependence of the HWHM. Two models
are typically employed. For a Gaussian distribution of jump lengths, the half width at half
maximum derived by Hall and Ross (1981) is:

h
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T
where the three-dimensional diffusion coefficient D = <r*>/6tr. Alternatively, an exponential
distribution of jump lengths (Singwi and Sjolander 1960; Egelstaff 1967) yields:
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For both types of distribution, I'(Q — 0) = ADQ ? and I'(Q — ) = A/tr. Therefore, for a

translational diffusion process the residence time between jumps and the diffusion coefficient

can be obtained from the high- and low-Q limits of the QENS broadening, respectively.

To simplify analysis, faster rotational and slower translational diffusion motions are
usually assumed to be independent (decoupling approximation). Then in the time space one
can write the intermediate scattering function as a product of the rotational and translational
components. Consequently, the scattering function in the energy space becomes a convolution
of the rotational and translational components. A number of model scattering functions
describing various types of rotational or other localized motions are discussed by Bée (1988).
A common feature, which distinguishes them from the translational scattering functions
such as the one described by Equation (22), is the existence of an elastic term due to a finite
probability of finding a diffusing particle at the initial position at time ¢. This elastic term is
frequently called elastic incoherent structure factor (EISF). For a rotational diffusion process,
both the characteristic time between rotational jumps and the jump geometry can be derived
from the QO-dependences of QENS broadening and the EISF. Refer to the section on Fluid
Interaction with Surfaces for a more detailed discussion of scattering functions characterizing
rotational diffusive motion.

Application of QENS to fluid-confined systems

The landmark study of supercooled bulk water by Teixeira et al. (1985) has established
the framework for interpretation of QENS data from bulk water and water in various confining
matrices. Examples of the QENS spectra obtained from water at various values of Q are shown
in Figure 9. The Q-dependence of the Lorentzian broadening describing the translational
diffusion component is shown in Figure 10. Fits of good quality could be obtained for the data
through the entire temperature range using Equation (26). In this study, the water had to be
supercooled in order to separate characteristic times between the rotational and translational
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Figure 9. QENS data from su-
percooled water. [Reprinted with
permission from Teixeira et al.
(1985), Phys Rev A, Vol. 31, Fig.
1, p. 1915. © 1985 by the Ameri-
can Physical Society. URL: http:
Hlink.aps.org/abstract/PRA/NV3 1/
p1913]
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Figure 10. Linewidth of the translational diffusion component of supercooled water fitted with a model assum-
ing exponential distribution of diffusion jump lengths. [Reprinted with permission from Teixeira et al. (1985),
Phys Rev A, Vol. 31, Fig. 2, p. 1915. © 1985 by the American Physical Society. URL: http://link.aps.org/
abstract/PRANV31/p1913]
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diffusion jumps. In bulk water, these characteristic times are both close to a picosecond at
ambient temperature. Upon supercooling down to 253 K, the translational jumps slow down
by an order of magnitude, whereas the time between rotational jumps increases by just about
a factor of two, as one can see in Figure 11. Remarkably, confined water shares many of the
same features observed in supercooled bulk water. In particular, the rotational diffusion jumps
of water molecules in confinement tend to slow down much less compared to the translational
diffusion jumps. Thus, the translational and rotational diffusion components are usually well
separated at ambient temperature.

Because of the similarity between supercooled bulk and confined water, numerous studies
of supercooled water in mesoporous silicas (Takamuku et al. 1997; Takahara et al. 1999;
Mansour et al. 2002; Faraone et al. 2003b,c; Liu et al. 2004; Takahara et al. 2005), Vycor glass
(Bellissent-Funel et al. 1993, 1995; Zanotti et al. 1999), and Gelsil glass (Crupi et al. 2002b,c)
are relevant to understanding the mobility of water in confinement through a wide temperature
range. As a result of these studies, two conceptually different approaches have evolved for
interpretations of the QENS data on confined water. One is the “confined diffusion” model,
where the shape and size of the confining pore manifest itself through the form-factor, which
defines the Q-dependence of the EISF. This model assumes that water molecules perform
unrestricted diffusion jumps within a pore until they encounter the pore boundaries. The
second concept, commonly called “relaxing cage” model (Chen et al. 1995; Zanotti et al.
1999), suggests that on the time scale of translational jumps of a water molecule, the relevant
confinement size is not the size of the pore, but that of the “cage” formed by the neighboring
water molecules, from where the molecule can escape through the structural relaxation. In the
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Figure 11. Temperature dependence of residence times for the translational (denoted t,) and rotational (de-
noted t;) diffusion components of supercooled water [Reprinted with permission from Teixeira et al. (1985),
Phys Rev A, Vol. 31, Fig. 3, p. 1916. © 1985 by the American Physical Society. URL: http://link.aps.org/
abstract/PRA/V31/p1913]
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“relaxing cage” model, the self-correlation function is not a Gaussian, and the functional form
of the intermediate scattering function in the time space is no longer described by the simple
exponential decay as in Equation (21). Instead, it is represented by a stretched exponential
decay, exp[—(#/1)P]. A stretched exponential decay has the same functional form one can obtain
assuming a distribution of local diffusivities in the confined medium (Colmenero et al. 1999).

