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Abstract A review of selected experimental and model-
ing techniques that have been applied to study water
structure and dynamics will be presented. Many of these
techniques provide atomic and molecular level detail about
water and are thus relevant to nanofluidics. Given the
wealth of simulations and recent experimental reports on
water confinement in carbon nanotubes, many of the
examples provided will focus on this unique system.
Finally, some perspectives on the picture of water that has
emerged from these various studies will be offered.
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1 Introduction

Nanofluidics involves the study of fluid flow on length
scales commensurate with molecules, and, as such, opens
the door to studying a host of interesting physical phe-
nomena and enables many unique applications. As pointed
out in an excellent earlier review (Eijkel and van den Berg
2005), nanofluidics is not a new discipline, but its recent
emergence as such may reflect the explosion of interest in
nanomaterials and in the tools capable of characterizing
them. Examples of fluids confined at the nanometer scale
are found in nature, in fields as diverse as biology (e.g.,
aquaporin water channels in our cells; Agre 2004) and
geology (e.g., hydrocarbon diffusion through rocks; Leyt-
haeuser et al. 1980)
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Recently, researchers have managed to produce
nanomaterials and devices incorporating them that mimic,
to some degree, the function of natural systems. Carbon
nanotubes (CNTs), for example, are synthetic channels
with a size range comparable to many biological channels.
Also, they possess hydrophobic surfaces and can be func-
tionalized (Chen et al. 1998; Dyke and Tour 2004). These
biomimetic properties initially motivated theorists to model
the fluid transport characteristics of CNTs using molecular
simulations, and the predicted flow rates were comparable
and in some cases larger than those seen in aquaporin
channels (Hummer et al. 2001; Kalra et al. 2003).
Researchers have recently succeeded in producing CNT
membranes, in an effort to exploit these unique transport
characteristics on the macroscale (Hinds et al. 2004; Holt
et al. 2004; Majumder et al. 2005; Holt et al. 2006). In
agreement with the molecular simulations, significant
enhancements in transport were observed, with measured
water flow rates many orders of magnitude higher than the
predictions of continuum hydrodynamics. An open ques-
tion, however, is whether the flow enhancement can be
attributed to a molecular ordering phenomenon, as the
simulations have suggested. For comparison, Fig. 1 illus-
trates a natural aquaporin water channel and a single wall
carbon nanotube (SWCNT), where the combination of the
pore structure and functionality in the former and the
confinement and hydrophobicity of the latter contribute to
water structural ordering.

While one may gain insights into fluid properties
through macroscopic flow measurements, it is clear that
below a certain size regime, it is necessary to consider the
granularity of a fluid. In nanofluidics, the detailed inter-
actions of molecules with one another and with the
surrounding surfaces dominate the fluid properties.
Therefore, macroscopic properties such as viscosity and
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Fig. 1 Left: illustration of a natural aquaporin water channel,
regarded as the “plumbing systems for cells”. Water is confined in
the 2 nm restriction of this hourglass structure, adopting a single file
structure. Water also experiences interactions with pore functional-
ities, preventing the formation of hydrogen bonds between water
molecules, and thus blocking proton transport, which is the key to the

density may not provide an adequate description of fluid
behavior. To further illustrate this point, consider bacte-
riorhodopsins, which are trans-membrane proteins that
function as proton pumps (Landau and Rosenbusch 1996).
The size and surface properties of these proteins are such
that they impose ordering of water molecules within the
channel and, in contrast to aquaporins, form so-called
“water wires” that enable hopping of protons through
the Grotthus mechanism (Agmon 1995). In addition to the
interaction of water molecules with one another at the
nanoscale, their participation as a ligand in ion coordi-
nation is also biologically significant. Highlighting this
point is the potassium ion channel, a key component of
the electrical signaling process in organisms, which per-
mits the selective transport of potassium ions while
blocking the transport of other ions such as sodium (Jessel
2000). The basis for this selective behavior is the specific
functionalization of the channel, i.e., functional groups
within the channel that are positioned to mimic the
hydrated state of the potassium ion in solution. This
allows the channel to strip the hydrated potassium ion of
its water molecules without an energy penalty, providing
a type of catalyzed ion transport. Ions slightly different in
size such as sodium do not precisely fit within the chan-
nel, and thus cannot be dehydrated to facilitate transport
(Doyle et al. 1998; Agre and MacKinnon 2003). Figure 2
illustrates the potassium ion channel and how it achieves
this exquisite selectivity. It is worth mentioning that the
key insights into the function of these molecular machines
were enabled by the availability of techniques capable of
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biological function of this protein. Reprinted with permission from
Murata et al. (2000). Right: illustration of water ordering phenomenon
within a single wall CNT, attributed in part to confinement effects and
the hydrophobicity of the surface. Reprinted with permission from
Hummer et al. (2001)
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Fig. 2 Potassium ion channels permit the transport of potassium,
while blocking the transport of sodium ions. The root of this
selectivity lies in the positioning of oxygen functionalities within the
filter region that precisely fit a hydrated potassium ion, but do not fit a
hydrated sodium ion. Reprinted with permission from Agre and
MacKinnon (2003), ©The Nobel Foundation

probing the detailed atomic structure and dynamics of
these systems, such as high resolution X-ray crystallog-
raphy and molecular modeling. The availability of such
techniques and the resulting understanding of this key
biological mechanism garnered MacKinnon a share of the
2003 Nobel Prize in Chemistry.
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In nanofluidics, there is often a focus on the character-
ization of forces, such as those resulting from interactions
between solvent molecules and surface mediated interac-
tions, since these forces govern a host of different fluid
phenomena (Eijkel and van den Berg 2005). The experi-
mental techniques that have been applied to study these
forces include the surface forces apparatus and, more
recently, the atomic force microscope (Koumoutsakos et al.
2004). Given the atomic/molecular origin of these forces, a
detailed knowledge of water structure and dynamics at the
nanoscale is clearly beneficial to the discipline of nano-
fluidics. As such, there is a need for techniques capable of
probing water on these length scales, particularly as
researchers attempt to build nanofluidic devices that utilize
some of the unique phenomena that nature has provided us.