QENS studies of water confined in materials other than silica tend to focus on the
influence of the matrix parameters (such as cation charge and channel size in zeolites) on the
water dynamics. Various examples of matrices used to confine water include zeolites (Paoli et
al. 2002; Crupi et al. 2004a,b,c), porous alumina (Mitra et al. 1998, 2001), tuff (Maddox et al.
2002), layered silicate AMH-3 (Nair et al. 2005), aluminosilicate glasses (Indris et al. 2005),
and a silica-alumina-NaO, molecular sieve (Swenson et al. 2005). In these studies, ambient
and elevated temperatures were of primary interest, even though it was possible to supercool
water confined in small pores. In an interesting series of experiments, Fratini et al. (2001,
2002) and Faraone et al. (2002) investigated the dynamics of water in cements (hydrated
dicalcium and tricalcium silicates) as a function of aging (i.e., cement curing time) at ambient
temperature. Water mobility in clays is an actively developing area (e.g., Gay-Duchosal et
al. 2000; Swenson et al. 2000; Swenson et al. 2001a,b; Malikova et al. 2005, 2006). Because
oriented clay platelets are readily available, it is possible to differentiate between in-plane and
out-of-plane interlayer water dynamics by means of properly orienting the sample with respect
to the scattering vector. Both ambient and supercooled temperature regimes of interlayer water
diffusion in clays have been investigated. Examples of the less common systems interrogated
by QENS to study the dynamics of confined water include a layered material V,05 (Takahara
et al. 2000; Kittaka et al. 2005) and chrysotile asbestos (Mg;Si,O5(OH),) fibers with
macroscopically aligned one-dimensional channels (Mamontov et al. 2005b).

Mobility of confined materials other than water has been also investigated in a number
of QENS studies. Examples include hydrogen (Glanville et al. 2003), methane (Benes et al.
2001), toluene (Alba-Simionesco et al. 2003), and cyclohexane (Jobic et al. 1995) in micro-
and mesoporous silicas, n-hexane (Stepanov et al. 2003; Jobic et al. 2003), Hy/D, (Fu et al.
1999; Bir et al. 1999; Jobic et al. 1999), N, and CO, (Papadopoulos et al. 2004), benzene
(Jobic et al. 2000b) and propane (Mitra and Mukhopadhyay 2003) in zeolites, and benzene
in chrysotile asbestos fibers (Mamontov et al. 2005a). In these experiments, the temperature
range varied greatly, depending on the properties of the confined material. It should be noted
that the signal from coherently scattering nuclei is dependent on collective properties (such as
transport diffusivity), whereas the signal from incoherently scattering nuclei such as H, which
is measured in the overwhelming majority of QENS experiments, describes self-diffusion.
While both QENS and neutron spin-echo techniques can measure data from coherently
and incoherently scattering samples, spin-echo is intrinsically more effective for coherent
scattering measurements. This is why most spin-echo measurements involve deuterated
samples and probe transport rather than self-correlation properties. Studies by Swenson et al.
(2001) and Jobic et al. (2000a) provide examples of spin-echo experiments on hydrogenated
(water) and deuterated (benzene) liquids in confinement, respectively.

Dynamics of complex hydrocarbon molecules in confinement has been also addressed
by QENS. Jobic (2000a) studied linear and branched alkanes (for chains up to C-14) confined
in ZSM-5 zeolite. Because of the relatively large size of confined molecules, the diffusion
could be observed within the time window of a backscattering spectrometer only at high
temperatures. Branched alkanes were found to diffuse much more slowly than linear alkanes:
for example, the diffusion of CH3(CH,)¢CHj; at 400 K was significantly faster than that of
CH(CHj;); at 570 K.

Role of molecular-based simulation

In many experiments, simple structural and dynamic analytical models can provide only
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limited insight into the system’s properties. For such cases, computer simulations become
necessary in order to understand the system’s behavior and interpret the experimental results.
While a large number of simulation studies of liquids in confinement have been performed,
instead of presenting numerous examples we would like to outline some approaches that can
be taken when using simulated data.