With this rationale established, this review will focus in
part on the various experimental techniques that are applied
to study the structure and dynamics of water on the nano-
scale. While the study of confined, hydrated ions is also
interesting, and is relevant to a number of practical appli-
cations, water is a challenging enough topic itself to cover in
any breadth. A central issue in studying water concerns the
nature of the hydrogen bonding (HB) network in the liquid
state, which explains a number of its unique bulk properties
(e.g., density maximum upon cooling from room tempera-
ture, with a rapid density decrease below 277 K; Ludwig
2001) as well as the novel properties predicted at the
nanoscale. A number of techniques will be presented that are
used to study this HB network, both directly and indirectly.
Many of the examples presented focus on CNTs, given that
they are widely regarded as the prototypical nanomaterial, as
well as an idealized nanofluidic channel. A review of this
kind would not be complete without a discussion of the
application of modeling, both molecular and continuum
mechanical, to the study of water in bulk and under con-
finement. While the relevant literature, particularly on
molecular modeling of water, is too vast to cover in detail, an
attempt will be made to provide some perspective on what
has been learned from such simulations and to provide
recent examples of their application to nanofluidics. The
intent here is not to provide an exhaustive review of all
possible methods to address the problem, but to present an
overview of selected techniques, their strengths and limita-
tions, and what insights they have provided into water
structure and dynamics. The interested reader is referred to a
comprehensive review of computational nanoscale fluid
mechanics by Koumoutsakos et al. (2004)

2 Experimental techniques

Before launching into a discussion of specific techniques, it
is worth noting the general view of bulk water structure and

dynamics that has emerged from decades worth of studies.
As Stillinger (1980) summarizes in his review on the state
of knowledge of water 25 years ago (a picture that has in a
general sense remained intact), water is envisioned as a
random or disordered network of molecules connected by
hydrogen bonds that undergo rapid fluctuation. More spe-
cifically, the time scales for these hydrogen bond breaking
and reforming steps are extremely fast, spanning the range
from femto to picoseconds (Tokmakoff 2007). As might be
expected, there is no single technique that can provide both
a complete picture of water’s molecular structure and its
rapid dynamics. Thus, in considering the type of technique
to use in probing water, one must ask whether they are
most concerned with an accurate determination of structure
or whether the dynamics are more important. X-ray and
neutron scattering provide structural information, albeit at
the expense of dynamical information. On the other hand,
there are a number of techniques (e.g., time-resolved
infrared spectroscopy) that provide key insights into water
dynamics on time scales commensurate with its fluctuation
and reorganization, although they may lack the structural
detail that the scattering techniques provide.

2.1 Structural techniques

Scattering techniques have been the workhorses for the
determination of water structure and thus some of the
results of these studies will be highlighted. There have
been also recent X-ray absorption and X-ray Raman scat-
tering studies that appear to provide a picture of water that
differs markedly from the conventional view. This con-
troversy and current views on water structure will be
highlighted.

2.1.1 X-ray, neutron diffraction and scattering

Historically, the determination of water structure has been
carried out using X-ray (Morgan and Warren 1938; Karn-
icky and Pings 1976) and neutron scattering techniques
(Page 1972; Narten et al. 1982). Although the terms dif-
fraction and scattering are often used interchangeably,
diffraction techniques are usually used in the context of
atomic structure determination in crystalline materials with
long-range order, whereas scattering techniques are used
for determining atomic structure in non-crystalline mate-
rials (e.g., liquid water). X-rays and neutrons interact with
materials in a fundamentally different manner, and thus
provide different probes of water structure. X-rays are
scattered by the electron clouds around atoms and mole-
cules, and thus for the case of water, a greater degree of
scattering is offered by the oxygen atoms than the hydro-
gen atoms (Head-Gordon and Hura 2002). By contrast,
neutrons interact with atomic nuclei, an attribute that
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Fig. 3 Left: a comparison of goo(r) derived from X-ray (ALS) and
neutron scattering (Soper 2000) measurements on pure water under
ambient conditions. Right: a comparison of goo(r) derived from X-ray
scattering (ALS) measurements and predictions of a nonpolarizable

enables a hydrogen sensitivity that is not possible with
X-rays, allowing the details of hydrogen structure to be
probed (Head-Gordon and Hura 2002).

One key parameter that can be extracted from X-ray
scattering measurements on water is the coordination
number, derived from the oxygen—oxygen radial distribu-
tion function, goo(r), which is a measure of the distribution
of mean interatomic distances between oxygen atoms.
While this topic will be covered in greater depth in the
section “Modeling techniques”, it is worth noting that
modeling and simulations are a key complement to these
scattering measurements, as one can simulate distribution
functions and use this as a test of the reliability of the
empirical water models employed. Recent measurements
of bulk water under ambient conditions have suggested a
coordination number of 4.7 (Hura et al. 2000), suggesting
that liquid water retains some of the tetrahedral structure
characteristic of ice, albeit with deformations in hydrogen
bonding patterns. These results indicate a higher degree of
structural ordering in liquid water than that suggested by
previous studies (Narten et al. 1982; Soper et al. 1997). An
analysis of neutron scattering data (Soper 2000) produced
results similar to those obtained by X-ray scattering, with a
similar goo(r), as seen in Fig. 3a. Because of the minute
details of water structure that these experimental tech-
niques provide, they serve as a crucial benchmark by which
the quality of simulations can be measured. Simulations
utilizing polarizable' (Rullmann and Vanduijnen 1988;
Sprik and Klein 1988) and nonpolarizable models for water
do an acceptable job of reproducing goo(r), as seen in

! Polarizable models are based on induced dipoles in which the
electric field caused by other atoms and molecules leads to the
polarization of an atom center. This polarization effect itself leads to a
field that affects the neighboring atoms/molecules and their respective
field. This is a way of including “many-body” effects that are not
included in simpler pairwise potential models.
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water model (7IP5P) and two polarizable water models (7IP4P-pol,
NCC-vib). Adapted and reprinted with permission from Head-Gordon
and Hura (2002)

Fig. 3b. Due to the differences in the nature of neutron
interactions, information on oxygen—hydrogen (gou(r)) and
hydrogen-hydrogen (guy(r)) interactions is also obtained
from neutron scattering data. Mutiple experimental mea-
surements of these distribution functions (Soper et al 1997;
Soper 2000) show reproducibility. However, the same
polarizable model simulations are often not as successful in
reproducing these functions.

One application of these methods in nanofluidics
involved neutron scattering, coupled with molecular
dynamics, to study water confined within SWCNTs (Kol-
esnikov et al 2004). These studies were intended to test
earlier predictions of one-dimensional molecular ordering
within SWCNTs (Hummer et al. 2001; Kalra et al. 2003).
The structure resulting from the simulations that best
reproduces the experimental measurements is a two-phase
system: interior water forms a fourfold coordinated ice
sheet wrapped into a cylinder near the nanotube wall, as
well as a one-dimensional chain of water molecules
(average coordination number 1.86) along the tube axis that
retains fluidity down to as low as 50 K (Fig. 4). These
results are significant, given the similarities in size and
surface properties between these hydrophobic CNTs and
transmembrane protein channels such as aquaporins.