The data obtained in the course of a simulation (frequently, molecular dynamics) can be
used in several ways. The simulated data are often compared directly with experimental data. A
typical example is a study by Ricci et al. (2000), who used MD to calculate the radial correla-
tion functions for bulk water and water confined in Vycor glass and compare them with the ex-
perimental radial correlation functions. Single-particle diffusional dynamics of water confined
in Vycor glass was also calculated in this work. Another very recent example of simulation-
experiment synergy was described by Skipper et al. (2006) for behavior of water in clays.

An alternative approach is to analyze simulated data without directly comparing them
with an experiment, especially when the experiment would be difficult to perform. For
example, Gallo and Rovere (2003) modeled dynamics of water in Vycor glass at low hydration
levels. They reported a profound difference between the water molecules near the surface
of cylindrical pores and the rest of the confined water molecules. The former exhibited an
anomalous diffusion, whereas the latter showed ordinary Brownian motion. Such a distinction
may be difficult to assess in an experiment, where constant exchange between molecules near
and far from the surface takes place. Another example of an interesting model system which
would be difficult to investigate experimentally is a study of water confined to a slab geometry
(Zangi 2004).

Some computational studies are used to set up a new framework for interpretation of
the whole class of experimental data. For example, molecular dynamics studies by Chen et
al. (1999) and Liu et al. (2002) were used to establish the relaxing cage model for water
that we have discussed in the previous section. Another example is a discussion of the limits
of applicability of the decoupling approximation for rotational and translational diffusion
components in water by Faraone et al. (2003a). Similarly, the recent work by Wang et al.
(2006) provides MD descriptions of water behavior in a variety of layered minerals including
brucite, gibbsite, muscovite, and talc which should be experimentally verified with neutron
scattering and other complementary methods such as NMR.

Last but not least, simulation can be used to link results obtained using different
experimental techniques and discuss their validity. Malikova et al. (2005, 2006) recently
compared computer simulations with QENS and spin-echo neutron measurements of
diffusion of water in clays to demonstrate that underestimation of the relaxation times (that is,
overestimation of water dynamics) may occur if the limitations of experiment or simulation
preclude assessment of sufficiently long relaxation times.

FLUID INTERACTION WITH SURFACES

Many of the chapters included in this volume describe how neutrons can contribute to
our understanding of bulk-condensed matter in cases of geological importance and interest.
Despite the fact that neutron methods are traditionally viewed as a bulk technique (since they
scatter from the nucleus and because of the lower fluxes available at even the most intense
neutron sources) they can also be successfully applied to study surfaces and interfaces (e.g.,
gas-solid, fluid-solid, fluid-fluid and buried interfaces). In an earlier volume of the Reviews
in Mineralogy and Geochemistry series Fenter (2002) and Bedzyk and Cheng (2002) discuss
how X-ray reflectivity and X-ray standing wave techniques can be used to probe mineral
surfaces and interfaces. Here we illustrate how neutron scattering techniques could and have
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been used to investigate problems of similar types by presenting several prototypical examples
of how diffraction and inelastic scattering techniques have been applied to the study of gas-
solid and liquid-solid interfaces and within porous media. The main advantage that neutron
techniques offer in this arena is the possibility to study BOTH the structure and the dynamics
of the system of interest at the microscopic level. We will discuss how neutron diffraction
and inelastic scattering can be used to study the interaction of gases and fluids with lamellar
compounds (i.e., graphite and clays), metal oxides and within porous media (such as Vycor
glass and nanometer scale tubular arrays). Our objective here is to illustrate the power of the
technique and to stimulate the use of neutrons to study of problems relevant to the interest of
geochemists.

Structure based on neutron diffraction from layered and two-dimensional systems

While single crystal surfaces and interfaces are readily studied using X-ray and electron
diffraction techniques, neutrons can only be applied to such interfacial studies if high surface
to volume materials can be used or where large beam footprints are employed such as in
reflectometry studies. As noted above, these studies typically involve materials like clays,
mica, graphite, and silica. One of the earliest studies relevant to the discussion here is that of
Warren (1941) who explained how the diffraction from crystalline powders of random layer
materials (like graphite and carbon blacks) exhibits diffraction patterns with characteristic
lineshapes that are shaped like a sawtooth. Warren considered a model system composed of
a random layer of lattice structures arranged parallel and equidistant from one another, but
a random translation parallel to a layer and rotation about the normal. Warren explained his
results by noting that the calculated lineshape was a direct result of the powder averaging
of a perfect two-dimensional (2D) reciprocal lattice of rods that correspond to the real
space “sheets” of carbon that form the basal plane of graphite. Figure 12 (left panel) shows
schematically how the asymmetric sawtooth line shape arises while Figure 12 (right panel) is
a plot of the diffraction pattern from a randomly oriented material that is a collection of 2D
planes. This diffraction profile is often referred to as the “Warren” lineshape. His argument
holds true for other lamellar materials as well, so it is relevant to our discussion here.

Since we are considering a 2D system, we note that this is a monomolecular system and
all of the centers of mass of the molecules are in the same plane (even if individual nuclei
in the molecule are not). S(Q), introduced earlier in this chapter, therefore only depends on
the component of Q projected onto the scattering plane, Qpyaner. Just as Warren did we now
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Figure 12. Schematic representation of how the projection of Bragg rods (left panel) leads to the
asymmetric shape shown in the Warren lineshape figure illustrated in the right hand panel. The origin of
this asymmetry is discussed in the text. This diffraction pattern uses a Lorentzian profile for the structure
factor of the Bragg rod.
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consider the case of lamellar systems like graphite and mica and assume that the scattering
system has random orientations of the crystallites about an axis normal to the basal (or 2D)
plane. Because the magnitude of the parallel component of the structure factor S(Q) is the
relevant quantity we note that:

2n

1
S(Qparallel) = % J. S(Qpa:allel ,&)d& (27)

0

where  is the angle made by Qpacaiel With respect to an arbitrary reference direction in the
scattering plane. An average must be made over the distribution of the surface normal to the
individual crystallites that make up the powdered sample. Figure 13 illustrates the scattering
geometry for a single crystallite. This figure shows a crystallite (labeled as the primed
coordinate system) where the surface normal (z' axis) is oriented at an angle 0 with respect
to the unprimed laboratory frame. The primed frame is chosen so that both the primed and
unprimed y axes lie in the same plane and the z' axis lies in the yz plane of the lab frame. For
this illustration we chose the Q vector to be along the y axis. Hence Qe can be given by:

Qparallel = |Q5’ - (Q ' 2,)2

where y, z and 2’ are unit vectors pointing along the respective primed and unprimed axes.
We use some straightforward vector geometry to express the unit vector Z’ in terms of the
laboratory (unprimed) frame. If the probability distribution of the crystallite plane normals
per unit solid angle is P(0) then the fraction of plane normals within the solid angle sin6d0d¢
is given by their product [P(0)sinfd0d¢]. By combining our results from above and assuming
that F(Q) (see Eqn. 9a,b) depends only on the magnitude of O, we find that the cross section
can be written as:

=Q(1 —sin’Bsin> ) (28)
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While this is the essence of what is required to calculate the cross section it is noteworthy
to indicate that Warren deduced that in the vicinity of the two dimensional reciprocal lattice
vector Ty for a finite sized 2D crystallite of coherence length L the structure factor can be
approximated by:

2
O paraliel =Tk ‘ L /4m]

S(Q)=py(L/aye"

(30)

Figure 13. Scattering geometry for a

@ ' 2D crystallite with the surface normal
2D i ox (z') tilted with respect to the fixed
Crystallite y laboratory z axis. Note that the x’ axis

Plane (x-y’)

comes out of the plane of the paper.
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Numerous authors have more recently expanded the expression for the cross section
given in Equation (29) in various ways. Most of this work is for determining the structure of
adsorbed films on solid substrates in particular graphite. The details of these expansions can
be found in Stephens et al (1984), Dutta et al. (1980) and Dimon et al. (1985). The work of
Dimon et al. (1985) is particularly noteworthy in that it finds that a Lorentzian distribution
gives a more satisfactory fit to the lineshape. Our recent experimental evidence suggests that
the Lorentzian lineshape can be successfully used to describe the scattering profile of adsorbed
molecular films on substrates like graphite foam and MgO where a truly random distribution of
the crystallites seems to be realized. Figure 14 illustrates the overall quality of the Lorentzian
lineshape description for an a monolayer butane film adsorbed on MgO(100) surfaces. We
have focused our attention on describing the lineshape for 2D solid systems, however in cases
where the range of spatial correlations is restricted to near neighbor and next near-neighbor
coordination rings and where translational mobility also is present (i.e., 2D liquid/fluids), we
assume that the reader understands that these lineshapes would broaden in response to the
decay of the spatial correlations. Later in this discussion we will indicate how INS and QENS
can be used in conjunction with diffraction to gain further microscopic information about the
details of the dynamics in interfacial solids and fluids.
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Figure 14. Neutron diffraction study of the structure of a single layer of butane adsorbed to an MgO (100)
surface. The sawtooth shaped peaks in the diffraction pattern (upper panel) indicate that the molecular
film is two-dimensional. The lower panel illustrates how the four molecules in the unit cell (a = 29.5 A; b
=421 f\) are arranged. The molecules are found to “register” with the MgO lattice with a 242 x T2 cell
configuration. (Arnold et al. 2006a).
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It is of some interest to consider the situation where one of the idealized 2D systems that we
have addressed can be followed in a layer by layer growth mode from a strictly 2D plane to one
that is more 3D like. Such is the situation in the formation of multilayer molecular films adsorbed
to uniform substrates or where epitaxial metal or soft matter growth is realized in chemical vapor
deposition, molecular beam epitaxy or polymeric deposition systems. The “lineshape” discussion
above has to be modified to account for the development of the third dimension of order in the
system. Conceptually this is rather straightforward. Instead of considering, as Warren (1941)
did, an ideal 2D reciprocal lattice composed of an ordered array of uniform rods; the reciprocal
lattice for an idealized multilayer (e.g., 2-5 individual layer) system is characterized by an array
of modulated rods, where the functional form of the modulation of those rods represents the
details of the spatial distribution of the scatters in the direction perpendicular to the original 2D
plane. Stephens et al. (1984) considered the multilayer diffraction situation in X-ray scattering
studies while Larese and his collaborators considered how neutron scattering could be used to
follow the growth and melting of atomic and molecular systems on graphite. Figure 15 illustrates
how neutron diffraction patterns evolve with film thickness for the growth of ideal two and three
layer close-packed films on the graphite basal plane.