2.1.2 X-ray absorption spectroscopy (XAS)

XAS is a technique that enables the local structure around a
specific element to be determined. Among its principle
advantages, XAS is used to analyze solids and liquids
nondestructively, with concentrations of the target element
as low as 10 ppm. An X-ray absorption spectrum is pro-
duced when an atom absorbs an X-ray whose energy
corresponds to an electron binding energy for the atom in
the material. This photoelectron can scatter off surrounding
atoms or in select cases the electron can be excited into
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Fig. 4 Illustration of proposed water structure within a 1.4 nm
diameter single wall CNT. Red corresponds to oxygen atoms of
fourfold coordinated water molecules wrapped into a cylindrical ice
sheet. Yellow corresponds to oxygen atoms of water molecules in a
one-dimensional chain along the nanotube axis. Adapted and
reprinted with permission from Kolesnikov et al. (2004)

vacant states near the valence band (Fig.5). X-ray
absorption spectra are typically divided into two regions:
the X-ray absorption near edge structure (XANES), which
is located at energies near the absorption edge, and the
extended X-ray absorption fine structure (EXAFS), which
can extend to energies of up to 1,000 eV past the absorp-
tion edge. The XANES region provides electronic structure
information about the absorbing atom, such as its valence
state and density of states, while the EXAFS region con-
tains information on local atomic structure (Newville
2004). Figure 5 shows these different regions of an XAS
spectrum.

XAS is also a particularly useful technique in probing
ultrafast processes because of the fast time scale for X-ray
absorption (<107 s), allowing frozen configurations of
molecules such as water to be interrogated, whose
vibrational motions occur on much longer time scales (10"
to 107'% s). Specifically, the method can be used to obtain
the instantaneous electronic structure of oxygen atoms

Fig. 5 Left: illustration of the Continuum
X-ray photoelectric effect photo-electron
wherein an X-ray is absorbed AN~

and a core-level electron is
ejected. Right: XAS spectrum
(absorption coefficient as a
function of X-ray energy) for
FeO. Adapted and reprinted
with permission from Newville
(2004)
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(examining the oxygen K-edge) in a water molecule
ensemble, allowing the hydrogen bond configuration to be
extracted through the use of quantum level calculations
(Myneni et al. 2002). However, such experiments on liquids
in the soft-X-ray regime are by no means trivial, with
problems associated with the short attenuation lengths
(~microns) at these X-ray energies that make transmission
experiments difficult, and saturation effects that complicate
fluorescence-based detection (Bergmann et al. 2002). While
the focus in this review is on water, it is worth mentioning
that XAS is also useful in interrogating the structure of
hydrated ions. Particularly for larger ions (e.g., Br—), whose
K-edge absorption energies are relatively large, there are
fewer experimental difficulties than encountered in the soft
X-ray regime. XAS has been used to study the structure of
Br~ under both ambient and supercritical conditions
(Wallen et al. 1997), as well as within carbon nanopores
(Ohkubo et al. 2002), with indications of a significant
reduction in coordination number upon confinement.
Although difficult, a few XAS studies of bulk water
under ambient conditions have been reported. One study
(Smith et al. 2004) involved the use of a liquid microjet and
the measurement of oxygen K-edge X-ray absorption by
the total electron yield (TEY) method. During cooling of
the water microjet in the vacuum environment, a noticeable
decrease in pre-edge intensity was seen, associated with
hydrogen bonds being broken on the H-donating site of the
water molecules, with a simultaneous increase in post-edge
intensity, associated with a symmetric ice-like configura-
tion (see Fig. 6). The authors concluded that their data
support the “standard model” for water, consisting of a
random tetrahedral network with a coordination number of
4. Seemingly contrary results had earlier been reported
(Myneni et al. 2002), in which significant differences in the
electronic structure of liquid water versus that in solid or
gaseous forms were found. Specifically, there was a
noticeable increase in intensity in this pre-edge region
(oxygen K-edge) relative to ice. It was found that the
spectral features were dictated primarily by the first shell
coordination, and three different structures were proposed:
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Fig. 6 Oxygen K-edge NEXAFS spectra for water at 288 K (black)
and 254 K (gray) (A). Deconvolution of the 288 K spectrum into its
Gaussian components (B). Bands / (pre-edge) and 2 (post-edge) are
the only to exhibit a temperature dependence. The pre-edge region is
associated with water molecules having broken or distorted hydrogen
bonds on the donor side. The post-edge region is associated with
water molecules having four strong and symmetric hydrogen bonds,
as in ice. Reprinted with permission from Smith et al. (2004).
Copyright (2004) AAAS

one symmetric (fourfold coordinated) and two asymmetric
(<fourfold coordinated) hydrogen bonding structures
(Fig. 7). From an analysis of the relative proportion of each
structure that could accurately reproduce the spectral fea-
tures, water was believed to consist primarily of one of the
asymmetric structures in its first shell, with the HB being
broken on the hydrogen-donating site of the molecule.
Significantly, these results suggested that a large proportion

of water molecules exist in an unsaturated hydrogen
bonding environment, having a coordination number as
small as 2.4, contrary to the tetrahedral “standard model”.

2.1.3 X-ray Raman scattering (XRS)

In contrast to XAS, which is performed at energies near
electron binding energies (e.g., 284 eV for C K-edge),
X-ray Raman scattering (XRS) involves higher energies
(e.g., ~8,400 eV; Tohji and Udagawa 1989). Specifically,
XRS is the tail of the Compton band, associated with
inelastic scattering via ionization of K-level electrons.
Figure 8 schematically illustrates the difference between
XAS and XRS processes. XRS is a technique that over-
comes some of the experimental challenges associated with
low Z (e.g., oxygen, carbon) EXAFS. Low Z EXAFS
experiments are conventionally carried out in the soft
X-ray regime, which usually necessitates vacuum condi-
tions, placing limits on the types of samples that can be
analyzed. By operation in the hard X-ray regime, XRS
eliminates the need for vacuum conditions and allows
greater flexibility in sample type (e.g., liquids, thick films).
Tohji and Udagawa (1989) were the first to demonstrate,
using graphite and diamond samples, that the information
on local structure around low Z elements provided by hard
X-ray XRS is identical to that provided by soft X-ray
EXAFS.

Arecent XRS study that is relevant to our discussions here
on water structure and nanofluidics concerns the first
hydration shell of a water molecule in liquid water (Wernet
et al. 2004); this study also involved the use of XAS, pro-
viding complementary spectral information. Summarizing
their findings, through these experimental measurements and
theoretical simulations, water molecules were believed to
have only two hydrogen bonds, a conclusion similar to that
reached in the earlier study (Myneni et al. 2002). More
specifically, however, liquid water was believed to have one

SYM

Fig. 7 Proposed first-shell coordination structures for water that
dictate the XAS features at the oxygen K-edge. SYM corresponds to a
fourfold coordinated symmetric hydrogen bonded structure. A-ASYM
corresponds to a threefold coordinated asymmetric structure with the
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broken bond on the oxygen atom, whereas D-ASYM has the broken
bond on the hydrogen atom. Reprinted with permission from Myneni
et al. (2002)
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Fig. 8 Schematic of XAS using soft X-rays versus XRS, an inelastic
scattering process, using hard X-rays. Reprinted with permission from
Tohji and Udagawa (1989)

strong donor and one strong acceptor, and forms primarily
rings or chains (Fig. 9). These results again challenge the
tetrahedral “standard model” and suggest that water mole-
cules in liquid water resemble those on the surface of ice.

2.1.4 New insights

Not surprisingly, the results discussed above have gener-
ated a great deal of controversy about water structure, as
well as a spirited dialogue in the literature (Nilsson et al.
2005; Smith et al. 2005a) concerning the quality of the

Fig. 9 Illustration of proposed ring and chain structures for water
under ambient conditions, based on an analysis of XRS/XAS results
(Wernet et al. 2004). These structures are more reminiscent of the
surface of ice, rather than bulk water. Reprinted with permission from
Zubavicus and Grunze (2004). Copyright (2004) AAAS

absorption spectra and the analysis employed to extract
hydrogen bonding configurations. Thus, one might under-
standably ask, which picture is correct? The answer is not
straightforward and requires more careful examination.

Head-Gordon and Johnson (Head-Gordon and Johnson
2006) recently reexamined the earlier XAS experiment
(Wernet et al. 2004) and attempted to simulate the spectra
using density functional theory and considering water
clusters that span the range from fully tetrahedrally bonded
to broken donor hydrogen bonds. The central question of
this study was whether the asymmetry in the electron
density of a water molecule was persistent throughout all
local liquid water environments and did not fluctuate, as
this argument was used to support the picture of water
consisting of chains or rings with two hydrogen bonds per
molecule. The finding of this study was that while this
asymmetry is consistent with X-ray scattering data of small
length scale correlations in the liquid, it is inconsistent with
the longer-range correlations from which the tetrahedral
network picture is derived. This result points to the need of
carefully considering what each experimental technique
provides: X-ray and neutron scattering provide bulk
structural measurements involving static averaging over
small and large length scale structures in the liquid,
whereas XAS interrogates instantaneous, small length scale
structures that may not be persistent throughout. Another
study (Smith et al. 2005b) utilizing temperature-dependent
spontaneous Raman spectroscopy also bolsters the view of
liquid water as locally tetrahedral.

Thus, the picture of water structure that appears consistent
with the majority of studies to date is one of tetrahedral
structure, both locally and over long length scales. With the
insights gained here, it will be useful to apply a similar suite
of techniques to the study of the structure of confined water in
model systems like CNTs, as demonstrated as possible by
recent work (Kolesnikov et al. 2004).

2.2 Structural and dynamical techniques

Water structure is of course just one part of the puzzle, and
there are a number of techniques capable of probing the
dynamics of water, both in bulk and within confined
geometries. One goal here is to establish the linkage
between structure and dynamics. For example, concerning
transport through nanotubes, is molecular ordering
responsible for the fast flow observed? The suite of tech-
niques to be described has the potential to answer this and
other questions.

2.2.1 Time-resolved infrared spectroscopy

One technique that provides insights into the dynamics
of the hydrogen bonded network of water molecules is
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time-resolved infrared spectroscopy. The intramolecular
OH stretching vibration of water molecules is a sensitive
probe of their hydrogen bonding environment, making the
technique potentially valuable for the study of confined
water, in which changes in this environment can take place.
One study (Fecko et al. 2003) utilized 52 fs IR pulses and
examined changes in the OH stretching frequency of HOD
(1% concentration) in D,O. They report an underdamped
oscillation of the hydrogen bond with a period of 170 fs at
these short probing time scales. For longer time scales of
hundreds of fs to ps, characteristic of previous studies
(Gale et al. 1999; Yeremenko et al. 2003), vibrational
dynamics are characterized by hydrogen bond breaking and
reforming with the concerted motion of several water
molecules, but the specific motion of hydrogen bond
stretching cannot be probed on these time scales. A later
study (Cowan et al. 2005) utilized a specially designed thin
sample cell to enable the study of OH vibrations in pure
H,O. These changes in experimental design led to the
observation of significantly faster hydrogen bond dynamics
(by approximately a factor of 10) than seen in earlier
studies. Specifically, the “memory” of structural correla-
tions in water was lost within 50 fs, indicative of the
efficient redistribution of energy within the hydrogen bond
network (Fig. 10). These studies highlight an important
point that the “picture” one forms of water depends to a
large part on the time scale that is being probed, and
conclusions drawn about water structure and dynamics
must be viewed with this point in mind.

2.2.2 Transmission electron microscopy (TEM)

A very different technique for studying water on the nano-
scale involves direct observation by TEM. Electrons, as
opposed to photons of visible light, have wavelengths in the
sub-nm size regime at conventional TEM accelerating
voltages (100s kV), making TEM a potentially promising
way to “visualize” nanofluids (Riegelman et al. 2006). The
one obvious limitation that electron microscopy presents is
the need for vacuum conditions. A solution to this problem is
the use of electron transparent vessels for encapsulating
fluids such as CNTs. Gogotsi et al. (Naguib et al. 2004;
Yazicioglu et al. 2005; Mattia et al. 2007) have conducted a
number of in situ TEM studies of fluids confined within
CNTs, ranging in size from 1 to 100 nm. These studies
utilize “hydrothermal” nanotubes (Libera and Gogotsi
2001), in which liquid inclusions are trapped inside the tubes
during synthesis, or nanotubes that are filled by autoclave
treatment, followed by cooling, during which water con-
densation occurs (Naguib et al. 2004). Using either focusing/
defocusing of the electron beam or a heating stage, the
trapped fluid can be heated or cooled, allowing for direct
visualization of nanofluidic transport phenomena.
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Fig. 10 Two-dimensional infrared spectra of pure liquid water for
different population times (a, b, ¢). The initial inhomogeneity
observed at 7 = 0O fs decays almost completely within 50 fs and is
completely absent within 100 fs, illustrating a “rapid dephasing” and
“loss of memory” in the system, faster than that observed with any
other liquid. Reprinted with permission of Cowan et al. (2005)