Dynamics derived from inelastic neutron scattering

The general concept of using inelastic neutron scattering to obtain information concerning
the dynamical properties of condensed matter systems has been covered in numerous places in
this volume and for the case of QENS applied to the study of translational diffusion in confined
liquids. In the following sections we discuss how rotational and vibrational motions might
also be incorporated into these interfacial investigations. For a more detailed discussion of
scattering functions characterizing translational diffusion refer to the earlier section on QENS
studies of confinement.
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Figure 15. Schematic view (left panel) of a modulated lattice of rods characteristic of a spatially finite
bilayer structure. Model line-shape calculations (right panel) for a powder-averaged diffraction profile
resulting from an A-B stacking sequence for (a) monolayer, (b) bilayer, (c) trilayer thick film, (d) illustrates
the diffraction profile for an A-B-C trilayer. A triangular, commensurate, close-packed structure was used
in each case. The in-plane lattice spacing was the same in all cases. The interplane distance was held fixed
between all layers. [Used with permission from Larese et al. (1988a) Phys Rev B, Vol. 37, Figs. 1,2, p.
4736. © by the American Physical Society. URL: http://link.aps.org/abstract/PRB/v37/p4735]
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Neutron scattering can be applied effectively in the study of the vibrational and rotational
motion of hydrogen bearing molecules or molecular species. The large incoherent cross sec-
tion for hydrogen means that incoherent neutron scattering can also be used for vibrational
spectroscopy. The major advantage that neutrons offer as a tool for vibrational spectroscopy
over the more common optical techniques of infrared and Raman scattering is that there are no
symmetry-dependent selection rules that cause certain modes to be unobservable. A very recent
monograph by Mitchell et al. (2005) is an excellent and practical resource for gaining a founda-
tion and understanding of neutron vibrational spectroscopy as it has been applied in chemistry,
biology, materials science and catalysis. While it is clear that we need to once again consider the
neutron scattering cross section, we will simplify this discussion here and point out that infor-
mation about the normal modes of vibration of a molecule or of molecules attached to a surface
or chemically bound to an interface can be realized using the incoherent scattering (we will not
discuss the measurements of phonons in crystals or collective vibrations here but naturally these
can be measured). The intensity of the i molecular vibrational transition is proportional to:

I, 0 QU2 @ Vi’ 31

where U, is the vibrational amplitude of the atoms within the particular mode. The exponential
term in Equation (31) is the Debye-Waller factor and U, is the mean square displacement
of the molecule. The magnitude of this is partially determined by the thermal motion of
the molecule. A very good example of how this type of spectroscopy can be used in the
mineralogical context is shown in Figure 16 (Dove 2002).

Another important dynamical process which neutrons can probe is the characterization of
rotational motion. If a molecule rotates randomly about its center of mass (COM), the positions
of the hydrogen atoms r,(f) move over a sphere of constant radius Ir,l. This type of motion is
referred to as rotational diffusion. For illustrative purposes, consider the simple case of the dif-
fusion of a single-atom-bearing molecule that is rotationally diffusing. Such a model would be
a reasonably good choice for a system like crystalline methane at temperatures just below the
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Figure 16. Incoherent inelastic neutron scattering from samples of analcime with various degrees of
hydration and compared with scattering from leucite. [Used by permission of Schweizerbart Science
Publishers (http://www.schweizerbart.de), from Dove (2002), Euro J Min, Vol. 14, Fig. 12, p.218]
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melting point. Here the molecular COM is fixed on a lattice but the molecules are freely reori-
enting. One finds that a rate law similar to the one applicable to translational diffusion exists:
dG
—=D,V,G (32)
ot
where G is the time dependant angular probability function and Dy is the rotational diffusion
constant, the inverse of which gives the time constant for rotational motion. It is convenient to
express the operator V2in spherical coordinates. While the expression seems rather straightfor-
ward, the complexity of the actual solution is significant. As with the expression for translation
diffusion the result can found in the monograph by Bee (1988). The solution is:

oo +/
G[QHQ0)|=4mY e PH N ¥ [Q(n)]Y, [Q(0)] (33)
1=0 m=—1

where the Y/,,(Q) are the spherical harmonics and G[€(£),Q2(0)] is the probability of finding the
bond orientation at ()(¢) at time #; when it is at Q(0) at time ¢ = 0. The intermediate scattering
function takes the form:

Fo(Qu1) < J2(QN)+ %i(zl + j2(Qr)e 1P (34)
=1

where j’s are the regular Bessel functions. The incoherent scattering function is derived
immediately from the Fourier transform as:
(35)
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where 3(w) is the Dirac delta function. Notice that the expression has two parts, the (I =
0) component which is the elastic line centered at ® = 0 and the second one which is a
summation of Lorentzian peaks with widths independent of Q. The lowest order term in the
latter component (L = 1) has a width of 2Dy, whereas higher order terms have greater widths.
The amplitudes of the quasielastic components are Q dependent via the Bessel functions. The
temperature dependence of the QENS component often follows an Arrhenius relation:

1= D= Dy /R (36)
where Ey is the activation energy related to the rotational motion (see Fig. 17).

While we have shown that the quasi-elastic component of the incoherent scattering
is useful for determining the time constant for rotational diffusion, the elastic incoherent
component can also be used to obtain useful information concerning the position of the
hydrogen atoms. The elastic component can be used to define the Elastic Incoherent Structure
Factor (EISF) or Igs(Q) which is:

Sa(Q)
Iysp(Q) = —— G7
5,0 +8,,(0)
For isotropic rotational motion of molecules with radius r, the EISF has the simple form:
sin(Qr
Tgsr(Q) = @) (38)
Or

The EISF has been used to better understand the nature of the rotational dynamics in a wide
range of interfacial systems. In Figure 18 we show one such study of EISF reported by Simon
et al. (1990) on nitric acid intercalated in graphite.
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Figure 17. The rotational linewidth as a
function of Q for four temperatures for the
rotational diffusion of water in Vycor glass.
[Reprinted with permission from Bellissent-
Funel et al. (1995), Phys Rev E Vol. 51, Fig.
7, p-4565. © 1995 American Physical Society.
URL:  http://link.aps.org/abstract/PRE/NVS 1/
p4558]

It is commonly found that at lower
temperatures or when the barrier to rotation is
high (i.e., the rotational motions are significantly
hindered) neutrons have been used to study the
discrete transitions between rotational levels,
librational motion and quantum (rotational)
tunneling. A recent review article by Johnson
and Kearley (2000) and the monograph by Press
(1981) should be consulted for an introduction
to this topic. The extreme sensitivity of the
tunnel spectrum to the potential energy surface
(PES) demonstrates that high resolution neutron
spectroscopy provides a unique probe of
intermolecular interactions that is unrivalled in
its sensitivity to the potential energy landscape.
Molecular groups that exhibit rotational
tunneling provide a direct measure of the
symmetry and magnitude of intermolecular and
weak intramolecular interactions (comparable
to the thermal energy k7 at room temperature).
Tunneling (translational) is purely a quantum
phenomenon familiar to all beginning students
of quantum mechanics in the study of the
particle in a box. The rotational analogue is
easily understood by considering molecules in
a lattice where local barriers to rotation are too
great for classical reorientation of the molecule
to take place. The simplest example for us to
consider here is where the rotation is one-
dimensional—e.g., a methyl group rotor. Here
it is sufficient to consider a single coordinate ¢,
used to describe the angular coordinate of the
symmetrically distributed triangle of hydrogen
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Figure 18. EISF for in-plane rotation of the nitric acid molecule intercalated in graphite. [Reprinted with
permission from Simon et al. (1990), Phys Rev B, Vol. 41, Fig. 4, p.2393. © 1990 American Physical
Society. URL: http://link.aps.org/abstract/PRB/v41/p2390]
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atoms, around the central carbon atom (i.e., the C;, axis of the CH; group). The Hamiltonian
for this single particle motion is given by Mitchell et al. (2005):