Interrogating this trapped fluid inside the nanotubes, a
number of interesting observations were made. During
electron beam heating within a 10 nm inner diameter CNT,
water was observed to undergo an apparent volume
expansion (Fig. 11a, b). Using resistive heating, additional
interesting phenomena were observed. Fluid evaporation
occurred relatively slowly, whereas condensation occurred
rapidly, suggesting elevated pressures inside the nanotubes.
In 5 nm inner diameter CNTs, electron beam heating
induces apparent nanobubble formation due to water
evaporation (Fig. 11c, d). The time scale for this process is
relatively long (~ 1 minute) compared to that expected for
bulk water, suggesting the possible influence of hydroxyl
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Fig. 11 Observation of
dynamic fluid phenomena
within water-filled multiwall
CNTs. a, b Electron beam
heating-induced volumetric
expansion of water, along with
disordering of the CNT walls. ¢,
d Water evaporation and
apparent nanobubble formation
(indicated by arrows) within a
MWCNT. The time elapsed
between images (c) and (d) is
approximately 1 min. Adapted
and reprinted with permission
from Naguib et al. (2004)

groups or other defects on the inner walls of the tube that
significantly disrupt intermolecular hydrogen bonding and
retard the fluidity. More detailed studies with CNTs of
variable defect density would be useful for future nano-
fludics application development. The pristine, defect-free
CNT is a simplification often used in simulation, but
unlikely to be realized in practice.

Later studies have revealed well-defined, continuous
menisci on nanotubes with inner diameters as small as
10 nm (Mattia et al. 2007). However, for nanotubes of
3-6 nm inner diameter, a distinct liquid/vapor interface is
no longer discernable, perhaps suggesting that this defines
the critical length scale at which the continuum approxi-
mation for fluid transport breaks down. Figure 12 is a TEM
image of a very diffuse liquid/gas interface within a 4 nm
inner diameter CNT filled by autoclave treatment. Another
technique complementary to TEM that is worth mentioning
is electron energy loss spectroscopy (EELS), offering
chemically specific information at TEM spatial resolutions.
EELS was used in conjunction with these in situ TEM
measurements to identify ice confined in carbon nanotubes
under cryogenic conditions (Ye et al. 2004).

On even smaller length scales (1-3 nm inner diameter;
Mattia et al. 2007) these in situ measurements suggest the
formation of water chains in the tube interior that adopt a
double-helix structure along the tube axis, in a manner

3 Lo mn }{;L

iquid/gas

f e g
-~ " 5

Fig. 12 TEM image of a water-filled (autoclave treated), 4 nm inner
diameter CNT, illustrating the diffuse liquid/gas interface that exists
on this confined length scale. Adapted and reprinted with permission
from Naguib et al. (2004)

similar to that predicted by molecular dynamics simula-
tions (Bai et al. 2006). Slow liquid dynamics characteristic
of ice were suggested, based on the ability to observe these
structures in real time within the TEM. The observed water
characteristics are perhaps related to the extreme pressures
within those small diameter hydrothermal nanotubes and
potentially the presence of the aforementioned surface
functionalities on the tube inner walls. Conversely, under
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ambient conditions with open-ended CNTs, water may
adopt a very different structure and the experimental
measurements with CNT membranes (Majumder et al.
2005; Holt et al. 2006) have suggested relatively fast
dynamics for water.

These in situ TEM measurements give a fascinating
glimpse into the behavior of fluids within nanotubes, and
on the nanometer length scale allow direct visualization of
static structures that water adopts with video frame rate
resolution (~60 Hz). However, for visualization of fast,
dynamic processes of water within nanotubes, as might
occur in open-ended CNT's under near-ambient conditions,
time resolution better than video frame rate is needed. The
recent developments in dynamic transmission electron
microscopy (DTEM; King et al. 2005), which combines the
high spatial resolution of conventional TEM with nano-
second time resolution created by use of laser-driven
photoemission, may open the door to studying such fast
nanofluidic phenomena.

2.2.3 Ultrafast electron diffraction (UED)

Another powerful high spatial and temporal resolution
technique is ultrafast electron diffraction (UED), a method
that enables electron diffraction patterns to be obtained on
samples with time resolution sufficiently fast to probe
changes in atomic configuration. The pioneering work in
this area, applied to the study of gas phase chemical
reactions, was carried out by Zewail et al. (Srinivasan et al.
2003). This technique is advantageous to X-ray-based
methods because electrons are scattered not only by the
electron distribution in the constituent atoms of the sample,
but also by the atomic nuclei. Because of Coulombic
scattering effects, the electron-scattering cross section is
approximately 6 orders of magnitude higher than the
X-ray-scattering cross section of molecules (Hargittai
1988), meaning that the time required to obtain sufficiently
bright diffraction patterns from a sample is dramatically
reduced. The third generation version of a UED apparatus
developed in Zewail’s laboratory is capable of a spatial
resolution of 0.01 A and time resolution of 1 ps, suitable
for the imaging of transient molecular structures.
Relevant to our discussions here on nanofluidics is the
application of UED to study the structure and dynamics of
interfacial water. One report (Ruan et al. 2004a) details
structural changes induced in a thin epitaxial layer of ice on
a hydrophilic (chlorine-coated) silicon (111) substrate,
following short pulse (120 fs) infrared laser heating. The
disruption of the long-range order in the ice layer induced
by laser heating was approximately 10 times slower than in
bulk liquid water and similar to the time scales for melting
near hydrophilic protein surfaces. Figure 13 shows time
lapsed differences in the radial distribution functions
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(derived from corresponding electron diffraction images)
for this ice layer, prior to and following laser heating, along
with an illustration of the corresponding changes in water
structure that accompany the heating process. Interestingly,
they also report (Ruan et al. 2004b) that interfacial ordering
of water molecules is different with a hydrogen terminated
hydrophobic silicon surface possessing (110) orientation,
and absent altogether on a silver-coated, hydrophobic
surface. Such results on the behavior of interfacial water
are potentially relevant to the study of water structure and
transport within nanometer scale hydrophilic (e.g., silica;
Fan et al. 2003) and hydrophobic tubules (e.g., CNTs;
Majumder et al. 2005; Holt et al. 2006)

2.2.4 Nuclear magnetic resonance (NMR)

NMR is a powerful technique commonly used to aid struc-
tural determination of organic compounds. The technique is
also useful in studying water structure and dynamics at the
nanoscale. Protons in hydrogen bonded liquids, like water,
interact with one another through what is termed spin—spin
coupling (Atkitt and Mann 2000). The relaxation times
associated with this spin—spin coupling vary greatly between
water (~seconds) and ice (~microseconds) and this pro-
vides a means by which non-frozen confined water” and
frozen bulk water in a given sample may be distinguished
(Ghosh et al. 2004).

However, in comparison to some of the other techniques
that have been presented, the accessible time scales are
somewhat longer, several ns, as dictated by the magnetic
field frequency. This means that the results obtained are
time-averaged over many vibrational periods of water
molecules. It is also worth noting that chemical shifts,
indicative of the local electronic environment of the pro-
tons in an NMR spectrum, are influenced by a number of
effects. Oftentimes this means a peak must be deconvo-
luted into its constituent components to obtain useful
structural information, which can be complicated (Ohtaki
and Radnai 1993).

With these limitations in mind, however, it is worth
highlighting several studies that have used the technique to
probe water in CNTs. "H NMR was recently used to study
freezing transitions of water adsorbed by SWCNTs (Ghosh
et al. 2004). A downfield feature in the spectrum persisted to
temperatures as low as 217 K, and was assigned to water
inside the tubes. Another series of studies examined 'H and
’H peak line width in water adsorbed by SWCNTs, indica-
tive of the relative mobility of water, as a function of

2 As a reminder, the aforementioned neutron scattering study
indicated that water in CNTs retains fluidity down to 50 K because
of a confinement-induced reduction in the number of hydrogen bonds
per water molecule. (Kolesnikov et al. 2004)
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temperature (Matsuda et al. 2006). Figure 14 shows the “H
NMR spectra as a function of temperature. A single sharp
line is observed at high temperature, with broadening
observed at lower temperatures, giving rise to a double
peaked fine structure component. This fine structure is
believed to arise from water molecules having different
rotational motions. The explanation offered for this phe-
nomenon is the anisotropy in water rotational motion
because of orientational effects induced by water-adsorbent
and water—water interactions (Matsuda et al. 2006). "HNMR
is also useful in determining water adsorption isotherms,
given that peak areas are proportional to proton concentra-
tions. Provided that appropriate standards and calibrations
are run, the amount of water in each distinct (chemical
shifted) environment can be determined. One study (Mao

et al. 2006) demonstrated that for SWCNTs having a high
defect density, water resides principally near the ends of the
tubes, rather than filling the entire tube volume. This result is
potentially relevant to the intended nanofluidic applications
of CNTs, where control of the defect density may be key to
achieving significant water occupancy and fast flow through
the channels. Nevertheless, low spectral resolution often
makes it difficult to separate different species of water that
have subtly different electronic environments (e.g., water
near the inner and outer walls of a CNT). To address this
problem, another study (Sekhaneh et al. 2006) utilized magic
angle spinning (MAS) "H NMR to increase spectral resolu-
tion. The two closely spaced peaks (1.2 ppm apart) observed
in the spectra of water adsorbed by SWCNTSs were assigned
to water interior and exterior to the nanotubes.
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Fig. 14 Temperature dependence of the deuterium NMR spectra.
Red indicates the single-peak (Lorentzian) and blue indicates the
double-peaked components to a given spectrum. At low temperatures,
fine structures are observed, ascribed to water molecules having
different rotational motions. Reprinted with permission of Matsuda
et al. (2006)

Another variant of standard NMR is the pulsed field
gradient (PFG) technique (Stejskal and Tanner 1965), which
is particularly useful in probing dynamic properties of water
molecules. The technique can cover a range of diffusion
coefficients from 10™* to 107'° cmz/s, within the range of
most types of molecular diffusion. Specifically, PFG NMR
can determine the self diffusion coefficient, which is diffu-
sion in the absence of a chemical potential gradient and
reveals information on molecular organization and structural
changes and, as such, is useful in probing restricted molec-
ular motion (Wu 1991). An early study (Parravano et al.
1967) utilized the technique to study water diffusion in a
nanoporous aluminosilicate (zeolite) having pores of 1.2 nm
in diameter with the principal finding that water diffusion
was comparable to that of free or bulk water. The method is
also useful in probing the pore architecture of nanoporous
materials, providing information that conventional tech-
niques such as X-ray diffraction often cannot. One study in
particular (Stallmach et al. 2000) utilized another nanopor-
ous (~3 nm diameter) silica material (MCM-41),
demonstrating that diffusion was highly anisotropic. These
results suggested two possibilities: (1) in addition to diffu-
sion along the channel, diffusion through the pore walls was
occurring, or (2) there was some bending of the pore channels
over the probed diffusion length scale. Such results highlight
the strength of this technique as a unique probe of molecular
diffusion processes on the nanometer scale.
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3 Modeling techniques

The experimental techniques presented provide a detailed
glimpse of the microscopic properties of water (e.g.,
hydrogen bond breaking/forming), which often show
deviations from bulk properties under nanoscale confine-
ment. These changes in water properties can in turn have
significant implications for the collective flow of water
molecules through a nanofluidic channel. On the nanometer
scale, continuum concepts such as a velocity profile or fluid
viscosity may be difficult to define, and for this reason,
researchers frequently resort to molecular dynamics (MD)
simulations to describe fluid flow. These simulations are
often needed to characterize the noncontinuum behavior of
fluids that occurs with phenomena such as slip flow (a finite
fluid velocity at the channel wall) or high shear stresses.
However, the difficulty in producing an accurate water
model, as well as the computational expense associated
with MD simulations, has prompted researchers to inves-
tigate the use of continuum mechanical models that
ordinarily operate on the meso- or macroscale for nano-
scale flow. If the noncontinuum fluid behavior is captured
by molecular modeling, then a realistic boundary condition
can be determined and used with continuum hydrodynamic
equations to “sweep the molecular details under the rug”
(Koplik and Banavar 1995). Such methods are referred to
as “hybrid” MD/continuum simulations.

3.1 Continuum mechanical modeling

Continuum mechanical modeling was recently used to
describe nanoscale flow within a CNT (Yang 2007). In this
study, the fluid inside of a CNT channel was treated as an
Eyring fluid, in which the viscosity is shear stress depen-
dent, and produces the phenomenon of shear thinning. This
model is in contrast to Newtonian fluids, in which the
viscosity is shear stress independent. The Eyring fluid
model is appealing in the sense that it is not a phenome-
nological or empirical model, but has a sound theoretical
basis, based on a thermally activated, stress-aided mecha-
nism for viscous flow (Persson 2000). However, the model
requires molecular interaction in the direction normal to the
shear plane, and may be an imperfect description of fluid
flow through nanotubes that may be only a few molecules
in diameter. Indeed, it was found that the experimentally
observed orders of magnitude enhancements.”> in water
flow through CNTs (Majumder et al. 2005; Holt et al.
2006) could only be reproduced by the Eyring fluid model
with the introduction of a slip length. This slip length was

3 The enhancement is measured relative to predictions of no-slip,
hydrodynamic flow through a cylindrical channel, i.e., Hagen-
Poiseuille flow.
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comparable to the nanotube radius and applied to condi-
tions of moderate pressure gradients. The experimental
measurements of fluid flow through CNTs (Majumder et al.
2005; Holt et al. 2006) suggest slip lengths many orders of
magnitude larger than the nanotube channel, although
treating the fluid as Newtonian in this case. On this basis, it
is concluded that the Eyring model can be used to treat flow
in nanotubes in a continuum mechanics fashion.