L i+ZVsn {1+cos[3n(¢+ a1} =£ a—2+Zb e (39)
4nl 99° & 2 W amr 99> A"

where I = 3mr? is the moment of inertia for three hydrogen atoms of mass, m and displaced from
the axis of rotation by the radius, 7. The potential energy is expressed as a Fourier series, typically
limited to n < 2, in which case experimental data are required to determine three parameters,
Vi, Vi, and the relative phase, a = o, — ai3. A basis set of free rotor wave functions can be used
with the Hamiltonian and diagonalized to obtain a set of tunneling and vibrational (librational)
energy levels and wave functions. In Figure 19 (from Johnson and Kearley 2000) the rotational
potential is shown in the upper panel along with a schematic energy levels for a methyl rotor.
Notice that each librational level is split into a singlet and a doublet, with symmetry species A
and E, respectively. It is interesting to observe that there is an exponential decay of the tunnel
splitting while there is a nearly linear increase in libration frequency as a function of barrier
height are illustrated in the lower panel of Figure 19. The strength of the rotational potential at
which the free rotor description (on the left of the lower panel) becomes tunneling is arbitrarily
taken to be at about 2 meV (20 K). While tunneling data can be used to precisely define the PES,
it is not true that this is a simple process once the rotor goes beyond a 1D type.
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Figure 19. (upper panel) A simple rotational potential and corresponding tunnel split energy levels for the
two lowest energy librational levels n = 0,1. (lower panel) The tunnel splitting A and librational frequencies
are shown as a function of the rotational hindering potential V for CH; and CD; with the solid and broken
lines, respectively. [Used by permission of Annual Reviews, from Johnson and Kearley (2000), Ann Rev
Phys Chem, 51, Fig. 1, p. 297-321]
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Neutron diffraction and inelastic scattering in the study of the adsorbed films

Numerous neutron diffraction studies of adsorbed molecular films on or intercalated
between the graphite basal planes, and on the lamellar halides, clays and MgO have been
performed over the last three decades. The bulk of these studies were aimed at answering
questions concerning the nature of 2D solids, solid-solid and solid-liquid phase transitions
(especially KTHNY melting), layer-by-layer growth, preferential adsorption, and orientational
ordering. Here we highlight only a few examples relevant to geochemistry and mineralogy, but
encourage the interested reader to consult the conference proceedings (Sinha, 1980; Taub et al.
1991) and monograph (Bruch et al. 1997) for more information.

Graphite and carbonaceous materials

A surge of neutron (and subsequently X-ray) diffraction studies on the structure of
adsorbed films on graphite followed the pioneering work of Passell and his coworkers (Kjems
et al. 1976) in the 1970’s. Using a simple difference technique, Passell was first to show that
a non-surface specific probe like neutrons was excellent for the study of the structure and
dynamics of adsorbed films. Sheets formed from compressed powders of crystalline graphite
distributed under the trade names Grafoil (Union Carbide) and Papyex (Le Carbone Lorraine)
were found to be ideal candidates for these “surface” studies. The largest concentration of
neutron scattering studies of the structure and dynamics of these adsorbed phases has focused
on adsorbed hydrocarbons. Much of the early work determined both the structure of these 2D
solid phases and the nature of the melting transition for 2D films (Dash 1999; Hansen and
Taub 1999). This is a special type of confined system since the behavior is nominally 2D.
A concerted effort was made in the late 70’s to the mid 80’s to gather evidence to support
the predictions by Kosterlitz and Thouless (1973), Halperin and Nelson (1979) and Young
(1979)—the (KTHNY) theory—that melting in 2D proceeds via a two step, continuous
process that involves a bond ordered state known as the “hexatic phase” that intervenes
between the solid and usual isotropic liquid phase. Strandberg (1988) has written an excellent
review of 2D melting and the reader is directed there for additional information. Perhaps the
most extensively studied system from the stand point of continuous melting in 2D and of
layering transitions involves the ethylene-on-graphite system (Kim et al. 1986; Larese et al.
1988b). Also relevant to interfacial or liquids in restricted geometries are the studies of surface
melting and reentrant layering (Herwig et al. 2000). These studies are particularly important
because they establish that interfacial solids can be stabilized at the adsorbate-film interface
when additional liquid layers are adsorbed above them. Neutron scattering studies of layer-
by-layer melting of rare gas solids by Larese (1993) and Phillips et al. (1993), and of alkane
films (Arnold et al. 2002a,b), carboxylic acids (Bickerstaffe et al. 2004) and alkane-alcohol
mixtures by Messe et al. (2005) have firmly established that this fascinating behavior appears
in a wide range of fluid-solid interfacial systems.