What can be concluded from these results? Certainly the
validity of the continuum approximation should be care-
fully examined when trying to describe fluid flow through a
channel of molecular dimensions. Provided it is valid
within a certain range of parameters, the particular fluid
model used must also be carefully examined. It may indeed
be the case that fluids that behave as Newtonian on the
macroscale (e.g., water) may exhibit significant deviations
from that behavior on the nanoscale.

3.2 Molecular modeling

One of the central issues to molecular modeling of water is
the development of an accurate potential to describe
molecular interactions. As noted in a review of molecular
modeling of water (Guillot 2002), researchers have carried
out computer simulations of water for three decades, with
the goal accurately reproducing its properties over a range
of thermodynamic conditions. Such efforts have led to the
development of more than 40 such water models, indicative
of the importance of this problem, but also highlighting the
limited range of applicability of any one model. This out-
come is perhaps not surprising, considering that the models
are typically developed with the goal of producing a good
fit for just one water parameter (e.g., critical point
parameters). Attempts to apply any one model to a wider
range of water environments frequently result in discrep-
ancies with experiments. An important question for the
field of nanofluidics, and relevant for this review, is whe-
ther molecular models can accurately predict the properties
of water on the nanometer scale. Efforts to answer that
question are still ongoing, as the work on simulations has
outpaced experiments, particularly concerning transport
through nanotubes. As with some of the earlier experi-
mental examples, the focus of this section will be on
simulations of water flow through CNTs and highlights of
some of the predictions made, rather than a debate on the
relative merits of the potentials used, which await experi-
mental validation.

One molecular dynamics (MD) study (Gordillo and Marti
2000) that investigated water structure within CNTs found
that the average number of hydrogen bonds decreases when
compared with bulk water for tubes ranging in size from 0.8
to 1.6 nm in diameter. Hummer et al. have conducted a
number of MD simulations of water confined within CNTs,

with the earliest predicting one-dimensional ordering of
water molecules within 0.8 nm CNTs, leading to a con-
certed, pulse-like movement of the molecules through the
channel due to the tight hydrogen bonding network (Hum-
mer et al. 2001). This mechanism is analogous to that seen in
zeolites, ion channels and aquaporins (Berezhkovskii and
Hummer 2002). It is noteworthy, however, that the thermo-
dynamics and kinetics of channel filling were found to be
highly sensitive to the tube wall/water interaction potential
(Waghe et al. 2002), which mimics changes in solvent
characteristics. This group later examined osmotically dri-
ven transport of water through a model 0.8 nm SWCNT
membrane (Kalra et al. 2003), finding transport rates of six
molecules per ns, on par with those through aquaporin
channels (Fig. 15); the flow was found to be semi-friction-
less and nearly independent of channel length, in stark
contrast to macroscopic flow. Interestingly, the corre-
sponding water flux is comparable to that later measured
experimentally, normalizing for differences in tube diameter
and driving force (Holt et al. 2006). Another active area of
study concerns novel phase transitions of water within
CNTs, with the earliest of these studies revealing the for-
mation of intriguing ice phases consisting of hexagonal and

Fig. 15 An MD simulation of water transport through a hexagonally
packed array of 0.8 nm diameter SWCNTSs. Blue denotes Na*, yellow
Cl™, red O and white H. Owing to the sub-nm pores, only water can
flow through the CNTs and it adopts a single file structure. The inner
compartment contains pure water, while the exterior contains NaCl at
an initial concentration of 5.8 M. Due to the resulting osmotic
pressure difference, water drains from the central compartment at a
relatively fast rate of ~6 molecues per ns per nanotube. Reprinted
with permission from Kalra et al. (2003). Copyright (2003) National
Academy of Sciences, USA
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Fig. 16 Side and top view of a .
model system used to probe A s
water gating through an Wl vl o PE
SWCNT; the SWCNT is Y A
embedded in a graphite sheet,
with a mobile charge (value of
+1.0 e) moving in the plane of
the graphite. ¢ indicates the
distance between this mobile
charge and the CNT surface.
Right: the dependence of water
flow/flux on J. Adapted and
reprinted with permission from
Li et al. (2007). Copyright
(2007) National Academy of
Sciences, USA

heptagonal ice nanotubes, albeit at relatively large applied
axial pressures of 50-500 MPa (Koga et al. 2001). A later
study (Shiomi et al. 2007) investigated the diameter depen-
dence of this phase change process, suggesting that these
transitions can actually occur under ambient conditions,
similar to observations of earlier X-ray diffraction studies
(Maniwa et al. 2005).

The structure that water adopts within a CNT can also
have implications for the transport of protons. First prin-
ciples MD simulations (Mann and Halls 2003) found, as
with previous studies, that water within a 0.8 nm SWCNT
forms a tightly bound, one-dimensional wire and produces
a net dipole moment along the nanotube axis. Furthermore,
it was predicted that an excess proton injected into the wire
forms a stabilized HoO,* complex that effectively traps the
proton inside the CNT. However, with the application of an
electric field along the tube axis, the proton is conducted
through the tube in a manner similar to that in biological
channels. A later study (Dellago and Hummer 2006) sug-
gested that protons move diffusively along the water chains
and that the passage through the membrane is opposed by a
barrier that reflects the energy penalty associated with
proton desolvation; the net result is a proton transport rate
of 1 per hour per tube under neutral pH conditions.

Another study (Li et al. 2007) suggests that it is possible
to gate water transport through a CNT with the inclusion of
a single mobile external charge. The position of this charge
relative to the CNT wall (with a critical distance of
~0.9A) dictates the on—off behavior of the channel to
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water permeation, with a more than one order of magnitude
difference in flow, depending on this distance (Fig. 16).
Water transport has also been found to be sensitive to
relative hydrophobicity of the CNT wall. A recent study
examined this effect by modifying the Lennard-Jones
parameters of the CNT wall, having it span from a
hydrophobic CNT to the relatively hydrophilic silicon
(Joseph and Aluru 2008). The CNT flow enhancement is
greatly reduced with the hydrophilic surface, due to OH
bond reorientation and increased hydrogen bonding. The
effect of roughness was also modeled by joining two dif-
ferent diameter CNTs, with virtually no flow enhancement
observed in these channels. These studies attempt to cap-
ture some of the non-idealities that experimentalists
encounter when working with imperfect CNTs (i.e., those
containing defects), highlighting the need for high-quality
CNTs to utilize their unique properties. These studies also
highlight some of subtleties that both proton and water
transport depend on and shed light on mechanisms that
enable exquisite selectivity in biological systems, amidst
an often chaotic, thermally fluctuating environment.
Insights gained into these mechanisms can potentially be
exploited for applications in, for example, proton exchange
fuel cell membranes, where control of water and proton
transport is critical.

Other molecular simulations attempt to study flow
structure within the CNTs. One study (Kotsalis et al. 2004)
describes a nonequilibrium MD simulation of the steady-
state Poiseuille-like flow of water as well as water/nitrogen
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mixtures through CNTs with diameters ranging from 3 to
5 nm; a constant flow rate is fixed in the system through the
use of what is termed an “adaptive forcing scheme”. For
pure liquid transport, confinement is found to induce lay-
ering of molecules near the CNT wall. As an example,
Fig. 17 shows MD simulation snapshots of water transport
at 300 and 500 K. The layering evident at 300 K is virtu-
ally nonexistent at 500 K. Also, in the case of transport of a
liquid/vapor mixture, this layering was absent. In the case
for which “nanobubbles” were introduced into the system,
it was believed that shielding of the bulk flow from the
CNT surface occurred due to the creation of a liquid/vapor
interface. These results have potentially significant impli-
cations for real applications of CNT nanofluidics, where

Fig. 17 MD simulation snapshots of water flow through a 2.7 nm
diameter CNT at 300 K (fop) and at 500 K (bottom). Variations in
density and layering of water molecules are evident at 300 K that are
not present at 500 K. Reprinted with permission of Kotsalis et al.
(2004)

elevated temperatures and dissolved gases that affect water
structure may in turn alter water dynamics. Another recent
study (Hanasaki and Nakatani 2006) addresses the question
of whether water flow through CNTs (0.8-3 nm in diam-
eter) can truly be described as Poiseuille- or plug-like.
Water is driven through the CNTs in these MD simulations
through the use of “fluidized piston” and “ice piston”
models. In the smallest CNTs considered, water flow
occurs in a single-file manner, with a convex upward
streaming velocity profile, caused by friction between the
fluid molecules and the atoms of the wall. For the larger
CNTs considered, streaming velocity profiles are flat, with
the exception of the near-wall region. On this basis, they
conclude that water flow is more plug-like than Poiseuille-
like in CNTs, although it is not strictly accurate to describe
the flow as either.

3.3 Hybrid methods

Finally, it is worth pointing to another category of simu-
lation that is a combination of molecular dynamics and
continuum-type models, referred to as a hybrid model. The
idea behind this method is to characterize the near-wall
flow regions atomistically with MD, while the core region
is characterized by a continuum model (i.e., Navier-Stokes
equation). Such an approach reduces the computational
burden associated with characterizing mesoscale flow that
occurs on the slightly larger length scales of 10-100 nm.
An example of such a hybrid method was recently
described (Yen et al. 2007), where it was applied to the
study of Couette and Poiseuille flows (with interfacial
slippage) having channel dimensions on the nano- and
mesoscale. The principal finding was that the near-wall
MD region must be at least 12 molecular diameters in size,
with an overlap region (between the MD and continuum
regions) of at least 10 molecular diameters. Although these
are larger length scales where molecular confinement
effects may be absent, they are potentially relevant for next
generation lab-on-a-chip applications, and for which ade-
quate simulation methods are needed.

3.4 Modeling summary

It should be clear from these examples that there is a large
body of simulation results on flow through CNTs, utilizing
a host of different methods that attempt to cover the sub-
nm to 100 nm length scales. What is lacking is a compa-
rable amount of experimental nanofluidics results.
However, with a host of new studies utilizing both estab-
lished (e.g., PFG-NMR) and novel techniques (e.g., direct
flow measurement through nanotube arrays), there is a
growing body of data to which such simulations can be
compared and subsequently validated or refuted.
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4 Summary and perspectives

A variety of different experimental and modeling tech-
niques have been presented, some of which have been
traditionally used to study the properties of bulk water.
Many of these techniques have a sufficiently high resolu-
tion (spatially and temporally) that render them useful for
studying water under nanoscale confinement. The various
spectroscopy, scattering, microscopy and modeling tech-
niques discussed lend extremely useful insights into water
structure and dynamics on length and time scales relevant
to nanofluidics.

An obvious question that emerges is whether some of
the results discussed contradict one another, reflecting
experimental errors and errors in analysis, or are the
observed differences merely a reflection of the different
time scales being probed? Is the “static picture” of water
(Zubavicus and Grunze 2004) derived from the diffraction/
scattering techniques, consisting of an interconnected,
tetrahedral hydrogen bridge bond network, consistent with
the results obtained from ultrafast techniques? Results from
the ultrafast techniques presented suggest novel water
structures (e.g., rings, chains) that scattering measurements
reveal cannot be persistent over long length scales.
However, would time averaging of ultrafast data allow one
to reproduce the equilibrium distribution within a network
of water molecules and provide results consistent with
those obtained from diffraction? These are questions that
researchers will need to tackle in the coming years.

It is clear that there is no “silver bullet” when it comes
to determining an accurate picture of water structure and
dynamics. Any given experimental technique will have its
own limited range of applicability (i.e., time, length
scales), and that should be kept in mind when interpreting
what might otherwise appear to be contradictory results
obtained by different techniques. One must also evaluate
models in a similar way; they often only provide a
description of water within a very limited range of ther-
modynamic parameters. However, as with the study of
numerous other systems, experiments and simulations are
complementary. Simulations are often uncovering unique
phenomena that motivate experimentalists to pursue their
study. Indeed, MD simulations of water confinement in
CNTs (Hummer et al. 2001; Kalra et al. 2003; Dellago and
Hummer 2006) provided the impetus to develop CNT
membranes (Hinds et al. 2004; Holt et al. 2004, 2006;
Majumder et al. 2005) to test predictions of flow
enhancement. Similarly, experiments provide the details of
water molecule interactions with one another and provide
useful input to theoreticians who attempt to produce ever
more accurate water potentials.

With this toolbox of experimental and simulation tech-
niques at our disposal, and the ability to make direct
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comparisons between the two, the future remains promis-
ing as researchers continue to unravel the structure and
dynamics of water in nanoscale systems.
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