MgO

Metal oxides are important compounds not only industrially but also as components of
earth materials. This coupled with the fact that the next major component of the geosphere is
water suggests that neutron studies of structure and dynamics of adsorbed films and interfacial
water on metal oxides could act as a prototype for the study of more complex mineralogical
systems. After adsorption on graphite perhaps the next most intensely studied system where
2D and interfacial phenomena discussed above has been investigated is magnesium oxide.
While work by Coulomb et al. (1984) stimulated a number of papers in the 1980’s, production
of MgO powders in sufficient quantities to supply a large number of research groups was
not available. Thanks to the recent interest in nanoscience and new synthetic methods for
the production of large quantities of nanometer scale nanocubes of MgO a resurgence of the
structure and dynamics of small molecular systems including methane and other n-alkanes
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(Arnold et al. 2005, 2006b), hydrogen (Larese et al. 2006) and water have recently started
to appear in the literature. One such study is a combined experimental and theoretical
investigation of the rotational tunneling of methane on MgO (100) surfaces. Figure 20 shows
the rotational tunneling spectrum for a monolayer film of methane measured using high
resolution inelastic neutron scattering.

Figure 20. Inelastic neutron “rotational
tunneling” spectrum collected at 1.5 K
from a single layer of methane adsorbed
to a MgO(100) surface. Analysis of this
spectrum leads to the surprising result
that methane sits in the “dipod” con-
figuration, i.e., with its C,, axis normal
b to the surface plane, as shown in the
inset. [Reprinted with permission from
Larese et al. (2001) Phys Rev Lett, Vol.
L 87, Fig. 1, p. 206102-2. © 2001 by the
i American Physical Society. URL: http://
[ link.aps.org/abstract/PRL/87/e206102]
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SUMMARY AND FUTURE DIRECTIONS

There can be no disputing the fact that neutron diffraction and scattering have made a
clear contribution to our current understanding of the structural and dynamical characteristics
of liquid water and water containing dissolved ions at ambient conditions and to a somewhat
lesser degree other state conditions involving a change in temperature and pressure. Indeed,
a molecular-level understanding of how fluids (e.g., water, CO,, CH,, higher hydrocarbons,
etc.) interact with and participate in reactions with other solid earth materials are central to the
development of predictive models that aim to quantify a wide array of geochemical processes.
The importance of the hydrogen-bond interaction, in water and other important hydrogenous
fluids, has been highlighted as well as the sensitivity of the network to perturbations by a change
in physical conditions or proximity to solute molecules and interfaces. Despite the large body
of work that documents the nature of hydrogen bonding and associated interactions with its
local surroundings, it is premature to assume that we have a complete understanding of the
mechanisms that give rise to the particular properties exhibited by water and other simple
molecular fluids. This is particularly true as one goes both above and below ambient conditions.
For example, there is continuing discussion on the relation between the behavior of supercooled
water, the structure of the amorphous ices, the behavior of molecular fluids at interfaces and
the incorporation of simple molecules in hydrate clathrates. This is of particular interest since
we have seen that nanoporous confinement of water at ambient conditions leads to structural
and dynamical features that emulate the super-cooled state. In the context of natural systems,
interrogation of fluids and fluid-solid interactions at elevated temperatures and pressures is an
area requiring much more work, particularly for complex solutions containing geochemically
relevant cations, anions, and other important dissolved species such CO, or CH,. We have tried
to describe a series of prototypical interfacial and surface problems using neutron scattering
to stimulate the thinking of earth scientists interested applying some of these approaches to
confined systems of mineralogical importance.
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Our ability to predict the molecular-level properties of fluids and fluid-solid interactions
relies heavily on the synergism between experiments such as neutron diffraction or inelastic
neutron scattering and molecular-based simulations. Tremendous progress has been made
in closing the gap between experimental observations and predicted behavior based on
simulations due to improvements in the experimental methodologies and instrumentation
on the one hand, and the development of new potential models of water and other simple
and complex fluids on the other. For example there has been an emergence of studies taking
advantage of advanced computing power that can accommodate the demands of ab initio
molecular dynamics. On the neutron instrumentation side while much of the quasielastic work
described above has been performed using instrumentation located at reactor based sources,
the advent of 2" generation spallation neutron sources like ISIS, new generation sources like
the SNS at the Oak Ridge National Laboratory and the low repetition rate 2" target station
at ISIS offer significant opportunities for the study of interfacial and entrained liquids. At
the very least, an improvement of the counting statistics by one to two orders of magnitude
on many instruments such as vibrational and time-of-flight spectrometers at SNS will allow
parametric studies of many systems which otherwise would be prohibitively time consuming.
The extended-Q SANS diffractometer at SNS will offer very high intensity and unparalleled
Q-range to extend the accessible length scale in the real space, from 0. 05 nm to150 nm. The
backscattering spectrometer will provide very high intensity and excellent energy resolution
through unprecedented range of energy transfers, thereby allowing simultaneous studies
of translational and rotational diffusion components in various systems. The vibrational
spectrometer with two orders of magnitude improvement in performance and the capability
to perform simultaneous structural measurements should present exciting opportunities to and
engender an entire new population of users in the neutron community.
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